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Abstract

The Sun is magnetically active and often produces eruptive events on different energetic
and temporal scales. Until recently, the upper limit of such events was unknown and be-
lieved to be roughly represented by direct instrumental observations. However, two types
of extreme events were discovered recently: extreme solar energetic particle events on the
multi-millennial time scale and super-flares on sun-like stars. Both discoveries imply that
the Sun might rarely produce events, called extreme solar events (ESE), whose energy could
be orders of magnitude greater than anything we have observed during recent decades. Dur-
ing the years following these discoveries, great progress has been achieved in collecting
observational evidence, uncovering new events, making statistical analyses, and developing
theoretical modelling. The ESE paradigm lives and is being developed. On the other hand,
many outstanding questions still remain open and new ones emerge. Here we present an
overview of the current state of the art and the forming paradigm of ESE from different
points of view: solar physics, stellar—solar projections, cosmogenic-isotope data, modelling,
historical data, as well as terrestrial, technological and societal effects of ESEs. Special fo-
cus is paid to open questions and further developments. This review is based on the joint
work of the International Space Science Institute (ISSI) team #510 (2020-2022).

Keywords Solar activity - Solar flares - Stellar flares - Cosmogenic isotopes

1 Introduction

The very title of this paper would have been written differently a decade ago when the
concept of ‘extreme solar events’ (ESE) was different from what we understand now. Strong
ground-level enhancement (GLE — see Sect. 2.2.1) events were considered as extreme solar
events (e.g., Grechnev et al. 2008; Mironova et al. 2008). However, two very important
discoveries were made in 2012 which pushed the boundaries far beyond the existing realms
and led to the change of the paradigm of ESE.

One discovery was about an enormous spike in radiocarbon 4C in tree rings, specifically
in high-precision measurements of Japanese cedar, dated back to the year 775 CE (Miyake
et al. 2012). The spike was so strong that various exotic explanations for its origin were
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proposed, including an unknown supernova, a gamma-ray burst, and a cometary impact (e.g.,
Miyake et al. 2012; Pavlov et al. 2013; Hambaryan and Neuhauser 2013; Liu et al. 2014).
However, it was soon proven (Usoskin et al. 2013; Thomas et al. 2013; Cliver et al. 2014)
that the spike was caused by a very short and extremely intense isotropic influx of energetic
particles onto the Earth’s atmosphere, the most likely origin being an extreme solar-particle
event (ESPE) which forms the subject of this review. The reasons for this interpretation were
initially put forward by Usoskin et al. (2013) and confirmed later, as summarized below:

1. Production of isotope was symmetric between northern and southern hemispheres, indi-
cating this enhancement caused not by a point source (e.g. Giittler et al. 2015; Mekhaldi
et al. 2015; Biintgen et al. 2018)

2. Production was higher in polar regions, indicating magnetospheric shielding for this
event and thus charged particles as its source (Uusitalo et al. 2018).

3. Production was fairly consistent between different isotopes ('*C, '°Be, and *°Cl), exclud-
ing gamma-rays as the event source (Usoskin et al. 2013; Mekhaldi et al. 2015; Miyake
et al. 2015).

4. The event (or series of consecutive events) was short, less than a few months which
excludes variability of galactic cosmic rays or geomagnetic field variations (e.g., Usoskin
et al. 2013; Sukhodolov et al. 2017; Biintgen et al. 2018; Uusitalo et al. 2018). This point
was questioned by Zhang et al. (2022) whose results, however, cannot exclude this option
(see discussion in Sect. 4.1).

5. The energy spectrum of the event is totally consistent with a typical hard spectrum of
a very strong solar energetic particle event (Mekhaldi et al. 2015; Paleari et al. 2022b;
Koldobskiy et al. 2023)

6. Such events are not unique at the centennial time scale, excluding their exotic origins
(Miyake et al. 2013; Mekhaldi et al. 2015; Brehm et al. 2021; Paleari et al. 2022b;
Usoskin et al. 2023).

After that, several other similar-size events have been discovered (e.g., Miyake et al. 2013;
Park et al. 2017; Paleari et al. 2022a; Brehm et al. 2022), adding to the point 6 above.
All these events were much stronger than the strongest directly observed solar-energetic-
particle (SEP) events of the space era — see Sect. 4 and Cliver et al. (2022) for details.
This approach, however, is limited to specific observables at Earth (cosmogenic isotopes in
terrestrial archives) which requires formation of favourable conditions. Thus, its projection
to the Sun is somewhat poorly quantified.

Another related discovery was also made in 2012 by Maehara et al. (2012) who found,
using nearly four years of observations by the space-borne Kepler telescope, that Sun-like
stars can produce superflares with bolometric energy at least an order of magnitude larger
than that of known flares on the Sun. Although statistics of the Sun-like stars and superflares
have been revisited and updated later (see more details in Sect. 3), leaving large uncertainties
in the projection of stellar results on a single star, the Sun, it is generally accepted that the
Sun could also, in principle, produce flares stronger than those directly observed during the
recent decades.

These discoveries voided the earlier paradigm of extreme solar events, based on 20th-
century data, and led to setting a new paradigm, based on indirect proxy (cosmogenic iso-
topes or Sun-like stars) data, that events much stronger than what we have experienced in
the recent past can occasionally occur on the Sun on the centennial-millennial timescales.

This field and establishment of the new paradigm were initially developed in an erratic
way, mostly by gathering more data on the extreme events, and coordination was needed
to consolidate the efforts of individual research groups. Several international collaborations
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were formed to obtain and analyze the cosmogenic-isotope data (e.g, Usoskin et al. 2013;
Mekhaldi et al. 2015; Sigl et al. 2015). In 2018, the first dedicated international workshop
was organized and hosted by ISEE (Institute for Space-Earth Environmental Research) in
Nagoya, Japan, where a core team of relevant world-class experts met to discuss the perspec-
tive of ESE research. The collected materials and a state-of-the-art review were published
as the first textbook on the subject (Miyake et al. 2019). The teamwork continued via an In-
ternational team (https://www.issibern.ch/teams/solextremevent) selected and supported by
ISSI (International Space Science Institute) in Bern, Switzerland, with two team meetings
held in a hybrid format in September 2021 and June 2022.

Here we present a comprehensive yet concise review of the present state of the art in
the field of ESE as prepared by the international team in the framework of the ISSI team
project. The paper is organized in nine topical sections. Section 2 discusses the extreme
events in terms of the established Solar Physics. Projections of stellar superflares to the Sun
are discussed in Sect. 3. Details of the ESPEs recorded in cosmogenic-isotope archives are
presented in Sect. 4. The state of the art in modelling the cosmogenic isotope production and
atmospheric transport/deposition is overviewed in Sects. 5 and 6, respectively. A description
of the efforts in looking for records of extreme events in documented human history is given
in Sect. 7. Terrestrial effects of extreme events are briefly discussed in Sect. 8. The paper is
concluded with a short Summary in Sect. 9.

2 Solar Physics of Extreme Events
2.1 Extreme Events

In this section, we introduce extreme events produced by the Sun and describe their basic
physics and occurrence probabilities.

2.1.1 Extreme SEP Events

By definition, extreme events are rare and represent the farthest tail of the distribution in
the sense of strength and induced effects. As such, the classification of extreme events may
change in time along with the broadening of our knowledge. For example, when speaking
of SEP events, the extremes were primarily identified from direct space-borne and ground-
based observations as the events with the strongest SEP peak fluxes detected in near-Earth
space or atmospheric effects observable on the ground (GLEs — see Sect. 2.2.1). GLEs are
caused by high-energy ions, mostly protons of energy greater than ~400 MeV. However, the
game changed in 2012 when an enormous increase of radiocarbon '#C, dated to the year 775
CE, was discovered (Miyake et al. 2012; Usoskin and Kovaltsov 2012) and soon confirmed
as the greatest known SEP event which occurred in the summer of 774 CE (e.g., Usoskin
et al. 2013; Sukhodolov et al. 2017; Biintgen et al. 2018; Uusitalo et al. 2018). That event
was a factor of 40—100 stronger than the strongest directly observed GLE #5 of 23-Feb-1956
shown in Fig. 3 (see also Usoskin et al. 2020; Koldobskiy et al. 2022). Later, more events
of similar strength (a factor of more than 20 with respect to GLE #5) have been discovered,
see details in Sect. 4.

This discovery has altered the definition of extreme SEP events which are now regarded
as these historically known enormous SEP events with intensities far beyond anything we
have observed during the recent era of direct scientific observations. This forms a gross
challenge for science because of the lack of auxiliary data, such as, e.g., solar magnetic data,
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solar-wind and heliospheric measurements, and theoretical models that can be validated for
such extreme conditions. This paper focuses mostly on SEP events that are extreme in terms
of their proton or ion fluxes. Events with significant fluxes of relativistic electrons and hard
electron spectra have also been reported in the literature (e.g., Cline and McDonald 1968;
Evenson et al. 1984; Droge et al. 1989). However, we are unaware of any proxy that would
make it possible to assess the severity of electron fluxes for events before the space era. The
space-weather impacts of relativistic electrons is an open question.

Herewith, we overview the present state of the art and the open challenges in our under-
standing of the physics of extreme solar events.

2.1.2 Sources of Extreme Solar Particle Events

Extreme SEPs are associated with solar flares and coronal mass ejections (CMEs). Possible
mechanisms by which these events produce energetic particles have been reviewed exten-
sively (see, e.g., Desai and Giacalone 2016; Klein and Dalla 2017) and include acceleration
during magnetic reconnection, for example via direct electric field or stochastic accelera-
tion, and diffusive shock acceleration (DSA). For GLE:s, in particular, the association with
very intense flares (X-class flares) and fast CMEs is well known (Nitta et al. 2012; Belov
et al. 2010; Gopalswamy et al. 2012).

There has been much debate within the scientific community about the physical mecha-
nism responsible for the acceleration of the highest energy SEPs (e.g., protons in the ~GeV
range). The main possibilities are acceleration in the low corona during small-scale pro-
cesses associated with flares and at the coronal shocks driven by CMEs. Identifying the
precise acceleration mechanism of GLE protons is complicated due to the fact that in most
cases GLE-associated solar events involve both an intense flare and a fast CME. It is also
possible that high-energy protons may be produced by both flare-related mechanisms and
the CME-driven shock within a single event, with different timings and injection properties.

A number of studies have argued that acceleration at a CME-driven shock is the dominant
process in GLE events. Timing analyses, assuming scatter-free propagation and a direct
magnetic connection to the particle source, place the so-called release time of GLE particles
after the flare impulsive phase, at times when the CME shock was located at heights of
a few solar radii (e.g., Reames 2009). Modelling of CME shock acceleration in the low
corona demonstrated that the energisation of protons to GeV energies is possible (Afanasiev
et al. 2018). The CME acceleration scenario readily explains the propagation of high-energy
protons to Earth in the case of a not well-connected source active region (AR), because it
allows for an extended source region.

Other authors have argued for a small-scale flare-related origin. For example, GLE #69,
which took place on January 20th 2005, was a particularly intense and prompt event in neu-
tron monitor (NM) data. It has been shown that it was characterised by consistent timing
between particle release and impulsive flare signatures (impulsive y-rays, hard-X-ray and
microwave emission — e.g., Masson et al. 2009). Acceleration of protons to GLE energies
over a few tens of seconds is needed for this event and it is difficult for CME acceleration
to meet this requirement based on existing models (e.g., Afanasiev et al. 2018). Aschwan-
den (2012) concluded that GLE release times overlapped with the flare impulsive phase in
50% of the events they studied and that signatures of extended acceleration and/or particle
trapping were evident in all strongly delayed cases. Within a flare scenario, propagation ef-
fects or delays due to trapping may be invoked to explain why the scatter-free release times
appear delayed compared to the flare electromagnetic emissions (e.g., Masson et al. 2019).
It should be noted that for most GLE events, the derived proton release times have large
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uncertainties due to the statistical uncertainties in NM measurements: poor statistics result
in later release times.

It is important to note that only a fraction of extreme SEP events produced by the Sun
can be detected on Earth as specified in Sect. 2.2.5.

2.1.3 Greatest Solar Flares

What do we know?

All discussions of the greatest observed flare must start with the “Carrington event”, de-
noted as SOL1859-09-01T11:20. This benchmark flare was observed in white light by two
independent observers (Carrington 1859; Hodgson 1859) within a large sunspot active re-
gion near the disk centre as shown in Fig. 6 of Cliver and Keer (2012) and Figs. 24 of
Hayakawa et al. (2019a). Coincidentally, this flare was also registered on the relatively new
“self-recording magnetograph” at Kew Gardens in London (Stewart 1861) and another mag-
netogram in Greenwich — see Fig. 7 of Cliver and Keer (2012). As discussed at length later in
this paper, the simple reported fact about the visual observation immediately implied a burst
of continuum radiation with an energy of the order of 1032 erg, likely implying a modern
GOES ranking! above X10 (Cliver and Svalgaard 2004; Boteler 2006; Cliver and Dietrich
2013; Curto et al. 2016). The novel magnetograph observation, seen from a modern perspec-
tive, presaged the new field of “space weather”: the flare produced ionospheric disturbances
both by direct XUV radiation and also by plasma interactions between the solar wind and
the terrestrial magnetosphere. The year 1859 preceded the discoveries of X-rays (Rontgen
1895) and of the Kennelly-Heaviside layer (Appleton and Barnett 1926), so, of course, no
clear physical interpretation could emerge at that time. These phenomena incidentally could
be described as an early case of “multi-messenger astronomy.”

This space-weather juxtaposition was not observed in any of the other four white-light
flares observed visually in the 19th century (Hudson 2021); the “geoeffectiveness”, therefore
space-weather effects, did not seem to be reproducible. Nowadays we have many examples,
though, and can recognize the Carrington event as a precursor to modern time-domain and
multi-messenger astronomy. Most probably other flare events of comparable magnitude have
occurred since 1859, and we discuss the modern view of the occurrence distribution function
(ODF) below in Sect. 2.1.4.

To put the Carrington event into a stellar perspective, we now know that such a flare
would correspond to only about an 0.1% increase in the sun-as-a-star brightness; this level
of sensitivity is now a routine observational capability for stellar photometry, but a chal-
lenge that has only been met marginally in total solar irradiance (TSI) observations, the
solar equivalent of stellar broad-band or bolometric photometry (Hudson and Willson 1983;
Woods et al. 2006).

What flare magnitudes could be possible?

Flares have a broad distribution of magnitudes, as judged from many observables across
a huge spectral domain (about 20 kHz to the GeV range). Any given observable could be
taken as a proxy for the total energy released by the event, which would have a clear phys-
ical significance in terms of the magnetic field structure and dynamics. Is there maximum

IThe GOES event classification assigns an A/B/C/M/X rating to flares with peak soft X-ray fluxes, in the
standard 1-8 A wavelength band, with X1 signifying a peak flux of 10~% Wm~2. A recent revision of the
instrument calibration has resulted in multiplication by the factor 1.43 for the flux in this band, to be applied
to all data from GOES-15 and prior spacecraft (Machol et al. 2022). In this review, our references to GOES
classes remain in the old system, without this adjustment.
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Fig. 1 Occurrence Distribution Function (ODF) of flare radio fluxes (Nita et al. 2002), with an artifactual
deviation from the power law (slope 1) for the weak events, and a plausible deficit for the strong events. Cgeo
is a correction factor for observer geography

possible flare energy? The answer to this question could be found theoretically, in principle,
but in practice, many uncertainties make this impractical at present.

Certainly, based on modern theory, more powerful flares could result from the presence
of a larger amount of coronal magnetic flux. This simple consideration allowed Aulanier
et al. (2013) to refer to the existing record of solar magnetism, using sunspot records as a
proxy in the context of a specific model of eruptive flaring. However the correlation between
sunspot areas and geoeffectiveness (e.g. Sammis et al. 2000) could be quite misleading (e.g.,
Fig. 12 of Hudson 2021); see also the discussion in Sect. 3.3. Certainly, sunspots and flares
have no clear physical relationship, and recent observations suggest that solar active regions
with great magnetic fluxes actually have diminished eruptivity (e.g. Sun et al. 2015, see also
Sect. 2.2.3).

2.1.4 Distribution of Event Occurrences

Generally speaking, solar energetic phenomena often follow a power-law ODF. This pattern
applies to many different observables, proxies to the total energy released by an event. If a
given proxy has an extensive time history, and if its relationship with total event energy does
not vary with event magnitude, it may provide clues to the behaviour of the greatest events
and the possibility of extreme events.

Radio-wavelength observations have excellent sensitivity and a long history of observa-
tion, so they reflect a large dynamic range of event magnitudes. Through gyrosynchrotron
radiation, they can also provide information on the most energetic particle populations. Nita
et al. (2002) disentangled the very complicated observational basis of these data (wide wave-
length ranges, multiple emission mechanisms, and little standardization of measurements)
with the highly relevant result shown here in Fig. 1: a deviation from a simple power law at
the high end. Because the radio wavelengths contain very little energy, they might not reflect
total flare energies very well, but what the Figure shows is definitely suggestive.
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Fig.2 Occurrence Distribution 10° T
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The GOES soft X-ray peak fluxes, on the other hand, actually do contain a substantial
fraction of the total flare energy (e.g. Emslie et al. 2012) and correlate well with chromo-
spheric emissions such as He, which dominate flare radiation energetically. The GOES/XRS
soft X-ray measurements (Thomas et al. 1985; Garcia 1994; White et al. 2005) began in 1975
and now extend over two full Hale cycles. The GOES/XRS peak fluxes also follow a quite
clean power law for several decades (e.g., Veronig et al. 2002). The GOES ODF power-
law form also appears to fail at large magnitudes (Fig. 2), consistent with the Nita et al.
(2002) result. Note that the deficit of weaker events results substantially from confusion; at
high background levels weak events are harder to detect (e.g., Wheatland 2000), and some
similar effect may explain the low end of the radio ODF.

The rollover at the high end of the distribution (the ODF falling below the dotted red line
from the power-law segment) clearly has major implications and must be considered care-
fully. For the cumulative distribution form of the ODF, this is a one-parameter fit, and the
deviation thus calls for at least a two-parameter form. Recently Sakurai (2022) has summa-
rized three possible empirical fitting functions for this purpose, using a tapered power law
(truncated Pareto distribution), a gamma-function form, and a Weibull distribution, discard-
ing the latter on the basis of a Kolmogorov-Smirnov test of goodness of fit. These empirical
forms could of course be extrapolated to the domain of extreme events, but without theoret-
ical support, we have no evidence that this would correctly predict their numbers.

2.2 Extreme SEP Events and Their Physics

In this section, we focus on extreme SEP events and discuss their properties and associations
with flare and CME events. We focus on the physics of how energy gets partitioned. We
discuss how acceleration and propagation influence solar energetic proton detection and
properties at 1 AU.

2.2.1 GLE Observations

The strongest directly observed SEP events form a special class of GLEs recorded by
ground-based neutron monitors (NMs) as a statistically significant enhancement of NM
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count rate above the background level caused by galactic cosmic rays (GCRs). The cur-
rent definition (Poluianov et al. 2017) of a GLE is: “A GLE event is registered when there
are near-time coincident and statistically significant enhancements of the count rates of at
least two differently located neutron monitors including at least one neutron monitor near
sea level and a corresponding enhancement in the proton flux measured by a space-borne
instrument(s).” To be identified as a GLE, a SEP event should have a hard energy/rigidity
spectrum and high peak flux so that it can initiate an atmospheric nucleonic cascade with
the number of secondary cascade nucleons (mostly neutrons) at ground level being at least
a few per cent that of the background GCR flux. Sometimes, GLE events are called extreme
SEP events which is no longer correct.

At present, 73 GLEs have been registered and consequently numbered since 1942. The
first four GLEs were detected by ground-based ionisation chambers which makes it very
difficult to evaluate their quantitative parameters. GLEs since #5 in 1956 are recorded by
the standard NM network and thus can be inter-compared (Koldobskiy et al. 2021). GLE
events vary greatly in strength. The strongest observed GLE, GLE#5, occurred on 23-Feb-
1956 and was the first GLE measured by the NM network (Usoskin et al. 2020). Count
rates for GLE#5 are shown in Fig. 3 relative to the GCR background. The greatest peak in-
crease was observed by Leeds NM and was greater than 5000% (x50 increase). The integral
rigidity spectrum of GLE#5 is shown in Fig. 4 as reconstructed from the ground-based mea-
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surements (Webber et al. 2007; Usoskin et al. 2020). Such strong events happen relatively
seldom — one per several decades. Weaker events are more frequent, roughly one per year,
but their occurrence rate is dominated by solar activity: GLEs have a greater chance to occur
around the maximum and declining phase of the solar cycle. The weakest relativistic SEP
events (which are still very strong compared to ‘normal’ SEP events) form a sub-class of so-
called sub-GLE events which can be only observed by high-altitude polar NMs in Antarctica
(Poluianov et al. 2017). The full dataset of original data of the available NMs for the known
GLEs is collected in the International GLE database (IGLED - https://gle.oulu.fi) hosted
and maintained by the University of Oulu (Usoskin et al. 2015).

Energy/rigidity spectra and anisotropy of GLE-producing particles are typically recon-
structed by inversion techniques from a dataset of records of ground-based NMs (e.g., Mi-
shev and Usoskin 2016).

2.2.2 Correlations Between Properties of SEPs and of Flares/CMEs

A large body of literature exists on the analysis of correlations between the properties of
SEPs and those of flares/CMEs that energised them. Often the degree of correlation has
been characterised via the Pearson correlation coefficient C. These studies are important
for extreme events because they can provide information on the typical magnitude of the
solar events associated with the largest SEP fluxes. More generally, better/worse correlations
with a particular type of solar event (flare/CME) have been used in the literature to make
inferences on the possible acceleration mechanisms of SEPs, although the presence of a
correlation does not imply causality.

The SEP peak intensity, Isgp, is broadly correlated with the GOES Soft-X-Ray (SXR)
peak intensity, Iy, of the solar flare associated with the event (e.g., Papaioannou et al. 2016).
Consistent with this trend, most GLE events follow very intense X-class flares. The value
of the correlation coefficient for Isgp vs Iy depends on SEP energy, with C increasing with
particle energy (Dierckxsens et al. 2015).

Kahler et al. (1984) was the first to identify a correlation between SEP peak intensities
and the plane-of-the-sky speed of the associated CMEs, vcyg, obtained from coronagraph
data, with faster CMEs tending to produce more intense SEP events. Since the 1980s, the
relationship between these two properties has been studied extensively by a number of au-
thors (e.g., Dierckxsens et al. 2015; Papaioannou et al. 2016). The value of the correlation
coefficient for Isgp vs veme Was found to decrease with particle energy (Dierckxsens et al.
2015).

In the correlation of Isgp with both I and vemg there is a significant scatter so that the
SEP peak intensity spans many orders of magnitude for a given CME speed or SXR flare
peak.

Generally, analyses of correlations have been carried out at proton energies smaller than
100 MeV, due to the relative scarcity of SEP data at higher energies. Recently Waterfall et al.
(2023) analysed proton data at energy >300 MeV using GOES/HEPAD data. Figure 5 shows
the correlations with flare peak intensities that they obtained for SEP fluence (top panels)
and SEP peak intensity (bottom panels) in three energy channels. The corresponding plot
for correlations with CME speeds (see Fig. 7 of Waterfall et al. 2023) shows significantly
less correlation than that observed at lower SEP energies.

2.2.3 CME-Less Flares and “Stealth” CMEs

By “flare” we refer to the processes involved in basic electromagnetic radiation signatures,
such as the broad-band white light from the Carrington flare and nowadays He and soft X-
rays (the GOES data, for example). Often there are also ejecta of various kinds (He surges
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Fig. 5 SEP fluence (top panels) and peak intensity (bottom panels) versus GOES SXR flare peak intensity
for three high energy proton channels from GOES HEPAD (reproduced from Waterfall et al. 2023)

and sprays; CMEs), often closely linked in the time domain to the flare emissions. The initial
acceleration of CME mass strongly tends to have a close association with the impulsive
phase of its associated flare (Zhang et al. 2001; Temmer et al. 2008). Other than this timing
relationship, no simple correlation between flare and CME physical parameters seems to
exist, although there is a definite tendency for eruptivity to increase with flare magnitude at
least up to the GOES X-class range (Yashiro et al. 2005).

The lack of correlation in extensive parameters is strikingly clear in the case of “CME-
less” flares, a term normally referring to the occurrence of a major (GOES X class) flares
without any discernible CME occurrence (Gopalswamy et al. 2009). This seems to be a
departure from the interesting concept of the “big flare syndrome” (Kahler 1982). Well-
known examples of this behaviour occurred in the enormous region AR 12192 in October
2014, which had several “confined” (no CME) and yet powerful (X-class) flares. Such be-
haviour suggests that eruptivity, at the most energetic end of the scale, may diminish if the
active region contains too much magnetic flux (Sun et al. 2015). This behaviour is not well-
documented at present but may well relate to event ODFs on the Sun or Sun-like stars, to be
discussed further below.

Finally, we note the presence of eruptive events at the opposite corner of the flare/CME
energy distribution: the so-called “stealth CMEs” (Robbrecht et al. 2009). We identify these
with filament eruptions in the quiet Sun, sometimes in the polar crown, and with other names
such as “Hyder flares” or “disparitions brusques” leading to flare brightening, with the pos-
sible physical mechanism of “infall/impact” in which gravitational potential energy may
drive chromospheric brightening (Hyder 1967). These events may have major CMEs but
with only minor — perhaps undetectable — low-coronal disturbances.

2.2.4 Event Energy Partition
A flare/CME disturbance needs to be understood primarily in terms of the magnetic field

involved in the plasma instability. This is because the event develops at low plasma beta,
meaning that the energetically important component — the magnetic field — evolves in a
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Table 1 Fractions of total

magnetic energy in flare/CME Nonthermal electrons > 6 keV 0.51+£0.17
events Ions > 1 MeV 0.17£0.17
Direct heating 0.07 +£0.17
CMEs 0.07£0.14

manner that cannot be directly observed. Instead, we must rely on plasmas that trace out
some of the motions, but not necessarily directly. This caveat appears most obviously with a
CME, in which the coronal expansion appears to increase the stored energy in the process of
extending the field radially and creating the all-important current sheet that forms the basis
of the CSHKP (Carmichael, Sturrock, Hirayama, Kopp and Pneuman) model (e.g., Gosling
et al. 1995; Hudson 2011).2

Once “flare reconnection” happens in the CSHKP current sheet, we can ask about the par-
titioning of the energy released. In the ideal MHD models, this energy appears as fluid flows
and heating, but in nature, the spectacular consequences consist of highly non-equilibrium
processes such as shock waves and particle acceleration, both in the flare region and in inter-
planetary space (Sect. 2.2.5). We should note that reconnection would necessarily produce
energy in the form of large-scale waves (Birn et al. 2009) and also likely in turbulent mo-
tions, a theoretical conduit to other forms of energy. The flare (electromagnetic) and the
CME (mass motions) contain the bulk of the energy released, but in both cases, the observa-
tions are incomplete at best. Recently Emslie et al. (2012) attempted a general description of
the event energy partitioning (see also Canfield et al. (1980) and Webb et al. (1980) for Sky-
lab-based studies and Wu et al. (1986) for the Solar Maximum Mission results). The modern
data suggest that the total CME energy may exceed that of the radiation in major flare/CME
events. None of these studies has shed light on the behaviour of the magnetic energy, simply
because we cannot observe the magnetic field directly. In the Emslie et al. (2012) study, a
blanket assumption described the magnetic energy released as a fixed fraction of that held
in the pre-event potential-field description — implicitly energy gain, consistent with the Aly-
Sturrock conjecture regarding the energy required to create open fields (Aly 1984; Sturrock
1991), and should not be included with energy-loss estimations. Because magnetism drives
these events, the actual magnetic-energy partition should therefore be negative, rather than
positive (e.g. Hudson 2000).

The energy partition within the CME component of an event also suffers from the incom-
pleteness of the observational material and from theoretical difficulties. The global shock
wave accelerates SEPs according to the standard picture (e.g., Reames 2013), and these par-
ticles must ultimately deposit their energy at a time and place not normally considered as
the flare/CME itself. According to Mewaldt et al. (2005), the energy in SEPs above 1 MeV
may amount to more than 10% of the CME kinetic energy.

Aschwanden et al. (2017) have attempted to quantify the energy partition statistically,
with the interesting results shown in Table 1. This study, based on 399 M- and X-class flares
from early in the SDO mission, found statistical agreement with estimates of the available
non-potential magnetic energies of the events, thus establishing “closure” within the uncer-
tainties. The Table gives mean fractional energies referred to as non-linear force-free field
estimates of the available magnetic energy.

This first self-consistent estimation of energy closure may surprise some readers, as it
assigns CME:s to a relatively minor energy fraction, but this would necessarily be the result in
the mean at the M-class level, given that many M-class flares do not have CMEs. One should

2https J/Iwww.astro.gla.ac.uk/cartoons/cshkp.html
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also note that this assessment required a major effort of estimation, including numerous
assumptions that may require discussion.

2.2.5 Particle Propagation

Once high energy particles have been accelerated at or close to the Sun, propagation through
the magnetic field of interplanetary space determines their spatial distribution through the
heliosphere and whether they will reach a given planet, e.g., the Earth. An important feature
in this respect is the magnetic connectivity between the Sun and Earth: the sources of GLE
events tend to be located in the well-connected western hemisphere of the Sun (e.g., Cliver
et al. 2020b; Gopalswamy et al. 2012). In addition, high-energy particles may remain within
the inner heliosphere for a longer time in some events, increasing the likelihood of detection.
These processes need to be understood and modelled to interpret the observations.

Following the first spacecraft measurements of SEPs in the 1960s, a spatially 1D frame-
work for studying energetic particle propagation was established, in which only particle
propagation parallel to the field was taken into account. Within this 1D picture, SEPs travel
only along the magnetic field direction, so that a single spatial variable is sufficient to de-
scribe a particle’s position (Roelof 1969; Ruffolo 1995). Here turbulence in the heliospheric
magnetic field is assumed to produce only changes in the particle pitch-angle so that it can
be modelled as pitch-angle scattering and characterised by a mean free path A.

In recent years, the validity of the 1D approach for describing the propagation of the
highest energy solar particles has been called into question. It has been demonstrated that
drifts associated with the gradient and curvature of the Parker spiral magnetic field produce
SEP transport across the average magnetic field (Dalla et al. 2013; Marsh et al. 2013) and
that non-adiabatic motion along the heliospheric current sheet (HCS), termed HCS drift,
allows efficient propagation in longitude and latitude (Battarbee et al. 2018; Waterfall et al.
2022). The combination of Parker spiral and HCS drifts makes it possible for GeV energy
protons to reach 1 AU locations not directly magnetically connected to their source (Dalla
et al. 2020) and requires a fully 3D description.

When gradient, curvature and HCS drifts are included, the polarity of the heliospheric
magnetic field (indicated as A* when the magnetic field lines point outwards in the northern
solar hemisphere and inwards in the southern one, and as A~ in the opposite case) plays
a major role in determining the spatial patterns of SEP propagation. Waterfall et al. (2022)
analysed the largest 17 GLE events recorded between 1984 and 2017 and found that the
majority (14/17) occurred during a time of A~ polarity (see Table 1 of their study). Owens
et al. (2022) reported that more GLE activity occurs during the early phase in even solar
cycles and during the late phase in odd cycles: these two phases correspond to times of
A~ polarity. They demonstrated that this is a statistically significant pattern. It can also be
shown that GLE peak fluxes tend to be smaller during periods of A* polarity, relative to
the size of the associated flare, as shown in Fig. 10 of Waterfall et al. (2023) and in Fig. 6.
Consequently, signatures of polarity dependence in the occurrence and magnitude of GLE
events have been detected, consistent with drift effects playing an important role. A possible
explanation why an A polarity appears to be less favourable for GLE events being detected
at Earth is that for this polarity high-energy protons tend to be concentrated in the region
near the HCS and also they exit the inner heliosphere faster (Dalla et al. 2020; Waterfall
et al. 2022).

Turbulence-associated magnetic field line meandering also contributes to transport across
the average magnetic field (e.g., Laitinen et al. 2016).
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Fig.6 Summary of polarity effects on >300 MeV proton events: 13-month smoothed monthly total sunspot
number from SIDC (ISSN v2.0, Clette and Lefevre (2016), top panel), Newark neutron monitor count rates
(middle panel) and the ratio of GOES HEPAD 289-418 MeV proton peak flux and GOES SXR peak intensity
for the events analysed by Waterfall et al. 2023 (bottom panel) versus time. The yellow (blue) colour shading
indicates phases of AT (A7) polarity of the heliospheric magnetic field. Orange (blue) symbols indicate high
energy SEP events classified as taking place during A~ (A1) by examination of source surface magnetic
field maps (Waterfall et al. 2023)

2.2.6 Flare and CME Models

The “escape” and heliospheric propagation of SEPs cannot easily be disentangled from the
magnetic restructuring responsible for the flare and/or CME. Because of this, the often-
quoted dichotomy of SEP sources (flare or shock? — see for example Reames 2013) actually
confuses the picture. SEP-like particles participate directly in the flare process: relativistic
electrons (e.g., Kane et al. 1983) and ions (e.g., Lin et al. 2003) could, so far as we know,
derive from shock acceleration processes but remain confined in closed fields. This underlies
the uncertain concept of “escape” from a flare reservoir into interplanetary space. We must
therefore ask what we know about particle propagation in the domain of drastic large-scale
magnetic restructuring at the base of the corona during a flare/CME event. The MHD-based
theoretical literature struggles with this issue because of its inability to integrate particle
acceleration in a self-consistent manner in domains, meaning that particle transport normally
is approximated by test particles in prescribed magnetic fields.

For CME-driven shock acceleration in the solar wind, the test-particle approach may
work well enough (see the following section). The onset time of SEPs as a function of par-
ticle velocity, assuming “scatter-free” conditions, ideally leads to estimates of an injection
time (release time) and of a path length between the source and the observer. This approach
suggests that the highest-energy particles originate in the low corona, rather than in the so-
lar wind itself (Kahler et al. 1984). For shock particle acceleration in the open fields of the
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Fig. 7 Explanation of a possible “escape route” for high-energy particles within the flare volume, enabling
them to enter the heliosphere as SEPs. This cartoon from Masson et al. (2013) led to a full MHD simulation
in 3D, as reported in Masson et al. (2019), invoking a reconnection site remote from the flare reconnection
associated with the formation of the loop arcade

solar wind, direct connectivity would be possible, but the shock may form initially within
closed fields (e.g. Kong et al. 2022). In this case, the particles would be trapped effectively
in loops. Direct y-ray observations of solar flares indeed show double-footprint structures
that strongly imply trapping and precipitation from closed fields (Hurford et al. 2006). Ac-
cordingly, we need to address the general problem of associating SEPs in the heliosphere
with the time-variable magnetic structure at the Sun. Most recently, Masson et al. (2013,
2019) have addressed this problem within the context of 3D modelling in MHD. In such
models, the flare process itself takes place within initially closed fields, which reconnect
with each other and do not result in “escape” except through probably limited cross-field
particle drift motions. Accordingly, the Masson et al. theory postulates a second, indepen-
dent reconnection process into neighbouring open field lines to allow the particles to get into
the heliosphere (Fig. 7).

The existence of fast-drift radio type III bursts deserves special attention from the point
of view of field connectivity, since their early interpretation (e.g. Wild et al. 1963) implicated
particle beams throughout the corona. Closely associated observations of energetic electron
SEPs events in the remote heliosphere (e.g., Lin 1974) cemented this interpretation, and the
relevance here is the common occurrence of type III bursts with high starting frequencies
associated with solar flares (e.g., Reid and Ratcliffe 2014). This could support the magnetic
geometry suggested in the sketch of Fig. 7.

2.2.7 Models of Extreme SEP Events

While a large body of work exists on modelling SEP events for proton energies ~1-50 MeV,
relatively few studies have focused on relativistic proton energies. Bieber et al. (2004) and
Sdiz et al. (2005) have modelled two GLE events using a 1D focused transport approach.
They fit the measured intensity and anisotropy profiles to derive the value of the scattering
mean free path A. Kocharov et al. (2009, 2017) developed a model of SEP transport in an

@ Springer



Extreme Solar Events: Setting up a Paradigm Page 150f 114 73

evolving, structured solar wind in the framework of focused transport theory that allows de-
ducing the particle source profile at the Sun from particle data at/near Earth (e.g., Kocharov
et al. 2017). Waterfall et al. (2022) used a 3D test particle model including Parker spiral and
HCS drifts to simulate 17 GLE events with NM increase >10%. They concluded that proton
transport along the HCS was important in 71% of the events. In their work, without includ-
ing HCS transport GLE energy protons did not reach Earth’s location in sufficient numbers
to explain these events.

2.3 Highest Possible SEP Peak Intensities

The measured peak intensity and fluence of a high energy SEP event result from the com-
bination of acceleration at/close to the Sun and propagation to near-Earth space. When
analysing GLE peak percentage increase, the propagation through the Earth’s magnetic field
also plays an important role in determining how many high-energy protons at the top of the
magnetosphere are able to reach a given location on the ground.

When assessing the possible occurrence of extreme events, it is important to answer two
questions:

1. Is there a limit to the peak intensity/fluence?
2. What are the necessary ingredients to produce an extreme event?

2.3.1 Possible Limit to Peak Intensity

By analysing SEP proton data in the energy range between 10 and 500 MeV, Reames and
Ng (1998) noted that measured peak intensities appear to have an upper limit, that they
termed ‘streaming limit’. They postulated that this is due to Alfven waves generated by
the energetic protons themselves: the waves produce additional scattering which restricts
particle streaming and therefore poses a limit to the maximum intensities. It should be noted
that this limit applies only to peak intensities early in the event. It does not apply to the peak
intensities at the time of shock passage, the so-called Energetic Storm Particle (ESP) event,
so that the ESP peak can be larger than the streaming limit.

Lario et al. (2008) re-examined the streaming limit in SEP proton data using GOES data
corrected for GCR effects. They found that, for the ~39-82 MeV (P5) channel, during solar
cycle 23 several events exceeded the streaming limit (by a factor of 4 or more) early in the
event, i.e. the prompt component, while in cycle 22 the only events above the streaming
limit did so within the ESP phase. At relativistic proton energies, ~110-500 MeV (P7),
only one event, GLE#69, exceeded the streaming limit during the prompt component and
another did so during the ESP phase. They argued that intensities above the streaming limit
in the prompt component may be due to plasma structures able to confine or reflect SEPs
or scatter-free transport conditions. Figure 8 shows the peak intensity distribution for SEP
events in the P5 and P7 channels (Lario et al. 2008).

The distributions in Fig. 8 actually resemble those of flare radio emission (Fig. 1) and
soft X-rays (Fig. 2) in terms of deficits at the upper end. The SEPs cutoff could thus also be
intrinsic due to the similar limits in flare energy, in which case the interpretation in terms of
streaming limits would be a coincidence.

2.3.2 How to Produce an Extreme SEP Event: Acceleration

It is difficult to establish exactly which types of solar events would produce an extreme
SEP event. There is a general tendency for the most energetic solar events, with highly
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Fig.8 Size distribution of SEP peak intensities from GOES proton channels P5 (~39-82 MeV, left) and P7
(~110-500 MeYV, right) for data including solar cycles 22 and 23 (reproduced from Lario et al. 2008). The
vertical dashed lines indicate the proposed streaming limit

intense flares and very fast CMEs to produce relativistic SEP events. However, there are
also counter-examples with X-class flares and very fast CMEs not resulting in GLEs.

The analysis of Waterfall et al. (2023) considered >300 MeV SEP data from GOES
HEPAD and showed that out of the 42 events studied, 85% were associated with an X-class
flare. Therefore, a very intense flare seems to be a necessary (but not sufficient) condition
to produce an extreme SEP. For 23 events in the study, CME observations were available:
the plane-of-the-sky CME speed varied between 792 and 2356 km/s and 82% had vevg >
1500 km/s, suggesting that a fast CME is also a necessary (but not sufficient) condition.

2.3.3 How to Produce an Extreme SEP Event: Propagation

The observer’s location with respect to the solar active region producing the flare/CME is
key to the SEP peak intensity at the observer. In SEP events, peak intensities can be orders
of magnitude higher at a magnetically well-connected observer compared to ones without a
good connection (Cane et al. 1988).

Many studies have analysed the location of sources of GLE events, finding that they tend
to be located in the Western solar hemisphere (e.g., Nitta et al. 2012; Gopalswamy et al.
2012). Cliver et al. (2020b) found that the top two-thirds of GLE events in terms of NM
count rate percentage increase had source regions distributed quite broadly between E20
and W120. The bottom third had source regions between W20 and W100.

A study by Waterfall et al. (2022) showed that within the population of active regions
sources of >M7 solar flares, those which produced GLEs tended to be located closer to the
HCS than those that did not. The top eight GLEs since the 1980s all had source regions
within 10° of the HCS. This suggests that transport along the HCS plays an important role
in GLE events by ensuring that particles can propagate across the Parker spiral magnetic
field to reach the observer.

2.4 Sunspots, Faculae and TSI Variability

The clear observational evidence for starspots helps to connect solar extreme events with
stellar phenomena in a very crude way, by simply reflecting the presence of strong magnetic
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fields in stellar atmospheres. As noted in Sect. 3.3, a weak correlation does exist between
the starspot area, as inferred from the rotational modulation of stellar brightness, with the
occurrence of stellar flares. This follows the pattern established on the Sun (Sammis et al.
2000).

The first comprehensive observations of solar bolometric variability, from the Solar Max-
imum Mission (e.g., Willson et al. 1981; Hudson 1988), defined it well on rotational and
active-region time scales (periods of days and longer). Slow incoherent variability at levels
well below one percent, punctuated by sunspot “dips” and interestingly dominated by fac-
ulae on longer time scales. These variations subside during solar minima, leaving only the
broad-band variability at higher frequencies due to convective motions. The high-frequency
spectrum also revealed the presence of the p-mode signatures in Sun-as-a-star radiometry
(Woodard and Hudson 1983), anticipating the broad and important development of astero-
seismology. Usually one cannot detect solar rotation via gyrochronology.

The variability of generally faster-rotating but still solar-type stars differs strikingly from
the solar pattern. Instead of weak and disorganized variability, with rare sunspot dips and
insignificant flaring, many solar-type stars typically show large quasi-sinusoidal variations
with bright flares, as illustrated in Fig. 10 below.

3 Stellar and Solar Projections
3.1 Discovery of Superflares on Solar-Type Stars

Solar flare research after the discovery of the Carrington event (Carrington 1859) has shown
that the occurrence frequency of solar flares decreases as the flare energy increases. The
frequency energy distribution of solar flares can be fitted by a simple power-law function
(dN/dE ~ E~%) with index o ranging between 1.5 and 1.9 in the flare energy range be-
tween 10>* and 103 erg — see Fig. 9 and e.g., Aschwanden et al. (2000), Shimizu (1995),
Crosby et al. (1993). The total bolometric energy released by the largest solar flares is esti-
mated to be of the order of 10°% erg (Emslie et al. 2012), and the occurrence frequency of
such largest flares is about once in several tens of years.

Stars other than the Sun show flares (“stellar flares” — see e.g., Lacy et al. 1976; Gershberg
2005; Reid and Hawley 2005; Cliver et al. 2022), which are also thought to be caused by
impulsive releases of magnetic energy stored around starspots as solar flares (e.g., Shibata
and Magara 2011). In particular, young rapidly rotating stars (e.g., rotation period P,y of
a few days), close binary stars, and cool M-dwarf flare stars show much higher magnetic
activities and frequently show “superflares” (Reid and Hawley 2005; Benz and Giidel 2010;
Kowalski et al. 2010; Osten et al. 2016; Tsuboi et al. 2016; Howard et al. 2018; Tristan
et al. 2023). Superflares are flares with total bolometric energies being 10—-10° times larger
(~10%3-10% erg — Schaefer et al. 2000) than the largest solar flares (~10°? erg — Emslie
et al. 2012). On the other hand, the Sun is old and rotates slowly (P, ~ 25 days), and it
had been thought that the Sun and slowly rotating Sun-like stars (P, > 20 days) would not
show superflares.

Here we distinguish between a broad population of solar-type stars which are G-
type main-sequence stars with the effective temperature T = 5100-6000 K and Sun-
like stars which are solar-type stars but close to the Sun in the main parameters, viz.
Teir = 5600-6000 K and the rotation period longer than 20 days (see Table 1 in Okamoto
et al. 2021).
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Fig. 9 Occurrence frequency distributions of superflares and solar flares (reproduced from Okamoto et al.
2021). Flares with energy 100 times greater than that of the largest solar flare occur approximately once
every few thousand years on slowly rotating Sun-like stars with a rotation period of 2040 days. However,
on young solar-type stars (short rotation periods) and M-type flaring stars (low-temperature stars with deep
convection layers and efficient dynamo mechanisms for magnetic activities), superflares occur approximately
1000 times a year (Audard et al. 2000; Shibayama et al. 2013; Hawley et al. 2014)

Recent space-based, high-precision photometry of a large number of stars, in particular
with the Kepler Space Telescope (Koch et al. 2010), has changed the situation dramatically.
In 2012, Maehara et al. (2012) reported 365 superflares on 148 solar-type (G-type main se-
quence) stars, from the initial 120-day Kepler data of 83,000 solar-type stars. Shibayama
et al. (2013) analyzed a longer period (~500 days) of the Kepler data and found 1547 su-
perflares on 279 solar-type stars. The typical amplitude of superflares on solar-type stars
observed by Kepler (e.g., Fig. 10) ranges from 0.1% to 10% of the stellar brightness, and
the bolometric energy of these flares ranges from 103 erg to 10° erg, which is 10-10*
times larger than that of the largest solar flares (10°? erg). It should be noted that even one
of the largest solar flares in the recent 20 years (SOL2003-10-18 X17) showed only a 0.03%
increase in the total solar irradiance (Kopp et al. 2005).

Many superflaring stars show quasi-periodic brightness variations with a typical period
from one day to a few tens of days and a typical amplitude from 0.1-10% (cf. Fig. 10). They
are assumed to be explained by the rotation of the star with fairly large starspots (Notsu et al.
2013b). Consequently, these brightness variations can be used to determine the starspot size
Agpor (assuming that brightness variations are caused by a single starspot) and for some of
the stars also the rotation period (P,o) values (see, e.g. McQuillan et al. 2014; Reinhold and
Gizon 2015; Santos et al. 2021).

Stellar superflares are typically observed in the optical band, but they can potentially
be observed also in radio wavelength (e.g., Lovell 1963; Lovell and Solomon 1966) or in
EUV (e.g., Audard et al. 2000). Future astrophysical missions to improve the super-flare
detection possibility include, for example, next-generation Very Large Telescope (ngVLA
— Osten et al. 2018) or Square Kilometer Array (SKA — Yu et al. 2021). The ESA’s space
mission PLATO (Rauer et al. 2014) will also survey stellar flare lightcurves. Because of the
high interest to the exoplanets, more missions are planned with a focus on the UV band (e.g.,
France et al. 2022).
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Fig. 10 Left: Brightness variation of solar-type superflare stars from Kepler data (reproduced from Maehara
et al. 2012). In addition to the sudden brightenings caused by flares, quasi-periodic brightness variations with
periods of about 15 days are seen. Right: An imagined drawing of a superflare star as seen from a much closer
distance, with a huge flare (white) and large starspots (black)

3.2 Detailed Investigations by Spectroscopic Observations and Gaia Satellite
Observation Data

The above interpretations of the quasi-periodic brightness variations have been confirmed
in detail by spectroscopic observations using Subaru and APO3.5m telescopes (Notsu et al.
2015a,b, 2019). As a result, more than half (43 stars) of the 64 target solar-type superflare
stars are confirmed to be ‘single’ stars, and their atmospheric parameters (temperature, sur-
face gravity, and metallicity) are within the range of ordinary solar-type stars. The measure-
ments of ‘vsini’ (projected rotational velocity) and chromospheric lines (Ca Il H&K and Ca
118542 A) support the above interpretation that the brightness variation of superflare stars is
caused by the rotation of a star with large starspots. Lithium abundances of superflare stars
suggest that Kepler solar-type superflare stars include many young stars but also include old
stars like our Sun. The existence of large starspots on superflare stars was further supported
by Karoff et al. (2016) using Ca II, H and K data from LAMOST telescope low-dispersion
spectra.

On the other hand, the recent Gaia-DR?2 stellar radius data have suggested the possibility
of severe contamination of subgiant stars in the classification of Kepler solar-type (G-type
main-sequence) stars used for their previous studies of superflares (Shibayama et al. 2013;
Notsu et al. 2013b). It can become a problem, especially for investigating whether even truly
Sun-like single stars can have large superflares or not. Notsu et al. (2019) investigated again
the statistical properties of Kepler solar-type superflare stars by incorporating Gaia-DR2
stellar radius values. More than 40% of the original solar-type superflare stars originally
reported in Shibayama et al. (2013) were classified as sub-giant stars and rejected from the
following statistical results. These results of Notsu et al. (2019) have clarified updated prop-
erties of superflares on Sun-like stars, and they have shown some insights into the important
question of whether our Sun can have superflares. However, there remained a problem: the
number of slowly-rotating Sun-like superflare stars (7. = 5600 — 6000 K and P,y ~ 25
days) in Notsu et al. (2019) was very small, since they only used the data originally found
as solar-type superflare stars from Kepler data of the first ~500 days in Shibayama et al.
(2013).
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Fig. 11 Left: Scatter plots of flare energy versus rotation period of superflares (reproduced from Okamoto
etal. 2021). They differ based on stellar temperature values: Tegr = 5600—-6000 K. Scale of stellar age is added
based on gyrochronology relation (age versus rotation period relationship) for solar-type stars (Ayres 1997).
Right: Relationship between frequencies of superflares with energies greater than 1034 erg and 5 x 1034 erg
and a rotation period of star (from Okamoto et al. 2021)

3.3 Latest Statistical Properties of Superflares on Solar-Type Stars

Okamoto et al. (2021) reported a subsequent statistical analysis of superflares on solar-type
(G-type main sequence) stars using all of the Kepler 4-year primary mission data covering
~1500 days and the Gaia-DR?2 catalogue. Since the catalogue was updated to Gaia-DR2, the
sample size of solar-type stars became ~four-times larger and the sample size of Sun-like
stars became ~12-times larger than that in Notsu et al. (2019). They updated the flare detec-
tion method by using a high-pass filter to remove rotational variations caused by starspots.
They also took into account the effect of sample biases on the frequency of superflares by
considering gyrochronology and flare detection completeness. These results enabled them to
discuss a more well-established view of the statistical properties of superflares on Sun-like
stars.

(1) Okamoto et al. (2021) found 2341 superflares on 265 solar-type stars and 26 superflares
on 15 Sun-like stars (7. = 5600-6000 K and P, = 20-40 days). The number of su-
perflares occurring on solar-type stars increased from 527 to 2341, and that of Sun-like
stars greatly increased from three to 26 events, compared with Notsu et al. (2019).

(ii) The observed upper limit of the flare energy decreases as the rotation period (stellar
age) increases in solar-type stars (Fig. 11), while the flare energy can be explained by
the magnetic energy stored around starspots (Fig. 12). In the case of slowly rotating
Sun-like stars (T, = 5600-6000 K, P, = 20—40 days, and age ¢ ~ 4.6 Gyr), super-
flares with energies up to ~4 x 103 erg can occur, while superflares up to ~10% erg
can occur on young, rapidly rotating stars (P, ~ a few days and ¢t ~ a few hundred
Myr).

(iii)) The frequency of superflares on young, rapidly rotating stars (P, = 1 — 3 days) is
~100 times higher compared with old, slowly rotating stars (P, > 20 days), and this
suggests that as a star evolves (and its rotational period increases), the frequency of
superflares decreases (Fig. 11).

(iv) The flare occurrence frequency distributions of each P, show nearly power-law dis-
tributions (Fig. 13). The occurrence distributions of superflares on Sun-like stars and
of solar flares are roughly on the same power-law line (Figs. 9 & 13). From the anal-
ysis of Sun-like stars, superflares with energy ~7 x 10°* erg (~X700-class flares) and
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~10* erg (~X1000-class flares) can occur once every ~3000 and ~6000 yr, respec-

tively, on the Sun (Fig. 9).

(v) The solar-type superflare stars found by Okamoto et al. (2021) have no confirmed exo-
planets, and this indicates that a hot Jupiter is not a necessary condition for superflares

on solar-type stars.

As for a more comprehensive review of the statistical studies of superflares on solar-
type stars described in Sects. 3.1-3.3, see also the recent book chapter by Hayakawa et al.

(2023c).

The possibility of superflares with energy > 10* erg to occur on our Sun has been under
debate. Aulanier et al. (2013) suggested that it is unlikely that the current solar convective
dynamo can produce giant sunspot groups necessary for such large superflares, since such
groups have not been observed over the last few hundred years (see Schrijver et al. 2012).
The above results of Okamoto et al. (2021), however, showed that slowly rotating Sun-like
stars (T = 5600-6000 K, P, = 2040 days, and age ¢ ~ 4.6 Gyr) can have starspots with
a size of ~1% (10,000 msh) of the solar hemisphere (see also Maehara et al. 2017; Notsu
et al. 2019). This can be enough to produce 103* erg superflare (cf. Fig. 12), and the upper
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limit of the superflare energy of these Sun-like stars in this study (e.g., Figs. 11 and 13) is
roughly in the same range. Shibata et al. (2013) also suggested that even the current Sun
can generate large magnetic flux necessary for 10°* erg superflares in a typical dynamo
model. These results support the possibility of superflares occurring on the Sun and reveal
the frequency of superflares on the Sun through the Sun-like stars.

3.4 Further Investigations of Superflares on Sun-Like Stars

Despite the large progress outlined above, the current estimates of the flare occurrence in
solar-like stars and their implications for the Sun are still far from being final. In this sub-
section, we outline two important directions which require further investigations.

3.4.1 The Choice of the Stellar Sample

The main idea behind the use of stellar data to estimate possible ranges of solar variability
(driven by both eruptive events like flares or other mechanisms like stellar rotation and
activity cycles, see e.g., Kopp and Shapiro 2021) is to compensate a relatively short period of
direct solar and stellar observations by a large number of comparison stars. Strictly speaking,
this idea would only work if the stars chosen for comparison are true analogues of the Sun.
In other words, the underlying assumption of making solar projections based on stellar data
is that if each individual star in the stellar sample and the Sun were observed long enough
they would yield identical ranges of variability and flare occurrence. Thus, the choice of the
stellar sample is one of the most critical issues for making solar projections, and there are
several examples in the literature when the improper choice of the stellar sample plagues
the resulting solar projection. Wright (2004) found that “To date, there is no unambiguous
identification of another star in a Maunder minimum state.”

The studies listed in Sects. 3.1-3.3 have been focused on the so-called solar-like stars,
i.e. stars with near-solar effective temperatures and rotation periods. These two parame-
ters are believed to define the action of stellar magnetic dynamo (e.g., Skumanich 1972;
Noyes et al. 1984; Reiners 2012) which drives all manifestations of stellar activity, includ-
ing flares. While stellar effective temperature can be determined for Kepler stars from colour
photometry (see, e.g. Berger et al. 2020), the rotation periods for most of the G-dwarfs in
the Kepler field are currently unknown. For example, the survey of McQuillan et al. (2014)
used by Notsu et al. (2019) and Okamoto et al. (2021) contains rotation periods for only
16% of Kepler stars with near-solar effective temperatures (5500-6000 K). The reason for
this scarcity of rotation periods is that the majority of Kepler stars display highly irregu-
lar light curves. The irregularities have been connected to short starspot lifetimes and the
interplay between contributions of dark spots and bright faculae to the photometric variabil-
ity (Shapiro et al. 2020; Reinhold et al. 2021). In particular, it was shown that if the Sun
was observed by Kepler, its rotation period could not be reliably determined using standard
techniques (Amazo-Gdémez et al. 2020), e.g. the auto-correlation analysis as performed by
McQuillan et al. (2014). Consequently, the estimates based on the analysis of stars with
known rotation periods potentially do not include (or rather exclude) most of the stars truly
similar to the Sun. This might bias the solar-stellar comparison studies (see detailed discus-
sion in Reinhold et al. 2020). Possible ways to assess the importance of this bias and at least
partly remove it include uncovering rotation periods of more stars like the Sun (see, e.g. re-
cent effort by Santos et al. 2021; Reinhold et al. 2022) or utilize proxies of stellar magnetic
activity which do not depend on the rotation period (e.g. measurements of stellar Ca Il H&K
emission, see Karoff et al. 2016).
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Fig. 14 Examples of the Kepler light curves with flare candidates (left columns) and localisation of the signal
in Kepler CCDs for the two subsequent cadences of the flare candidates (middle and right columns). The star
symbols are colour-coded according to their apparent Gaia magnitude Gmag. The blue dots represent 1000
realizations of the flare position obtained from the Markov chain Monte Carlo (MCMC) fitting, and the red
ellipses show the 68%, 95%, and 99.9% confidence regions. Squares with white borders show the pixels of
the aperture mask used to extract the light curve. Top row: example of the true flare associated with the target
star. Middle row: example of flare occurring on background star. Bottom row: a transit of a Solar-system
object across the image. The panels are adapted from Vasilyev et al. (2022)

3.4.2 Contamination of Stellar Light Curves

The focal plane of the Kepler telescope consists of 42 charge-coupled devices (CCDs) with
almost a hundred million pixels. The photon flux from each target star is distributed over
several pixels, and to extract it, different aperture masks are used (see squares with white
borders in Fig. 14). The pixels included in these masks are often affected by background
stars so that the Kepler light curves yielded by different pipelines (see, e.g. Stumpe et al.
2014) might be polluted by signals not associated with the target stars. In particular, some
of the flares in stellar light curves might occur not on the target but on background stars.
Such pollution could be safely neglected in studies of active stars which show frequent
superflares. However, the superflares on solar-like stars used in solar-stellar comparison
studies are extremely rare so that even small pollution by more active background stars
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(with more frequent superflares) might significantly affect the estimate of flare occurrence
on solar-like stars and, consequently, on the Sun.

Recently, Vasilyev et al. (2022) developed a Bayesian approach that fits the Kepler point
spread function to determine the most likely location of the flux excess associated with flare
candidates on CCD. This approach allowed them to check whether the flux excess comes
from the target star and, thus, either confirm or reject the flare candidate. They analyzed
5862 solar-like stars and found 2274 events with flux exceeding a 5o threshold above the
running mean for at least two consecutive data points (separated by 30 minutes) in the light
curve. Interestingly, Vasilyev et al. (2022) found that only 283 events (i.e. about 12% of
the total amount) are associated with target stars (Fig. 14, top row). Most of the events are
not associated with any star from the Gaia DR2 catalogue (Gaia Collaboration et al. 2018),
while 47 events are associated with background stars listed in Gaia DR2 (Fig. 14, middle
row). Finally, several events are associated with transits of Solar System objects (Fig. 14,
bottom row). This led Vasilyev et al. (2022) to the conclusion that analysis of the light curve
alone is insufficient for identifying stellar flares and future studies must also analyze the
instrument pixel-level to carefully exclude contamination of the light curves.

It is noted that to avoid false detection of flares on neighbouring background stars, previ-
ous studies selected isolated stars (e.g., Shibayama et al. 2013); Okamoto et al. 2021. This
criterion, however, often removes more than half of the stars from the initial target list (e.g.,
Shibayama et al. 2013, removed 70% from the initial sample). The method introduced by
Vasilyev et al. (2022) does not require any sample reduction and allows us to detect flares on
stars originally excluded in previous studies. That might help to improve statistics and pro-
vide a better estimate of the superflare occurrence frequency on Sun-like stars, and further
future studies are important.

3.5 Recent Attempts to Detect Stellar Coronal Mass Ejections
3.5.1 How to Detect Stellar CME?

Solar flares are sometimes accompanied by mass ejections such as filament and prominence
eruptions (PEs/FEs) and CMEs. Are superflares accompanied by super-CMEs? This is an
important question not only for studying extreme solar events but also for studying exoplan-
ets” atmosphere and habitability. However, direct observations of stellar CMEs are not easy
since we cannot obtain spatially resolved images of distant stars.

There are several approaches how to search for stellar mass ejections. The first one is
to detect blue-shifted emissions from the erupted plasma. In the case of M-type flare stars,
enhancements in the blue wing of chromospheric lines (blue-asymmetries) are sometimes
observed during flares (see Fig. 15 or e.g., Honda et al. 2018; Vida et al. 2019; Maehara
et al. 2021). The line-of-sight velocity of these blue-shifted components ranges from a few
tens to 600 km/s (e.g., Vida et al. 2019), which is roughly comparable to the average ve-
locity of solar prominence eruptions (e.g., Gopalswamy et al. 2003). Moreover, blue-shifted
coronal emissions have been reported in the RS CVn-type binary with high-resolution X-
ray spectroscopy (e.g, Argiroffi et al. 2019). These blue-shifted emissions are thought to be
caused by the upward flow of chromospheric/coronal plasma due to prominence eruptions
and coronal mass ejections.

The second approach is to detect X-ray absorptions associated with flares. X-ray observa-
tions of active stars found that sudden increases in absorbing column density are sometimes
observed during flares (e.g., Haisch et al. 1983; Favata and Schmitt 1999). The potential
cause of these events is the passage of cool and dense plasma (e.g., prominence) across the
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line of sight. Therefore, the transient increases in absorbing column density associated with
flares are thought to be the possible signature of stellar PEs/FEs and CMEs (e.g., Moschou
et al. 2017).

The third approach is to detect the coronal dimming in EUV and X-ray wavelength. In
the case of the Sun, EUV or X-ray dimming events are sometimes associated with CMEs
(e.g., Sterling and Hudson 1997; Thompson et al. 2000). These dimmings are thought to
be caused by the coronal density decrease due to the loss or expansion of coronal materials
(e.g., Zarro et al. 1999). In the case of stellar flares, Veronig et al. (2021) found several post-
flare X-ray dimming events on the M-type star Proxima Cen and K-type star AB Dor. In
addition, post-flare UV dimmings on the M-type flare star EV Lac and K-type star € Eridani
were reported by Ambruster et al. (1986) and Loyd et al. (2022). By analogy with the solar
cases, these stellar X-ray and UV dimming events are thought to be possible evidence of
stellar CMEs.

The last approach is to detect stellar type II and type IV radio bursts. Type II solar radio
bursts are nonthermal radio emissions with a frequency below ~200 MHz showing negative
frequency drifts. They are explained by plasma emissions near the electron plasma frequency
(and its harmonics) generated by CME-shock accelerated electrons. Therefore, stellar type 11
bursts are thought to be strong evidence of stellar CMEs. However, no successful detection
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of type II bursts from stars other than the Sun has been reported yet (e.g., Crosley and Osten
2018a,b). The reasons for the non-detection of type II bursts are still under debate (e.g.,
Mullan and Paudel 2019; Alvarado-Gémez et al. 2018, 2020). In the case of the Sun, CMEs
are sometimes accompanied by broadband radio emissions called Type IV radio bursts (e.g.,
Gopalswamy 2011; Bain et al. 2014). These radio emissions are thought to be generated
by synchrotron or gyro-synchrotron emission of electrons trapped within CME flux ropes.
Zic et al. (2020) reported a stellar type IV burst from the dMe star after an optical flare.
Although type IV bursts are thought to originate from several different physical processes
(e.g., Morosan et al. 2019) and may not be conclusive evidence of CMEs, some stellar type
IV bursts can be possible signatures of stellar CMEs.

3.5.2 Stellar Filament Eruption Associated with a Superflare on Young Solar-Type Star

In the case of the Sun, filament eruptions on the solar disk can be observed as the blue-shifted
absorption features in the Ho image of the Sun (e.g., Shibata et al. 2011). Figure 16 shows
the temporal variation of Sun-as-a-star Ha spectra during a solar flare and a subsequent
filament eruption (Otsu et al. 2022, for more investigations on Sun-as-a-star Hx spectra, see
also). The flare can be seen as an emission at the line centre, and the filament eruption can
be observed as a post-flare dimming caused by a blue-shifted absorption. This suggests that
transient blue-shifted absorption components in the He line could be strong evidence for
filament eruptions from solar-type stars.

Namekata et al. (2022) reported the detection of a giant filament eruption associated
with a superflare (Egae ~ 2 % 1033 erg) on the young solar-type star EK Draconis. Figure 17
shows light curves and dynamic spectra of the Ho line during the superflare, respectively.
As shown in the dynamic spectrum of the He line, although the flare can be seen as an emis-
sion at the line centre, the post-flare dimming observed in the Ho light curve was caused
by the blue-shifted absorption component with a velocity of ~500 km/s. This velocity is
~6 times larger than the average velocity of solar prominence eruptions (~80 km/s, Gopal-
swamy et al. 2003). Furthermore, during the post-flare dimming, the blue-shift velocity of
the absorption component decreased with a deceleration rate comparable to the star’s surface
gravity. These observational features are similar to the post-flare dimming and blue-shifted
absorption due to the filament eruption in the Sun-as-a-star Ha spectra. If we assume that
the filament eruption on the star causes the blue-shifted absorption in the Ho line, the mass
of erupted material is estimated to be 10'® g, which is ~10 times larger than that of the most
massive solar CMEs. These results suggest that superflares on solar-type stars can produce
fast and massive filament eruptions.

3.5.3 Future Prospects

Although several observational signatures for the stellar mass ejections have been reported,
it is still under debate whether stellar flares can produce stellar CMEs. This is mainly be-
cause the typical velocity of mass ejection candidates is smaller than the escape velocity
of the stars (e.g., Vida et al. 2019). In addition, several numerical studies (e.g., Drake et al.
2016; Alvarado-Gomez et al. 2018) suggested that CMEs from the magnetically active stars
would be suppressed by the strong overlaying magnetic fields by analogy with the non-
CME-productive active region on the Sun (e.g., Thalmann et al. 2015; Sun et al. 2015).
Figure 18 shows the ejected mass and kinetic energy as a function of flare energy. Accord-
ing to Takahashi et al. (2016) and Kotani et al. (2023), the mass of CME/filament (M) can
be expressed by

M x pHL?, (1)
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where p, H, and L are the density, the pressure scale height, and the length scale of the
active region, respectively. On the other hand, the total energy released during the flare can
be estimated by the magnetic energy stored in the active region with the length scale of L.
Using the fraction of the energy released by the flare f, the total flare energy can be written
as

Efare X B2L3, 2)

where B is the magnetic field strength. Therefore, equations (1) and (2) lead to the following
scaling relation (cyan-dashed line in Fig. 18a):

Mo EL, 3)
Estimated masses of erupted materials for stellar events are comparable to the expectation
from the scaling relation for solar CMEs. However, kinetic energies of ejected materials for
stellar cases estimated from the blue-shift components in the He line are one—-two orders of
magnitude smaller than expected from the empirical relation for solar CMEs (e.g., Moschou
et al. 2019; Maehara et al. 2021; Namekata et al. 2022). The velocity difference between
prominence/filament eruptions and CMEs (e.g., Gopalswamy et al. 2003) or the velocity
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Fig. 17 Top: TESS (optical os |
continuum) and He light curves ’
of the superflare on EK Dra. -~ 027 _
Bottom: Dynamic spectra during E\; 01 b <
this event. Data from Namekata u® E
et al. (2022) L 0 s
%) I
o -0.1 =
= b a
-0.2
| ¢
-0.3 Ho —o— -0.2
-40 -20 0 20 40 60 80 100 120
Time from BJD 2458945.2 (min)
\ pE——
202 20010 001 002 _4p9p
I
6550 - | ‘ : ‘
< | iy
F=
S 6560 - i
5]
°
§ 6570 |- il
6580

-40 -20 0 20 40 60 80 100 120
Time from BJD 2458945.2 (min)

suppression due to the strong overlying magnetic fields (e.g., Alvarado-Gémez et al. 2018)
have been proposed as possible interpretations of this discrepancy (e.g., Namekata et al.
2022).

In order to unveil the connection between stellar flares and stellar CMEs, we need to ob-
tain signatures of stellar mass ejections with different methods from the same event. There-
fore, simultaneous and multi-wavelength observations of stellar flares are important. For ex-
ample, X-ray/EUV observations simultaneously with optical photometry and spectroscopy
allow us to investigate whether the X-ray and EUV dimmings due to CMEs are associated
with the Ho blue-shited events caused by prominence/filament eruptions. Furthermore, ra-
dio observations to search for stellar type I bursts with low-frequency radio telescopes, such
as LOFAR and SKA, are also important since they are thought to be the most promising ev-
idence for stellar CMEs. Simultaneous radio, optical, and X-ray observations enable us to
clarify whether stellar prominence/filament eruptions observed as blue-shift events can lead
to stellar CMEs.

4 Extreme Solar Events from Cosmogenic Data
4.1 Introduction

The energy of SEPs is usually lower than that of GCRs but can still reach several hundred
MeV or even several GeV during the GLE events (see Sect. 2.2.1), which is sufficient to
cause the nucleonic cascade and produce cosmogenic nuclides in the atmosphere. Repre-
sentative cosmogenic nuclides with relatively long half-lives include carbon-14 or ‘radio-
carbon’ ("*C, half-life ~5730 years), beryllium-10 ('°Be, half-life ~1.4 x 10° years), and
chlorine-36 (*°Cl, &3 x 10° years). They are preserved in natural archives such as tree trunks
(by uptake of '*C from the air) and ice sheets ('°Be and 3°Cl through sedimentary processes,
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i.e., gaseous, wet and dry depositions — see details in Sect. 6). The production of cosmogenic
nuclides in the atmosphere depends on the energy spectrum of energetic particles impinging
on Earth, e.g., SEPs (Webber et al. 2007; Mekhaldi et al. 2015, 2021; Poluianov et al. 2016).

Among all GLE events, the strongest hard-spectrum (GLE#5 on 23-Feb-1956) and soft
(GLE#24 on 04-Aug-1972) are considered to have produced the greatest amount of '4C
(and '°Be) and 3°Cl, respectively, during the last decades (e.g., Usoskin and Kovaltsov 2012,
2021; Mekhaldi et al. 2021). However, even though these events were the strongest directly
observed (e.g., the event-integrated intensity of GLE#5 was about 5200%-h above the GCR
background as recorded by polar sea-level NMs — Asvestari et al. 2017b), they were still
too weak to produce a detectable amount of cosmogenic isotopes (Fig. 19, see also Usoskin
et al. 2020; Mekhaldi et al. 2021). This is because the time resolution of cosmogenic-isotope
measurements is typically annual at best. Accordingly, the SEP-production signal should be
greater than the GCR-related production of the isotope on the annual time scale.

An important discovery was made in 2012 when a significant increase in A*C in tree
rings dated back to 775 CE was reported by Miyake et al. (2012). Later, the event was con-
firmed in other trees (e.g., Usoskin et al. 2013) and significant increases were also found,
for the same time period, in °Be and **Cl concentrations in ice cores from Antarctica and
Greenland (Mekhaldi et al. 2015; Sigl et al. 2015; Miyake et al. 2015; Sukhodolov et al.
2017). Different scenarios were initially proposed to explain the discovered significant in-
creases in cosmogenic-isotope data, including a nearby supernova, gamma-ray burst or even
a cometary impact on Earth (e.g., Miyake et al. 2012; Pavlov et al. 2013; Liu et al. 2014).
However, it was soon shown by Usoskin et al. (2013) that only the SEP scenario can explain
all the observed facts, including the effect in different isotopes, hemispheric symmetry and
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very fast response (for details, see Miyake et al. 2019; Cliver et al. 2022). The SEP event
that caused the 775 CE event was estimated to be 25-100 times stronger than the strongest
directly observed GLE#5 and found to occur during the late Spring — Summer of 774 CE
(Sigl et al. 2015; Sukhodolov et al. 2017; Uusitalo et al. 2018). Accordingly, this ESPE
can be denoted as 774 CE or 775 CE depending on whether the year of the ESPE or the
effect in Cls is emphasized. An indication was found by Uusitalo et al. (2018) that a small
polar enhancement might have existed of the A'#C signal for that event as potentially re-
lated to a very strong production localisation in the polar stratosphere, but this needs further
confirmation.

Similar, but slightly smaller cosmogenic-isotope increases were also found as corre-
sponding to ca. 994 CE? and 660 BCE, which are also considered to be caused by ex-
treme SEP events (e.g., Miyake et al. 2013, 2019; Mekhaldi et al. 2015; Park et al. 2017;
O’Hare et al. 2019; Sakurai et al. 2020). Later, more events have been discovered in different
archives so that the present statistic includes five confirmed events and three candidates (see
Sect. 4.2). All these events are considered extremely strong SEP events as discussed below.

Since the time resolution of cosmogenic records is typically annual at its best, ESPEs
are often considered as instant production of the isotopes. Their exact duration cannot be
resolved so that a single SEP event cannot be distinguished from a short series of consequent
bursts, but it can be sometimes defined up to a season (3—4 months) using trees with different
growing seasons (e.g., Uusitalo et al. 2018). A recent study by Zhang et al. (2022) suggests
that the duration of the events can be longer than one year and not related to the phase of a
solar cycle, but the limited time accuracy of the used carbon-cycle box model does not allow
to rule out the SEP scenario which still remains the main paradigm for the studied events.

Such extreme SEP events and their parent solar eruptions are expected to have a major
impact on our modern technological society. This emphasizes the importance of understand-

3Similarly to the 774/5 CE notations, notations 993 CE and 994 CE can be used interchangeably.

@ Springer



Extreme Solar Events: Setting up a Paradigm Page 31 0f 114 73

ing their occurrence rate and the worst-case scenario. Additionally, the spikes in cosmogenic
isotopes, caused by the extreme events, have enabled the dating of historical timbers and vol-
canic eruptions to the precision of one year (e.g., Oppenheimer et al. 2017; Godwin 2017;
Kuitems et al. 2021; Philippsen et al. 2021), as well as the accurate synchronization of float-
ing chronologies in ice cores and tree rings (e.g., Sigl et al. 2015). This chapter is focused
on recent research results on the SEP event search using cosmogenic nuclides.

4.2 New Events (Update Since 2019)

4.2.1 Large “CIncreases During the Holocene Discovered to Date: 7176 BCE and 5259
BCE

About a decade after the discovery of the 774 CE event in 2012, Brehm et al. (2022) and
Paleari et al. (2022a) reported two strong cosmogenic-isotope increases dated to 7176 BCE
and 5259 BCE that were comparable to or even exceed the 774 CE event. Interestingly, while
the '“C increase corresponding to the 774 CE events was notable even in the IntCal reference
data (Reimer et al. 2020) with the decadal resolution (Usoskin and Kovaltsov 2012), the '“C
increases at these two other dates were not significant in the IntCal dataset. The 7176 BCE
event was discovered from prominent peaks in the '°Be data with 5-6 years resolution,
and the 5259 BCE event was discovered from discrepancies in radiocarbon dating in the
surrounding ages (Brehm et al. 2022).

Brehm et al. (2022) confirmed both events using multiple tree samples, from Alpine
larch, German oak, and American Bristlecone pine for the 7176 BCE event, and Alpine
larch, Irish oak, American Bristlecone pine and Siberian larch for the 5259 BCE event
(Fig. 20). Rapid '*C increases were confirmed in 7177/7176 BCE and 5260/5259 BCE in
these datasets of three or four tree samples (note that only '#C data of the Bristlecone pine for
the 5259 BCE event depicts the increase one year earlier, i.e., in 5261/5260 BCE). This oft-
set may be due to a dendrochronological miscount or inaccurate separation of annual rings,
but Panyushkina et al. (2022) have also emphasized the importance of cross-correlating dif-
ferent sequences and correcting for timing differences. For these two events, overall #C
variations are similar to those of the 774 CE event, with the maximum '#C increase reaching
19-20%0 in A'™C (deviation of '*C concentration from a standard of modern value after
corrections of age and isotopic fractionation), which is greater than that of the 774 CE event
(~18%0). However, scales of SEP events for the three events in 774 CE, 7176 BCE, and
5259 BCE are comparable after correcting for the variable geomagnetic shielding, which
depends on the geomagnetic field strength (Brehm et al. 2022).

Paleari et al. (2022a) collected new '°Be (annual resolution) and ¢Cl (4-year resolution)
data from the Northern Greenland Ice core Project (NGRIP) site and '°Be at sub-annual
resolution from the recent Eastern Greenland Ice core Project (EGRIP) for the 7176 BCE
event. Significant increases in '°Be and 3°Cl were observed in these datasets, allowing for
synchronization of tree-ring and ice-core chronologies — as a result, the original Greenland
Ice core Time Scale GICCOS5 was shifted 54 years towards the present. Also, increases in the
three cosmogenic isotopes (*C, '°Be, and *°Cl) are consistent only with the extreme SEP
event origin, while contradicting other possible sources such as gamma-ray events (Miyake
et al. 2019; Paleari et al. 2022a). Using these new and previous datasets, i.e., from Greenland
Ice core Project (GRIP) and EPICA Dronning Maud Land (EDML) in Antarctica '°Be data
with ~6 and ~5-year resolution, Paleari et al. (2022a) estimated a *C1/'°Be enhancement
ratio of 1.59 £ 0.38 for the 7176 BCE event, which corresponds to a hard energy spectrum
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Fig.20 Carbon-14 data for the 7176 BCE and 5259 BCE events (Brehm et al. 2022)

similar to that of 774 CE, 993 CE, and 660 BCE events and similar to the 3°Cl/!°Be ratio for
GLE#5, estimated to be 1.57.

Although a notable '°Be increase around 5259 BCE has not been confirmed in the low-
resolution datasets (Brehm et al. 2022), a similarity of the '“C variation between the 5259
BCE event and other extreme events suggests an extreme SEP origin for the 5259 BCE event
as well. Therefore, 774 CE, 7176 BCE, and 5259 BCE events encompass the greatest SEP
events that occurred during the Holocene.

4.2.2 Smaller Events: 1279 CE, 1052 CE and 5410 BCE

In addition to the three events described above, several smaller-size (yet orders of magnitude
stronger than the strongest GLEs of the space era) events have also been reported using a
high-precision analysis of '*C in tree rings.

Brehm et al. (2021) analyzed '*C concentrations in tree samples from England and
Switzerland with the annual time resolution over the past millennium and reported small
A'™C enhancements in 1052 and 1279 CE. These '*C variations can be explained by short-
term 4C production increases in the atmosphere that is consistent with extreme SEP events
(Brehm et al. 2021). The scale of these A'*C enhancements is approximately one-third
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of that for the 774 CE event. Terrasi et al. (2020) also mentioned a A'*C enhancement
around 1054/1055 CE in Arctic pine and California sequoia trees and suggested, as a possi-
ble source, the Crab supernova (SN) explosion in 1054 CE (SN1054). In such a case, y -rays
from the explosion could produce '“C in the atmosphere through photonuclear reactions
(e.g., Konstantinov and Kocharov 1965; Damon et al. 1995). However, Kaiser Kudsk et al.
(2022) found no significant increase in 1054/1055 CE (i.e., no association with SN1054) by
analyzing the available annually-resolved A'*C datasets reported so far. On the other hand,
they reported a remarkable A'*C increase from 1048 to 1055 CE. Thus, multiple publica-
tions have reported an unusual '*C increase around that age, but its origin has not yet been
resolved. Panyushkina et al. (2022) suggested that these different excursions may all relate
to the same event, which is manifested differently in different records.

For the 1279 CE event, reported by Brehm et al. (2021), Miyahara et al. (2022) analyzed
also '*C concentrations in a Japanese Asunaro tree with ultra-high precision by the repeated
measurement of the same ages and confirmed a significant A'*C increase in 1279/1280
CE. Also, they reported significant '*C increases in 1268/1269 and 1261/1262 CE. Since
the time around 1280 CE is considered the beginning of the Wolf grand solar minimum
(Usoskin et al. 2007), a possible relationship between the occurrence of these SEP event
candidates and a transition phase to a grand solar minimum was discussed (Miyahara et al.
2022). These results need to be confirmed by independent measurements in other tree-ring
and ice-core series.

Miyake et al. (2021) reported an annual A'*C increase in 5411/5410 BCE from tree
samples of a Californian Bristlecone pine, Finnish Scots pine, and Swiss larch. Although
the scale of this event was probably even smaller than that for the 1052 and 1279 CE events
(a factor of 20.3 the size of the 774 CE event — Brehm et al. 2022), the profile of the A4C
variation, i.e., a rapid increase followed by a gradual decrease, is also similar to the SEP-
driven events such as the 774 CE event (Miyake et al. 2021).

Usoskin and Kovaltsov (2021) emphasized that there is a large gap between the extreme
one-per-millennium events like the 774 CE event, on the one hand, and GLEs detected by
modern observations, on the other hand. The statistic of intermediate-size events located in
the gap is crucially important to understand the nature of ESPEs, whether they are similar
to normal SEP events or form a special, presently unknown type of events. However, such
events are currently below the detection limit of the cosmogenic-isotope method (Usoskin
et al. 2020; Mekhaldi et al. 2021). It will be important to verify high-precision '°Be and
36C1 data from ice cores to confirm their SEP origin in the future. Since *Cl data are more
sensitive to SEPs, even smaller events might be detected as significant increases above back-
ground fluctuations (Mekhaldi et al. 2021).

Moreover, there are some specific issues that can affect the detection of intermediate-
size cosmogenic-isotope enhancements. For example, there are seasonal '*C variations
(within a few permil) in the atmosphere mainly reflecting transport processes caused by
the stratosphere-troposphere exchange. However, such an atmospheric transport effect has
not been fully considered in connection with the analysis of annual-ring '“C data and are
not captured by the standard carbon-cycle box model. Also, the exact season when a tree ab-
sorbs atmospheric carbon may vary depending on the region and tree species. Focusing on
the worldwide *C data for the 774 and 993 CE events, A'“C increases tend to occur earlier
in the higher-latitude trees than lower-latitude ones, which may reflect the atmospheric cir-
culation or difference of seasons of fixing carbon (Biintgen et al. 2018; Uusitalo et al. 2018;
Miyake et al. 2022). This can also lead to the polar enhancement of the '*C signal, where
high-latitude samples tend to yield slightly larger peaks. Additionally, the local/regional me-
teorological background effects in ice cores for '°Be and *¢Cl are often considered without
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sufficient details, by applying a simplified parameterized approach. It is important to cor-
rectly understand and model such possible biasing factors which can affect our interpretation
of the cosmogenic-isotope data, in order to reliably identify the intermediate-size events.

4.2.3 Occurrence Rate of Extreme SEP Event

The known ESPEs and candidates detected using '*C data so far have not necessarily been
found by successive and consistent surveys, but rather by targeted samplings of interesting
periods found in the existing lower-resolution data. It is worth mentioning that only 16.5% of
the past 12,400-years tree-ring record has been sampled and measured annually or biennially
for '*C concentrations (Brehm et al. 2022) — see Fig. 21. Therefore, to clarify the occurrence
rate of ESPEs during the Holocene, we need detailed information from future successive
surveys with high-resolution measurements. Based on the number of years covered by the
currently available high-precision data (2030 years) and the detected events/candidates (here
five events selected, i.e., 774 CE, 993 CE, ~660 BCE and 7176 BCE events confirmed
by both the tree-ring and ice-core data and one of the largest '“C event in 5259 BCE),
Brehm et al. (2022) straightforwardly estimated the occurrence frequency to be between
about 1/400 and 1/2400 years. However, it should be noted that the periods covered by high-
resolution measurements were not randomly taken but had hints of possible high variability.

On the other hand, recent results from Usoskin et al. (2023) who inter-compared the di-
rect SEP flux measurements for the space era (Raukunen et al. 2022), ESPE events imprinted
in terrestrial cosmogenic isotopes, and the SEP flux averaged over the Mega-year timescale
in lunar rocks (Poluianov et al. 2018), suggest that the occurrence frequency of the presently
known ESPEs and candidates for the Holocene is consistent with the lunar data. It was also
shown by Usoskin et al. (2023) that only about half of the Mega-year-averaged SEP flux is
produced by ‘regular’ solar activity while the other half is due to rare but extremely strong
ESPE events (see Fig. 22).

The above considerations are based on “C data, which is sensitive to relatively hard-
spectrum SEP events, while soft-spectrum extreme events may not be reflected here. Al-
ternatively, ice-core 3°Cl data are more sensitive to lower-energy particles and can record
also ESPEs with a soft spectrum (Mekhaldi et al. 2021). Although the acquisition of high-
precision *°Cl data is more technically challenging than that of '“C, it is expected that new
information on ESPEs will be obtained from the 3°Cl (and '°Be) continuous measurements
in the future.

Available recent data on °Be, “C, and 3°Cl are summarized in Table 2 for the known
ESPE events and candidates. For each event/candidate, the data source and type of the mea-
surement are listed, which can be either the absolute production Qgspg or the peak-factor
P which is the ratio of Qggspg to the GCR background isotope’s production Qgcgr. Two re-
cent archeo/paleomagnetic reconstructions (represented by the virtual axial dipole moment,
VADM) for the time of the events are also shown.

5 Modelling: Cosmogenic-lIsotope Production and ESPE Spectra
Reconstruction
5.1 Mechanism of Production

When cosmic-ray particles enter the Earth’s atmosphere, they interact with air species,
specifically, nitrogen, oxygen, and argon atoms. Among various effects and reactions, driven
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Fig. 21 Extreme SEP events (black and red) and candidates (grey) along with the periods covered by high-
resolution (annual or biennial) l4c analyses (shaded). The plot is adopted after Brehm et al. (2022)

Lo Feo Holocen

o
©

o
o

(FY#/(F)e

Space era

©
IS

0.2

0.0 . . . :
10° 10t 102 103 104 10°
F (cm~2s71)

Fig. 22 The ratio between Fgo average SEP fluxes (Fgo)r/{Fg0)oo, Where numerator is limited by the
maximum observed SEP flux F and denominator is not limited, as a function of . Shading represents the
68% c.i. The vertical dashed lines, black and blue, with the red horizontal arrows indicate the upper limits of
the SEP flux for the space era and Holocene, respectively. Modified after Usoskin et al. (2023)

by cosmic rays, e.g., ionisation, fluorescence, radio-emission, incident cosmic particles can
interact with nuclei of ambient atoms, leading, in particular, to the production of new nu-
clides and secondary hadronic particles, mainly protons and neutrons. Those secondaries
often carry energy sufficient for their interactions with nuclei to generate new secondaries
and nuclides forming the so-called cosmic-ray-induced atmospheric cascade. Here we leave
aside rare reactions of nuclide production by pions and kaons, as well as by high-energy
photons, and focus on the main nuclide production channel via protons, neutrons, and «-
particles. Secondary nuclides, whose source is the production by cosmic rays, are called
‘cosmogenic isotopes’* (CIs).

After production, cosmogenic isotopes can decay or get involved in chemical processes,
being transported with air masses and deposited to the ocean, ice, ground, etc. These pro-
cesses are important for key isotopes used in the SEP studies and are described in the fol-
lowing Sect. 6, as well as in a comprehensive review by Beer et al. (2012).

Most Cls are produced when energetic particles spall nuclei of target atoms. Those reac-
tions (e.g., "“N(x, y)!°Be) require relatively high energies, above ten MeV, of the incident
particles. The incident particles denoted here as x are usually protons, neutrons or primary
cosmic-ray ions, and y are secondary nucleons. There is also another efficient channel of
production of some cosmogenic nuclides: the (n,p)-reaction induced by neutrons. In this
way, with "“N(n,p)'*C possible even for thermal (sub-eV) neutrons, the vast majority of
radiocarbon atoms are produced in the atmosphere.

In the light of ESPE studies, the direct production of CI by energetic protons is important,
e.g., the reaction “°Ar(p,x)*°Cl for *6Cl. That reaction is highly efficient with the maximum

4Terms ‘cosmogenic isotopes’ and ‘cosmogenic nuclides’ are interchangeable in the literature.
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Table2 Data and corresponding geomagnetic conditions for the ESPEs and candidates (represented by hor-
izontal blocks). Columns Mg and Mp represent VADM reconstructions for the time of the events, by Knud-
sen et al. (2008) and Panovska et al. (2018), respectively. ‘Data’ column specifies the data sources: Mel5 —
Mekhaldi et al. (2015), Bul8 — Biintgen et al. (2018), O19 — O’Hare et al. (2019), S20 — Sakurai et al. (2020),
Br21 — Brehm et al. (2021), Me21 — Mekhaldi et al. (2021), Mi21 — Miyake et al. (2021), Br22 — Brehm et al.
(2022), P22 — Paleari et al. (2022a). “Type’ represents the type of data (see text for details), viz., P — peak
ratio, and Q — production (in units of 108 cm_z)

Event My Mp Data Type 10Be 3601 l4c
1279 CE 9.6+03 9.2+0.5 Br2l Q 0.78 £0.23
1052 CE 102+£04 9.0+04 Br2l Q 0.85+0.17
994 CE 10.34+0.4 9.0+0.5 Mel5 P 1.204+0.20 2.60+0.30 2.40+0.70
Bul8 P 1.80 +0.40
Bul8 Q 1.04 +£0.10
Br22 Q 1.18 £0.10
775 CE 10.7+£04 93+0.5 Mel5 P 6.30+£0.40 3.90+0.70
Bul8 P 3.20£0.20
Bul8 Q 1.88+£0.10
Me2l P 3.00£0.30
Br22 Q 2.21 +£0.08
660 BCE 11.44+0.6 9.0+04 019 P 2.524+091 6.36+1.36
S20 Q 1.40+0.10
Br22 Q 1.62+0.18
5259 BCE 71£05 74+04 Br22 Q 2.46 +0.08
5410 BCE 72+£06 73+£04 Mi2l Q 0.76 £ 0.09
7176 BCE 87+17 75+£04 P22 P 3.69+043 6.09+1.21 4.50£0.50
Br22 Q 2.42 +0.08

cross-section of 2100 mb. In contrast, the maximum cross-section for the production of 10Be
from nitrogen and oxygen by protons is 2—4 mb (Beer et al. 2012). Therefore, the overall
production of **Cl is more effective for lower-energy primary protons than the production
of °Be and '*C (see Fig. 25 and the description below, also Koldobskiy et al. 2022). This
allows us to use this difference for the reconstruction of spectral properties of ESPEs, as
described in more detail in Sect. 5.4.

Most cosmogenic isotopes are unstable and decay, though with different half-life times,
ranging from milliseconds to megayears. Different half-life times define the practical ap-
plicability of cosmogenic isotopes and also the time scale of cosmic-ray reconstructions
possible with them. Three main isotopes used in SEP studies and reconstructions of solar
activity over long-term scales are '°Be (half-life 1.39 Myr), '*C (5.73 kyr), and *°CI (0.30
Myr). As mentioned above, '“C is mainly measured in trees or other organic samples, while
9Be and °Cl are studied in surface snow and ice cores, taken mostly from ice sheets in
Greenland and Antarctica.
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Table 3 List of existing production models, developed since 1999, of cosmogenic isotopes produced by
cosmic rays in the Earth’s atmosphere. Crosses denote that the given model covers the production of the given
isotope. Asterisks indicate models with predefined incident particle spectra and no yield functions available.
The list is not comprehensive as including only the most used isotopes, while, e.g., 261, 358, 1297 are not
shown

Ref. to the model 3H Be 10Be l4c 22Na 361
Masarik and Beer (1999)* X X X — X
Masarik and Beer (2009)* X X —
Nagai et al. (2000)* — X X — — —
Kollar et al. (2000)* — X X — — —
Webber and Higbie (2003) — X — — — —
Webber et al. (2007) X X X — — X
Usoskin and Kovaltsov (2008) — X — — — —
Kovaltsov and Usoskin (2010) — — X — — —
Kovaltsov et al. (2012) — — — X — —
Leppénen et al. (2012) — — — — X —
Poluianov et al. (2016) — X
Pavlov et al. (2017) — — X X — X
Poluianov et al. (2020) X — — — — —
Lee and Park (2022)* — — — X — —
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Fig. 23 Schematic representation of the modelling of the cosmogenic-isotope production using the yield-
function approach. Green boxes indicate input data which can be measured or independently modelled. The
yield function can be calculated separately and thus serves as an input. Yellow boxes correspond to modelling
and computation procedures. The pink box “Nuclide production (rate)” is the result of modelling

5.2 Modelling of Production

The production of cosmogenic isotopes in the Earth’s atmosphere can be quantitatively mod-
elled under different assumptions. A list of recent models of cosmogenic-isotope production
is shown in Table 3. Most models are focused on isotopes of beryllium and radiocarbon. This
can be explained by their high importance in many different fields of space- and geoscience,
as well as in archaeology.

A typical modelling scheme of the CI production rate, using the yield-function approach,
is shown in Fig. 23. To model the CI production in a narrow layer of air, the following aux-
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iliary information is needed: (a) composition and density profile for the whole atmosphere;
(b) energy/rigidity spectra of primary CR particles (GCR, SEP) bombarding the atmosphere;
(c) local geomagnetic shielding represented by the geomagnetic cutoff rigidity P. as a func-
tion of the latitude and longitude; and (d) cross-sections of the nuclear reactions leading to
the production of the isotope.

The CI modelling is usually done for ‘typical’ spectra for GCR or SEP particles. For
GCRs, a simple force-field approximation (e.g., Gleeson and Axford 1968; Caballero-Lopez
and Moraal 2004; Usoskin et al. 2005) of the spectrum works reasonably well. It is some-
what inaccurate in the low-energy part of the spectrum (E <100 MeV, Caballero-Lopez and
Moraal 2004; Herbst et al. 2017), whose contribution to the CI production is small because
such low-energy particles cannot initiate a developed atmospheric cascade. The force-field
approximation describes the heliospheric modulation of the local interstellar spectrum (LIS)
of GCRs, Jys.; (E) with units of (cm? s sr GeV/nuc)~!, in the following way:

E(E +2Ey)

Ji(Es¢)=JLIS,i(E+CDi)(E+¢i)(E+<Di+2E0)»

“

where J; (E, ¢) is the GCR particle spectrum, specifically, the differential intensity of parti-
cles of type i given in (cm? s sr GeV/nuc)~!, E is the particle’s kinetic energy per nucleon
(in GeV/nuc), Ey = 0.938 GeV is the rest energy of a proton and ®; = ¢ - Z;/A;. Index i
denotes the specie of cosmic-ray particles, i.e., protons or «-particles, while A; and Z; are
their mass and charge numbers, respectively. The a-particles typically effectively include
heavier (Z > 2) ions because they have similar ratios Z/A = 0.5. The heliospheric mod-
ulation of the GCR intensity is represented by the heliospheric modulation potential (also
called ‘modulation parameter’) ¢ (in GV), which is higher during solar active periods and
lower when the Sun is quiet. While the modulation parameter formally represents the mean
rigidity loss of a particle travelled from the heliospheric boundary to the Earth’s orbit, it has
no direct physical interpretation and is just a useful parameterization to describe the GCR
spectral modulation. There are different estimates of LIS (e.g., Garcia-Munoz et al. 1975;
Burger et al. 2000; Vos and Potgieter 2015; Corti et al. 2016; Herbst et al. 2017), which
may differ from each other by up to a factor of two in specific energy ranges (e.g., Asves-
tari et al. 2017a). Most recent LIS estimates are well-constrained in the low-energy range
<500 MeV/nuc by the Voyager in situ measurements in the outer layers of the Heliosphere
(e.g., Stone et al. 2013) and in the high-energy range (>50 GeV/nuc) by space-borne as-
troparticle experiments PAMELA and AMS-02 at 1 AU (Adriani et al. 2013; Aguilar et al.
2021), but remain uncertain in the GeV-energy range which is most important for the CI
production. Accordingly, the exact value of ¢ slightly depends on the used representation
of LIS and needs to be corrected for that (Usoskin et al. 2005; Herbst et al. 2010). Local
interstellar spectra of GCR species heavier than a proton (A;/Z; & 2), mostly “He nuclei
(ae-particles), are often scaled from the proton spectra. These heavier species form 25-30%
of the GCR nucleon intensity for the given energy per nucleon (Koldobskiy et al. 2019).

The spectral shape of SEPs can be approximated by various parametric models including
the exponential decrease over rigidity, a power law over rigidity or energy, a modified power
law, the Band function, Ellison-Ramaty function and many others (e.g., Ellison and Ramaty
1985; Band et al. 1993; Cramp et al. 1997; Miroshnichenko 2015). For SEPs, only energetic
protons are usually considered, because the contribution of the less abundant heavier ions in
the SEP composition to the CI production is negligible.

Since CIs are produced as a sub-product of the cosmic-ray-induced atmospheric cascade,
it is necessary to model the cascade development. Earlier, it was calculated (semi)analyti-
cally, using simplified analytical approaches (see, e.g., a review by Gaisser et al. 2016), but
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currently, with the availability of high computational power, it is standardly done with Monte
Carlo modelling and specialized software tools such as, e.g., CORSIKA (Heck et al. 1998),
FLUKA (Ferrari et al. 2005), Geant4 (Agostinelli et al. 2003), MCNP(X) (Werner et al.
2017), PHITS (Sato et al. 2013). These are toolboxes, which allow a selection of different
‘physics lists’, i.e., sets of models for physical effects used in computations. Unfortunately,
the existing physics models and the particular choice of the used ‘physics list” may affect
the result (e.g., Pavlov et al. 2017), and so far there is no common agreement on which code
and set of physics are the best.

Earlier, it was common to perform Monte Carlo modelling for the cascade directly for
a prescribed spectrum of GCRs or SEPs (e.g., Masarik and Beer 1999; Kollar et al. 2000;
Masarik and Beer 2009) merging the dash-line block in Fig. 23 with the final calculations of
the production. However, this straight modelling approach is not flexible and, for different
shapes of the GCR or SEP spectra or any other modifications, the computationally-heavy
modelling of the cosmic-ray cascade should be repeated anew often taking a significant
amount of time and computational resources. To optimise this, the yield-function approach is
used where heavy Monte Carlo simulations of the cascade induced by a unit flux of incident
particles with fixed energy are completed to calculate the corresponding yield of the CI (the
dash-line block in Fig. 23). After that, the CI production can be relatively easily computed as
an integral of the product of the yield function and the cosmic-ray (GCR or SEP) spectrum
(Equation (9)) for any spectral shape. This method is commonly used in modelling of the CI
production (e.g., Webber et al. 2007; Poluianov et al. 2016; Pavlov et al. 2017), as well as
for many other applications.

Yield function Y;(E, h) is defined as the number of atoms of the CI in question (yield)
produced in the atmospheric layer of the unit thickness (1 g/cm?) at the given atmospheric
depth £ by the unit flux of (cm? s sr GeV/nuc)~! of incident particles of type i with kinetic
energy E (Poluianov et al. 2020). The yield function Y;(E, ) (atoms sr cm?/g) is directly
related to the production function S;(E, k) (atoms cm?/g), which is the number of CI atoms
produced by a single incident particle of type i with the kinetic energy E (Webber et al.
2007). For incident particles with the isotropic angular distribution, the functions are directly
related as

Y(E,h)=nS(E,h). 5)

Yield functions for the main atmospheric CIs relevant for SEP studies are shown in Figs. 24
and 25.

The CI yield over the atmospheric depths is illustrated with ¥ of 3°Cl for selected en-
ergies of incident protons and «-particles as shown in Fig. 24. Low-energy primary par-
ticles (e.g., E = 0.2 GeV/nuc) do not initiate a fully developed cascade, thus they pro-
duce CI only via direct spallation of atmospheric nuclei, which is observed as a ‘step’ of
the yield at shallow depths <30 g/cm?. Higher-energy particles with E > 1 GeV/nuc pro-
duce a large number of secondary protons and neutrons, accordingly producing more CI
atoms per the incident-particle unit flux with the maximum production at the depth of about
100-200 g/cm? with gradual decrease deeper in the atmosphere.

Yields of different CI may differ by several orders of magnitude in absolute values, but
they have roughly similar shapes in the energy domain increasing with the energy of inci-
dent particles. Often, a columnar yield function is considered to represent the yield function
integrated over the full atmospheric depth from the top to sea level (A = 1033 g/cm?)

Yei(E) = / Y(E,h)-dh. (6)

h
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Fig.24 Yield function Y (see
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Fig. 25 Columnar (integrated over the full atmospheric depth) yield function Yo (E) as a function of the
energy of incident particles. Panel (A): columnar yield for 10Be, 14, and 30C1 produced by incident protons
and a-particles. Panel (B): columnar yields (normalized to unity at 10 GeV energgf) for 1oBe, 14C, and 36C1
produced by incident protons. The pink area indicates the enhanced sensitivity of 5Cl to low-energy protons
compared to 10Be and !4C. The yield function data are from Poluianov et al. (2016)

Such columnar yields for '°Be, '*C, and *Be CIs are shown in Fig. 25. The difference of
Yo for the considered Cls observed in the low-energy range (panel B) is caused by features
of specific nuclear reactions producing the isotopes. This leads to the enhanced sensitivity
of the production of *°Cl to lower-energy protons compared to the production of '°Be and
14C.

The production function S(E, k) (closely related to Y (E, h), see Equation (5)) can be
obtained by a full Monte Carlo modelling of the cosmic-ray cascade as

E
Si(E,h)ZZ/ m(E") - Fiy(E,h, E') - dE', (N
1 0

where [ indicates the type of secondary particles (protons, neutrons, «-particles), E’ is the
energy of these particles (in MeV), E is the energy of the incident primary particles of type 7,
n:(E’) is the aggregate cross-section (in cm?/g — see Equation (8)). The output of the Monte
Carlo simulation is F;;(E, h, E’), the intensity spectrum of secondaries (in 1/MeV) per
primary nucleon at the atmospheric depth % (in g/cm?). This quantity depends on the angular
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distribution of the incident primary particles. Typically, models use the isotropic influx of
particles, but fixed-angle (e.g., vertical) cases can be also applied for specific studies.
The aggregate cross-section is defined as

m(E) =Y k;-0(E), ®)
J

where «; (in 1/g) is the number of target nuclei (nitrogen, oxygen, argon) in the unit mass
of air, 0;; is the total cross-section (in cm?) of the nuclear reactions between the energetic
particle of type [ and the target nucleus of type j that lead to the production of the CI of
interest, and summation is over different species (target nuclei) of air denoted with index j.
Cross-section data o;;(E’) represent the probability of a nuclear reaction leading to the
production of the CI of interest to occur and can be quantified via experimental or theoretical
ways. Experimental data are thought to be more accurate, but there is a shortage of them,
especially for neutron-induced reactions. Gaps between the data points are often bridged
by parameterisation (e.g., applying the measured proton cross-sections to the neutron ones),
extrapolations to higher energies, the use of theoretically-calculated values, or a mixture of
all the above. One of the most popular sources hosting a compilation of various experimental
cross-section data is the EXFOR database (https://www-nds.iaea.org/exfor/).

Once the yield function is known, it is straightforward to calculate the CI production rate.
The differential isotope’s production rate ¢ () (in atoms/(g s)) at depth /4 is defined as the
sum of integrals of the products of the yield function and the energy spectrum of primary
particles of type i:

Q(h):Z/E.(p)J"(E)'Y"(E’h)'dE' ©)

The integrand of the formula, viz. the product of the yield function and the particles’ spec-
trum, is called the differential response function. The integration is above the energy E;(P,.),
which corresponds to the local geomagnetic rigidity cutoff P.. The cutoff rigidity is defined
by the location and the geomagnetic field (e.g., Cooke et al. 1991), and it is often calcu-
lated using the Stgrmer’s formula (GlaBmeier et al. 2009) for the eccentric-and-tilted-dipole
geomagnetic field (Nevalainen et al. 2013):

GV Rs\*
P .= 1.9Amz -M 3 - cos” Ag, (10)

where R and Rg are the distance to the dipole centre and the mean Earth’s radius, respec-
tively, M is the dipole moment (in 10> Am?), and Ag is the geomagnetic latitude of the
location of interest. The dipole moment M, which mostly defines the geomagnetic shield-
ing, can be quantified, depending on the quality of magnetic data, as a true dipole moment
(DM), a virtual DM (VDM) or a virtual axial DM (VADM) — see more details in Korte
and Constable (2005), Panovska et al. (2019). For the last century, the geomagnetic data are
standardly provided by the International Geomagnetic Reference Field (IGRF) presented for
5-year epochs as a set of Gaussian coefficients (e.g., Alken et al. 2021).

The integrated atmospheric CI production rate Q (k) (in atoms/(s cm?)) is an integral of
g (h) from the top of the atmosphere 4’ = 0 g/cm? to the given depth i’ = h:

h
o) =/ q(')-d'. (11
0
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Integration down to sea level & = 1033 g/cm? gives the so-called columnar production rate
Qcol-

The approach described in this section provides a theoretically computed CI production
rate, total Q(h) or differential g (h), as a function of the spectrum of energetic particles
entering the atmosphere.

5.3 Cosmogenic Isotope Production Rate

Production rates differ significantly for different Cls as caused by the efficiency of pro-
duction, i.e., threshold energies, concentrations of target atoms, and cross-sections of the
corresponding reactions. For example, the globally averaged production by GCR during a
period of moderate solar activity (¢ = 650 MV) and the contemporary geomagnetic field
with M =7.8 - 10> Am? is 0.029 atoms/(cm? s) for '°Be, 1.6 atoms/(cm? s) for '*C, and
0.0025 atoms/(cm? s) for 3°Cl (Poluianov et al. 2016). The effective energies of produc-
tion/deposition of CIs 10Be, 4C and 3°Cl are 2 GeV/nuc, 2.5 GeV/nuc and 1.95 GeV/nuc
for GCRs, and 236 MeV, 234 MeV and 60 MeV for SEPs, respectively (Koldobskiy et al.
2022). The significantly lower effective energy of the production of 3°Cl is caused by its
highly effective production by low-energy protons as discussed above. The difference in the
effective energies of the three CI can be used in reconstructions of energy spectra of ESPEs
(e.g., Mekhaldi et al. 2015; Koldobskiy et al. 2023).

The CI production by GCR varies in time due to the modulation of the GCR intensity
by solar activity. This dependence is illustrated in Fig. 26, which shows the dependence of
the globally-average columnar production rate for three Cls as a function of the heliospheric
modulation parameter ¢.

The modelled columnar production rate of '°Be by GCR over the Globe is shown in
Fig. 27. One can see that due to the low geomagnetic cutoff over the polar regions, the
production rate is maximum there, while it is significantly lower in the tropical regions.
Presently (and during most of the Earth’s history) the geomagnetic cutoff is maximal in the
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Fig. 27 Panel (A): Global map of the columnar production rate Q) of 10Be by GCRs. Panel (B): Latitude
profile (zonal mean) of the columnar production rate of 10Be shown in panel A. Computations were done with
the model by Poluianov et al. (2016) for the modern geomagnetic field (IGRF, epoch 2015) and moderate solar
activity (¢ = 650 MV)

equatorial regions and vanishes towards the magnetic poles (Gao et al. 2022b). This leads
to the corresponding pattern in the CI production rate. However, during rare excursions or
reversals of the geomagnetic field, such as the Laschamp event 41 kyr ago (e.g., Panovska
et al. 2019), when the geomagnetic dipole field was greatly weakened, and consequently,
the geomagnetic cutoff strongly reduced (Gao et al. 2022a), the CI production rate notably
increased. The cutoff rigidity can be slightly reduced during strong geomagnetic storms
for several hours (e.g., Kudela et al. 2008) but since the effect is small and not exactly
synchronised with SEP events, it is usually neglected.

The dipole moment of the geomagnetic field varies on the timescales of centuries
and millennia by a factor of about two between (6-12) - 102> Am? (e.g., Knudsen et al.
2008; Panovska et al. 2018). These changes are directly translated into the production rate
(Fig. 26B), and thus should be taken into account in the modelling.

The CI production rate varies greatly over the altitude in the atmosphere (Fig. 24) as
defined by the development of the hadronic component of the cosmic-ray-induced cascade.
A significant fraction (30-50%) of CI is produced by GCR in the troposphere, and the rest
in the stratosphere. For SEPs, the partition is different due to the softer energy spectrum —
most of the isotopes are produced in the polar stratosphere (Golubenko et al. 2022; Adolphi
et al. 2023).

5.4 Reconstruction of the ESPE Spectrum

Proper modelling of the CI production is a key ingredient for the estimation of the expected
SEP integral flux of ESPEs using the measured cosmogenic isotope data from stratified
archives (Sect. 4). Consideration of atmospheric transport and deposition processes (Sect. 6)
is also crucial here. Typically, reconstructions of the ESPE spectra are based on the use of
14C transport box models of different complexity (e.g., Siegenthaler 1983; Brehm et al.
2021) and models of beryllium transport and deposition (e.g., Heikkild et al. 2009; Heikkila
and Smith 2012). For chlorine, the transport and deposition are currently considered similar
to those for beryllium.

Presently, the energy spectrum of ESPEs cannot be directly reconstructed from CI data,
but the parameters of a prescribed shape can be assessed using data from different CIs.
The spectral shape of the ESPE flux/fluence is typically assumed similar to those of strong
SEP/GLE events registered during the last 70 years that are presently reconstructed quite
accurately (Webber et al. 2007; Raukunen et al. 2018; Koldobskiy et al. 2021). However, no
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direct verification of the GLE response in cosmogenic isotopes is presently possible because
even the strongest GLEs cannot produce a sufficient amount of CI atoms to be detected above
the GCR background (Usoskin et al. 2020; Mekhaldi et al. 2021).

Reconstructions of the spectral shape of ESPEs are only possible when data from dif-
ferent Cls are available, viz. from 3°Cl with its lower effective energy of ~60 MeV and
from '°Be and '*C whose effective energy is ~235 MeV. First assessments of the ESPE
spectra (Miyake et al. 2012, 2013; Usoskin et al. 2013) were quite uncertain. Kovaltsov
et al. (2014) proposed that the fluence of SEP particles with energy above 200 MeV,
F(> 200 MeV) = Fyy, is almost directly proportional to the expected production Q of
14C for all GLE events, irrespective of their spectral shape. This kind of approach is often
called as ‘effective energy’ or ‘bow-tie’ method. Interpolating this result to ESPE events,
Kovaltsov et al. (2014) estimated that Fyy, was close to 8 - 10° cm™2 and 6 - 10° cm™? for
the events of 775 CE and 994 CE, respectively.

The first attempt to reconstruct the ESPE spectral shape was made by Mekhaldi et al.
(2015) using, for the first time, 36C] measurements for the ESPEs of 775 CE and 994 CE.
Mekhaldi et al. (2015) considered 13 large GLEs, whose spectral fluences were estimated
by Webber et al. (2007), and calculated the expected production of '°Be and *°Cl by these
events. Then the authors compared thus modelled ratios 3*Cl/!°Be with the measured ones
and concluded that spectral fluences of ESPEs of 775 CE and 994 CE were consistent with
those of hard-spectra GLEs (e.g., GLEs #42 of 29-Sep-1989 or GLE #69 of 20-Jan-2005).
Next, using the '°Be data and the specific yield function by Webber et al. (2007), they
described the ESPEs of 775 CE and 994 CE as GLE #69 scaled up with the factors of 141
and 51, respectively, leading to the estimates of F3y of (2.82 £0.25) - 10'° cm~2 for 775 CE
and (1.02 4 0.21) - 10'® cm~2 for 994 CE. The same approach was used by O’Hare et al.
(2019) to estimate the spectral shape of the ESPE of 660 BCE. They concluded that the
event was similar in both the spectral shape and magnitude to the ESPE of 775 CE.

The methodology used to reconstruct spectral fluences of ESPEs has been significantly
updated recently, in particular, by Paleari et al. (2022a) for the ESPE 7176 of BCE: First,
updated yield functions for production of CI (Poluianov et al. 2016) were used in this work;
Second, revised GLE spectral reconstructions (Raukunen et al. 2018; Koldobskiy et al. 2021)
were utilized as the reference spectra; Third, different reconstructions of the GCR back-
ground and related uncertainties were considered. In addition, Paleari et al. (2022a) took
advantage of using an ensemble of GLE events, for which the modelled ratio **Cl/'°Be was
close (within the uncertainties) to the one obtained for the ESPE, instead of scaling a sin-
gle GLE event. The final reconstructed fluence of the ESPE of 7176 BCE was found to be
significantly softer than that from previous reconstructions of ESPE events, leading to much
higher (up to an order of magnitude) fluence in the low-energy (<100 MeV) range.

The most recent reconstruction of ESPE spectral fluences was made by Koldobskiy et al.
(2023), who used an ensemble of scaled GLEs to represent the energy spectrum of ESPEs
and simultaneously fitted the expected signal of all three CIs, '°Be, '*C, and *Cl. Addition-
ally, the method developed by Koldobskiy et al. (2023) enables one to estimate the absolute
production of '*C by an ESPE, reducing the uncertainties related to GCR background re-
construction. Independent reconstructions of VADM (Knudsen et al. 2008; Panovska et al.
2018) were taken into account along with their uncertainties, for the times of the ESPEs.
Measurements of all three CIs were simultaneously fitted with scaled fluences of GLEs, and
the best-fit solutions and the related uncertainties were obtained. These improved estimates
of ESPEs of 994 CE, 775 CE, 660 BCE yield softer ESPE spectrum in comparison to earlier
estimates (Mekhaldi et al. 2015; O’Hare et al. 2019), implying an order-of-magnitude higher
flux of low-energy (<100 MeV) SEPs. Reconstructions of SEP fluence for ESPE 7176 BCE
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Fig. 28 ESPE fluence reconstructions (Koldobskiy et al. 2023) for four ESPE events (994 CE, 775 CE, 660
BCE, 7176 BCE - solid lines with the shaded 68% confidence intervals) in comparison to those for several
GLE events (dashed curves) and GOES measurements for the period from (05-17)-Dec-2006 (Raukunen
et al. 2022)

performed by Paleari et al. (2022a) and Koldobskiy et al. (2023) are in agreement within the
uncertainties.

Figure 28 shows the recent reconstructions (Koldobskiy et al. 2023) of the ESPE fluence
for four events: 993 CE, 775 CE, 660 BCE and 7176 BCE. For comparison, integral spectra
of several ‘typical’ modern GLEs (#5 of 23-Feb-1056, #24 of 04-Aug-1972, #42—45 of Sep—
Oct 1989, and #70 of 13-Dec-2006 from Koldobskiy et al. 2021) are also shown along with
the time-integrated SEP flux measured by GOES spacecraft during the period of (05-17)-
Dec-2006 (Raukunen et al. 2022), which will be discussed further in Sect. 8.

6 Modelling: Transport and Deposition of Cosmogenic Isotopes
6.1 Atmospheric Transport and Deposition of Cosmogenic Isotopes

Cosmogenic isotopes are mostly (about half for GCR and > 90% for SEP) produced in
the stratosphere. The produced isotopes are then transported by advective or diffusive at-
mospheric motions and taken by dry and wet deposition processes to reach ice sheets or
trees.

The transport pathways from the stratosphere to the lower troposphere are illustrated in
Fig. 29, which shows that a proper simulation of the isotopes’ transport requires adequate
representation of the advective circulation as well as diffusive transport. This complex prob-
lem can be solved only by 3D general circulation models with reasonable horizontal/vertical
resolutions and an adequate representation of different atmospheric waves. The peculiarities
of the transport depend on the isotope type. For example, the transport pathway of *Cl can
be different from this scheme because it participates in chemical cycles and can be con-
verted into active (e.g., ClO) and passive (HCI or CIONQO,) chemical species. In this case,
the advective transport stays intact, but horizontal mixing may be different depending on
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the vertical and horizontal gradients. Some problems could be also related to distinguishing
the production signal from 6Cl transported from the ocean where it is stored in the form
of sea salt (NaCl, e.g., Pivot et al. 2019). However, it is more important for the detection of
long-term trends and variability, while for ESPEs, the expected spike-like features should be
observable rather well. The same is true for the '“C case when the simulation of long-term
variability involves interaction with land and oceanic biosphere.

In the case of '“Be, the complications are related to its attachment to the stratospheric
aerosol particles. Under volcanically quiescent conditions, sulfate aerosol particle radius
is usually less than 0.2 um (Pierce et al. 2010) with gravitational sedimentation velocity
too small to compete with the vertical wind speed (Zhou et al. 2006; Weisenstein et al.
2015). However, after a strong volcanic eruption, the aerosol size distribution is shifted to
larger values. For example, the stratospheric aerosols after the Pinatubo eruption in 1991
had mean radii of 0.4-0.6 um (Sukhodolov et al. 2018) in the tropical and mid-latitude
lower stratosphere, resulting in sedimentation velocities that are comparable to the advec-
tive upward motions speed in the tropical meridional circulation branch (Weisenstein et al.
2015), which prevents aerosol (with embedded isotopes) from being transported to the mid-
dle stratosphere. Over the mid-latitudes, the annual mean downward wind speed is around
10 km/year (e.g., Zhou et al. 2006), but can reach higher values during dynamically active
winter seasons. In this case, the downward advective transport of the volcanic aerosol across
the tropopause can be substantially enhanced, reducing the lifetime of stratospheric aerosols.
The treatment of this process requires a detailed representation of the aerosol microphysics,
which allows one to calculate sedimentation velocities for background conditions as well as
for volcanic cases.

An important part of the isotope transport is related to the representation of dry and wet
deposition. For these processes, an understanding of the reactivity and solubility of the iso-
topes is crucial. These quantities are well known for #CO,, which quickly forms after the
14C production. More complicated isotopes for the modelling are **Cl and '°Be. Solubil-
ity and reactivity of 3®Cl depend on the type of the host molecule, and a proper simulation
of this process involves complicated changes in the chemical routine. For °Be, it is im-
portant to know whether it is in gas form, with extremely low solubility and reactivity, or
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attached to sulfate (or another) aerosol particles with different chemical properties. The pro-
cess implementation requires complicated aerosol microphysics in both the stratosphere and
troposphere. Moreover, the SEP production of isotopes is mostly confined to the high lati-
tudes, where significant seasonal and inter-annual variability in the stratosphere-troposphere
exchange and the height of the tropopause occur (e.g., Stohl et al. 2003). This introduces an
additional uncertainty for the interpretation of observations as well as for modelling since
the dynamical conditions of the polar regions can strongly modulate the atmospheric life-
time of the produced isotopes due to the changes in transport pathways and the type of
aerosols these isotopes can be attached to.

At the moment, there are no models which are capable of precisely describing all the
above-mentioned processes, but the community efforts presented below allow us to hope
that most problems will be solved in the near future.

6.2 State of the Art

Among all cosmogenic isotopes, modelling of 1°Be and "Be has been best covered in the
past because of their chemical inertness and the possibility to neglect post-depositional pro-
cesses. Nevertheless, a reliable model for '°Be and "Be budget calculations would still re-
quire a well-resolved stratosphere, to fully cover the production region and stratospheric
circulation, as well as a good description of the relevant depositional processes in the tro-
posphere, determined by the local meteorology. Models of such complexity became avail-
able already in the early 2000s and since then there has been a lot of progress to simulate
the atmospheric budget of beryllium isotopes. Earlier studies characterized, in reasonable
detail, the cosmogenic beryllium production, transport, and deposition under various cli-
matic (Field et al. 2006; Heikkild et al. 2013), geomagnetic (Heikkila et al. 2009) and solar
(Heikkild et al. 2008) conditions, as well as exploring specific modelling nuances (Heikkild
and Smith 2012; Delaygue et al. 2015). In particular, it was shown that some modern mod-
els can accurately reproduce the observed cosmogenic-beryllium production and transport
at timescales longer than synoptic (Usoskin et al. 2009; Golubenko et al. 2021). However,
they did not address the conditions of extreme solar events because reliable evidence and
magnitude estimates for such events became available only with the discovery of the 774
CE event. The first attempt to simulate this event in sufficient detail was performed by
Sukhodolov et al. (2017) with the chemistry-climate model SOCOLvV3. Besides showing
the details of atmospheric impacts of the event, that study also conducted simulations of
19Be and showed a good agreement of simulated '°Be deposition fluxes with the ice core
observations in Greenland and Antarctica (Fig. 30A), which confirmed both the magnitude
range of the event and the understanding of the global atmospheric processes that govern
10Be pathways from their production regions to the polar ice sheets. However, SOCOLv3
at that time had a simplified treatment of wet and dry deposition in the troposphere and no
calculation of beryllium attachment to aerosols. Although such a configuration was still suf-
ficient to match the observations on the annual timescales, it greatly complicated an estimate
of the season in which the event could have occurred.

The proton spectra and fluence estimates, used in Sukhodolov et al. (2017), have been
later revised both for the GLE#5 (23-Feb-1956) event (Usoskin et al. 2020), whose spec-
trum was initially used for upscaling the fluence for 774 CE, and the 774 CE event itself.
SOCOLv3 was further used by Usoskin et al. (2020) to calculate the expected beryllium
signal for the GLE#5 and to estimate the detection limits of ESPEs on the background in-
troduced by solar-cycle variations of GCRs. It was shown that a SEP event by a factor 4-5
stronger than the GLE#5 can be potentially detected in a multi-proxy record.
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Fig.30 Comparison of modelled and measured concentrations of beryllium isotopes for different time scales
and conditions. Panel (A): Annual depositional fluxes of 10Be at two sites analyzed for the period around
774 CE over the WDC (Antarctica) and NEEM (Greenland) stations. Red lines with error bars depict the
measured data, while blue lines depict the modelled 10Be flux. Years are given relative to the peak year (775
CE). Plot is modified after Sukhodolov et al. (2017) Panel (B): modelled and measured 7Be concentrations
in the near-ground air at the locations of four measurement stations in Canada and Chile. The measured
and modelled data are shown as solid red and dashed blue curves, respectively. The plot is modified after
Golubenko et al. (2021)

The SOCOL model was upgraded by Feinberg et al. (2019), by adding detailed descrip-
tions of sulfate aerosol microphysics and interactive wet and dry deposition schemes. The
updated version of the model, SOCOL-AERv2-BE, was used by Golubenko et al. (2021)
to simulate concentrations of "Be in near-ground using a full nudging to the meteorological
fields for the period of 2002-2008. The modelled concentrations were compared with the
measurements at a weekly time resolution in several high-latitude stations of both hemi-
spheres and showed a very good agreement (Fig. 30B). The model correctly reproduced the
temporal variability of "Be concentrations on annual and sub-annual time scales, including
the presence and absence of the annual cycle in the Northern and Southern hemispheres,
respectively. Similar studies were performed with the GEOS-Chem model (Brattich et al.
2021) to simulate and verify the transport details and surface concentrations of ’Be, which
also resulted in a good agreement with the near-surface observations. Although these latter
studies were not focusing on extreme events, they presented evidence that state-of-the-art
3D models are able to adequately simulate the transport of species from the stratosphere and
their deposition at high latitudes (cf. Usoskin et al. 2009). The uncertainties related to the
validation of model data against observations are, however, still high due to the assumption
that all "Be is attached to the aerosol particles collected by aerosol traps (Leppinen et al.
2010, and references therein), while the amount of “Be in the gas-phase part or in the other
aerosol types is actually unknown. Another source of uncertainty is that the typical grid of
a global model (1-5° in latitude and longitude) sometimes cannot catch the local orography
which is important at some locations.

Recently, Spiegl et al. (2022) investigated the transport and deposition of '°Be produced
by the ESPE of 774 CE using the 3D Earth-system model ECHAM/MESSy Atmospheric
Chemistry (EMAC) model (Jockel et al. 2016). Contrary to Sukhodolov et al. (2017), that
study was focused not on the impact of the 774 CE event on the chemical composition
of the atmosphere (e.g., ozone destruction by NO, production), but on the potential influ-
ence of the middle atmosphere and troposphere dynamics on the surface-flux signatures of
the event. The '°Be production was represented by the GLE#69 (20-Jan-2005) scaled to
the magnitude of the 774 CE event (Mekhaldi et al. 2015), using the WASAVIES model
(Sato et al. 2018). Transport of '°Be was treated as an aerosol rather than a gaseous tracer,
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Fig. 31 Results of the simulation of the transport of 10ge (Spiegl et al. 2022) between the middle strato-
sphere and the troposphere for different months of a year. Standardized anomalies of the multi-year monthly
climatology of the 0B, mixing ratio (colour shaded) from the annual mean for the isotope production taking
place in March are shown. Black arrows denote the monthly climatology of the mean meridional circulation
(The black arrow at the bottom left corner of each panel row represents a mean meridional velocity of 2 m/s).
The dynamical tropopause is shown as the green line. The panels below show the zonal-mean distribution of
the tropopause folding frequencies (in %)
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which is of particular relevance for a more realistic scavenging and wet deposition. Fig-
ure 31 shows standardized (multi-year mean) monthly anomalies (z-scores) of the zonal
mean '°Be mixing ratio for the lower stratosphere and troposphere (at altitudes <30 km, or
pressure > 10 hPa). It suggests that throughout the northern-hemisphere cold season (Octo-
ber to March), a quasi-hemispheric positive '°Be anomaly slowly descends from the middle
to the lower stratosphere, where 'Be atoms accumulate in April after continuous supply
from above. A similar pattern was found in the southern stratosphere. During the season of
high activity of tropopause folds, positive '°Be anomalies reach the Northern-hemisphere
lower subtropical stratosphere, from where they are further distributed towards higher lati-
tudes by the tropospheric circulation between February and May.

In addition, it has been found that the material which is transported downwards from
the middle atmosphere to the troposphere is also modulated by an interplay between differ-
ent tropospheric sink processes, which are characterized by the local meteorology (e.g. the
seasonal cycle of precipitation) and determine the seasonal deposition maxima. In this con-
text, generally weaker deposition rates are simulated at probing sites in central Antarctica
compared to Greenlandic sites.

6.3 Perspectives
6.3.1 Volcanic Eruptions and Aerosol Properties

Strong volcanic eruptions affect the size distribution of sulfate aerosols in the stratosphere
and thus also their transport to the troposphere with subsequent deposition on the Earth’s
surface including the polar ice sheets. This also impacts the !°Be transport and deposition,
because, after their production in the atmosphere, '°Be atoms get attached to aerosols (Ba-
roni et al. 2011; Raisbeck et al. 1981). Large volcanic aerosols with attached 10Be sediment
faster through the lower stratosphere and even across the tropopause, which reduces the
stratospheric residence lifetime of '°Be and can ultimately result in a short-term increase of
the '°Be concentration in ice cores by up to 112% (Baroni et al. 2019) mimicking an ESPE
imprint in ice cores. Sharp and simultaneous increases of '°Be and sulfate concentrations
have been observed in ice cores in relation to the eruptions of Agung (1963) and Pinatubo
(1991) volcanoes (see Fig. 32 and Baroni et al. 2011). This effect was later confirmed for
14 volcanic eruptions recorded in an ice core from Dome C in Antarctica, covering the last
millennium (Baroni et al. 2019). In particular, the '°Be spike ca, 1460 CE, proposed as an
ESPE candidate (Usoskin and Kovaltsov 2012), appears to be associated with a major vol-
canic eruption (Kuwae) rather than with an ESPE. A mechanism involving the microphysics
of aerosols was proposed by Baroni et al. (2011) but has never been tested yet with a full 3D
chemistry-transport model. Therefore, modelling efforts are necessary to confirm the obser-
vationally constrained effect and to better understand the mechanisms of the '°Be transport
and deposition in the atmosphere after a volcanic eruption. The applied models should con-
tain detailed aerosol microphysics because aerosol transport dramatically depends on the
aerosol size distribution (Seinfeld 2006; Delaygue et al. 2015). Nowadays, models of such
complexity became broadly available (Timmreck et al. 2018).

6.3.2 Modelling of 3¢CI
Cosmogenic isotope data is used not only for dating the extreme events but also to esti-

mate their energy spectra (Sect. 5.4). A standard approach for this is based on the use of the
36C1/'9Be ratio (e.g., Mekhaldi et al. 2015; O’Hare et al. 2019). The theoretically expected
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Fig.32 (a) Non-sea-salt sulphate concentration (nss sulphate) in the Vostok ice core (Antarctica). (b) The raw
10Be concentration (blue curve) and that corrected for the volcanic contribution (red curve) for the Agung
(Bali, 1963) and Pinatubo (Indonesia, 1991) eruptions using the relationship between the concentrations of
10Be and volcanic sulphate (Baroni et al. 2011). (c) The monthly International sunspot number (V2.0) from
SILSO (Clette and Leféevre 2016)

36C1/'°Be ratio due to the GCR production is nearly constant at about 0.09 (Poluianov et al.
2016), but for softer particle spectra during ESPEs, the **Cl production is enhanced with
respect '“Be (see Sect. 5.1 for details). Accordingly, an ESPE should result in an increase
in the *C1/'Be ratio compared with that expected for GCR. This approach has been used
to demonstrate that the ESPEs of 774 CE, 993 CE, 660 BCE and 7176 BCE were hard-
spectrum SEP events (Mekhaldi et al. 2015; O’Hare et al. 2019; Paleari et al. 2022a; Koldob-
skiy et al. 2023). It is important that all these estimates were based on the assumption that the
36C1/'9Be production ratio is equal to the *C1/'°Be post-depositional ratio measured in ice
cores, i.e. *°Cl and °Be are assumed to have identical geochemical cycles, transport in the
atmosphere and deposition, as well as post-depositional effects. However, this assumption
is not correct and the life cycles of these two cosmogenic isotopes may significantly differ
from each other after their production. Moreover, this can additionally be modulated by the
climate and atmospheric composition conditions of each particular event. Progress in this
direction is possible only with the use of full modelling for the isotopes’ transport and de-
position, but a proper model for such an application would have to include both the aerosol
microphysics and the gas-phase chlorine chemistry, as well as possible post-depositional
effects.

6.3.3 Carbon-Cycle Modelling

As discussed above, possible uncertainties in the complex relations between ESPEs, their
signatures in natural archives and atmospheric dynamics in different domains can complicate
the interpretation of this new event category and lead to possible uncertainties in geochrono-
logical records. In some recent geochronological studies related to the detection of historical
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ESPEs, such problems have already been expressed. For example, the recently discovered
ESPE candidates of 1279 CE (Brehm et al. 2021; Miyahara et al. 2022) and 1052 CE (Ter-
rasi et al. 2020; Brehm et al. 2021) events show comparable small increases in CIs, giving
rise to speculations about their possible origin and the possibility of a misinterpretation of
their signatures, since they might be significantly masked by local meteorology and cli-
mate. Another example of a possible influence of the weather situation on the signatures of
cosmogenic isotopes has recently been proposed by Miyake et al. (2022) who report a dif-
ferent temporal timing of the '“C increase during the 993 CE event, obtained from tree rings
from different latitudes (i.e., high latitude probes reveal an earlier increase of roughly 1 year
compared to the those obtained at lower latitudes). It has been speculated that such kind of
regional differences might be caused by an unknown transport process. A similar result was
reported by Zhang et al. (2022) who questioned the timing and the duration of some known
ESPEs. However, all these studies used a standard 1D box-like model of the carbon cycle
(e.g., Biintgen et al. 2018) which is proven to work well for the relatively smooth (spatially
and temporarily) production of '*C by GCR but may be inaccurate for the fast and spatially
inhomogeneous production by SEPs. Discrepancies like these cannot be resolved by proxy
analysis or simple 1D box model approaches alone, thus they need to be complemented by
numerical experiments of higher complexity.

Complex Earth-system models with a full-featured interactive carbon cycle are presently
already used for long-term climate simulations (Roth and Joos 2013; Arora et al. 2020),
but they have not yet been applied for cosmogenic isotope modelling, especially not for
relatively short time scales like those of ESPEs. Since complex carbon-cycle models are
computationally expensive (e.g. due to the necessary excessive spin-up integration), need a
lot of expert knowledge and are typically only available at large atmospheric research facili-
ties, they set up hurdles, especially for the geochronological community. Thus, carbon-cycle
models of intermediate complexity, coupled with 3D atmospheric transport models, can be-
come a helpful tool in the context of ESPE studies. In the intermediate-complexity modelling
strategies, the uptake of *C by plants is calculated for a limited number of vegetation types
and depends on the atmospheric concentration of CO,, near-surface temperature and pre-
cipitation. The carbon fluxes between the ocean and the atmosphere are prescribed based on
empirical values throughout the simulation. Such models are currently under development.
Even though such intermediate approaches may neglect complex vegetation dynamics (i.e.
changes in regional vegetation due to changes in the climate system) or an explicit represen-
tation of biochemical processes in the ocean, they capture the essential features of the global
carbon cycle quite well as demonstrated e.g. by Obata (2007).

7 Archival Investigations for Historical Space Weather Events
7.1 Extreme Space Weather Events Around the IGY

The space weather community has experienced multiple benchmarks in the years around
1957-1958. Firstly, these years witnessed probably the greatest solar activity since the onset
of telescopic sunspot observations (e.g., Solanki et al. 2004; Clette et al. 2014; Clette and
Lefevre 2016; Usoskin 2017). These years also witnessed the launch of the first spacecraft in
human history. The space era started here. This was also the time of the International Geo-
physical Year (IGY, 1957-1958), during which the World Data Centers were inaugurated
(Odishaw 1958, 1959; Sullivan 1961). The space weather community owes much to these
world data centres for their source data.
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Fig. 33 Sample auroral drawing on 11 February 1958 in the daily ledger of Niigata Local Meteorological
Office, courtesy of Niigata Local Meteorological Office, as reproduced from Hayakawa et al. (2023a)

The Dst index is one such example. This index has been used not only for long-term vari-
ations of geomagnetic activity but also for quantification of the time series and intensity of
geomagnetic disturbances. So far, the Dst index has recorded only five geomagnetic storms
that exceeded the threshold value of min Dst < —400 nT (Riley et al. 2018). The greatest
storm was recorded in March 1989 (min Dst = —589 nT), in which the auroral visibility
extended down to the Caribbean Coast and caused significant blackouts in the province of
Quebec in Canada (Silverman 2006; Boteler 2019). Two of these five storms occurred dur-
ing the IGY (September 1957 and February 1958), and one occurred in the following year
(July 1959).

The February 1958 storms extended auroral visibility down to the Japanese Archipelago
(Huruhata 1960; Saito et al. 1994; Nakazawa 1999; Ninomiya 2013; Kataoka and Kazama
2019), whereas the individual auroral reports have been largely forgotten by the scientific
community. However, copies of these individual Japanese records have recently been found
in local meteorological offices, the National Astronomical Observatory, and Kiso Observa-
tory of the University of Tokyo (Hayakawa et al. 2023a), as shown in Fig. 33. These records
captured the visibility of the great auroral displays in September 1957 and February 1958
down to 31.9° and 23.3° magnetic latitude (MLAT), respectively, as summarized in Fig. 34.
Through analyses of the individual records, the equatorward boundaries of the auroral oval
down to 38.3° invariant latitude (ILAT) and 33.3° ILAT were reconstructed, and their visi-
bility was located chronologically around the main phase to the early recovery phase of the
associated geomagnetic disturbances.

An optical observation of the great solar eruption on 23 February 1956, was conducted
at the Tokyo Astronomical Observatory both in white light and H,, emissions (Notsuki et al.
1956), and the eruption was detected as an intense solar radio burst at Toyokawa Observatory
at 3.75 and 9.4 GHz (Tanaka et al. 1956; Tanaka and Kakinuma 1957). This flare is also
known as a source solar flare for the GLE#5 and has recently attracted significant interest
partially as a reference case for the hardest-spectrum particle storm and a reference for
research on extreme particle storms (Usoskin et al. 2020).

Cliver et al. (2020a) analyzed this flare (SOL1956-02-23) and estimated the GOES SXR
class as X20 £ 10 (old scale) based on reports and measurements for the white-light flare,
solar radio burst in 9.4 GHz, sudden ionospheric disturbance, comprehensive flare index,
inferred interplanetary CME (ICME) parameter, and resultant high-energy emission. An
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Fig. 34 Auroral visibility during the extreme space weather events in September 1957 and February 1958
according to Japanese auroral reports, as reproduced from Hayakawa et al. (2023a)

accurate estimate for this solar flare is extremely important, as this flare has been a reference
for the magnitude of the source flare of the ESPE in 774. Cliver et al. (2020a) statistically
contextualized the 774 CE event with the great solar eruption on 23-Feb-1956 (X20 £ 10)
and estimated the magnitude of the source flare for the 774 ESPE as X285 + 140. Cliver
et al. (2020a) have also admitted a possible case, where two solar events occurred in a
short interval. In this case, each of their source flare requires magnitudes of X180 £ 90.
Matsumoto et al. (2023) estimated the flare flux as X18 (—10.5, +23), old scale, following
comprehensive statistics between the flare fluence in the GOES SXR class and digitization
of the solar radio burst fluence in 3.75 and 9.4 GHz in Toyokawa, Japan with a minute
cadence. Further analyses are needed for this great solar flare.

7.2 Pre-IGY Storms

The Dst index started only during the IGY (1957-1958). However, systematic geomagnetic
measurements had been performed since the 1830s (Chapman and Bartels 1940; Cawood
1979; Honigmann 1984; Beggan et al. 2023). Such measurements enable us to analyze his-
torical geomagnetic disturbances retrospectively. Statistical approaches have been adopted
to estimate the frequency of extreme geomagnetic disturbances.

Chapman et al. (2020a) consulted the aa-index as a proxy for extreme Dst activity for the
last 14 solar cycles to estimate the average annual occurrence chances of geomagnetic su-
perstorms (min Dst < —500 nT) and extreme geomagnetic storms (min Dst < —250 nT) as
~4% and 28%, estimated the magnitude of a once-a-151-year as min Dst = —809 £ 146 nT,
and regarded events with min Dst < —1000 nT as “Dragon-King events” that require special
conditions to occur. Chapman et al. (2020b) further developed their analyses to quantify a
solar-cycle clock for intense solar flares and intense geomagnetic storms and concluded that
the quiet interval (more than 40% of each solar cycle) hosted only 4%—6% of C-, M-, and
X-class solar flares and only 1%—-3% of severe storms (aa-index > 300 nT).

Efforts have also been made to directly improve and extend the standard Dst index. The
University of Oulu has developed an extended Dxt index, following an improved approach
for Dst calculations (Karinen and Mursula 2005; Mursula et al. 2008). The Dxt index ex-
tends its chronology back to 1932, replacing the Hermanus data series with the Capetown
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Fig.35 A great solar flare in
March 1946 recorded at Tashkent
Astronomical Observatory with
courtesy of the Ulugh Beg
Astronomical Institute of the
Uzbekistan Academy of
Sciences, as reproduced from
Hayakawa et al. (2020a)
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data series. This index has been compared with the standard Dst index in terms of ratio, dif-
ferences, and storm occurrence frequency, among other aspects, to facilitate the analyses of
the occurrence ratio between storms caused by ICMEs and by corotating interaction regions
(CIRs) and to improve discussions on geomagnetic activity over solar cycles 17-19 (e.g.
Mursula et al. 2008, 2022).

However, extreme geomagnetic storms were occasionally too intense for one or even
some of the Dst/Dxt reference stations. In such cases, local saturation(s) should affect at-
tempts on the Dst or the Dcx (corrected extended Dst — http://dcx.oulu.fi/) estimates. Several
case studies have been developed for such extreme storms. In March 1946, a great solar flare
(Fig. 35) triggered an extreme geomagnetic storm that saturated the Kakioka magnetogram
at 12—15 UT. Hayakawa et al. (2020a) consulted geomagnetic measurements at Watheroo,
compared them with the data from Hermanus, San Juan, and Honolulu, and estimated the
min proxy Dst as <—512 nT.

In March 1941, a great solar flare caused a solar-flare effect (SFE) on British magne-
tograms and generated an extreme geomagnetic storm that saturated the Kakioka magne-
tograms during 14-16 and 18 UT, Honolulu during 16-17 UT, and San Juan during 14-22
UT. Hayakawa et al. (2021a) consulted the magnetograms at Watheroo, Apia, and Tucson
to estimate the min proxy Dst as <—464 nT.

The March 1940 storm forms one of the space weather benchmarks because it triggered
a conference under the Edison Electric Institute on the intense space-weather impact on the
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Fig. 36 Summary timeline of the great solar and geomagnetic storms in January 1938, as reproduced from
Knipp et al. (2021)

United States (Lanzerotti 2017) and recorded the greatest sudden storm commencements
(SSCs) at Kakioka from 1923 onward (Araki 2014). Hayakawa et al. (2022b) investigated
this storm and estimated a lower limit of the expected flare intensity as ~X35 + 1 (old
scale), the expected inward magnetopause standoff as ~3.4 Rg, the storm intensity as min
Dst estimate of ~—389 nT, the equatorward auroral boundary as <46.2° ILAT, and the
Forbush decrease as 3% in the ionization chamber data.

In January 1938, the Sun was notably eruptive, as comprehensively analyzed by
Hayakawa et al. (2021b) and summarized in Fig. 36. Contemporary reports confirm at least
three clusters of (Ha) class-3 flares on the optical observations and two clusters of SFEs
on the magnetograms. These solar eruptions caused triplet geomagnetic storms that were as
intense as —171 nT on January 17/18, —328 nT on 21/22 January, and —336 nT on 25/26
January, in the Dcx index. The auroral extensions during the latter two storms were espe-
cially notable. On 21/22 January, the auroral display extended especially in the East Asian
sector down to ~40.3° ILAT. On 25/26 January, the auroral display extended especially
in the Mediterranean sector down to ~40.0° ILAT. The ionization chamber measurements
showed the greatest Forbush decrease on 17/18 January (*=6%) and additional Forbush de-
creases on 21/22 January (~3%) and 25/26 January (*2%). Interestingly, the Cheltenham
magnetogram showed a possible GLE signal, which chronologically coincides with the po-
lar cap absorption and multiple radio fadeouts in the eastern United States. If confirmed, this
possible GLE signal predates the GLE#1 in February 1942.

Extreme geomagnetic storms occur not only around the maximum or declining phase of
the solar cycles, but they can also occur even during a weak solar cycle immediately after
the minimum. The geomagnetic storm of October 1903 was one such case, breaking out just
after a deep minimum of solar cycle 14, which was one of the weakest cycles since the end
of the Dalton Minimum. The source solar flare produced an intense SFE on the Christchurch
magnetogram and brought the ICME to the Earth 27.5 hours afterwards. The resultant geo-
magnetic storm was too intense for most contemporary magnetograms. However, Hayakawa
etal. (2020c) were able to collect data without significant data gaps from Zi-Ka-Wei (China),
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Alibag (British India), Coimbra (Portugal), and Cuajimalpa (Mexico), and they found that
the storm intensity was min Dst ~—531 nT even though it occurred immediately after the
minimum of one of the weakest solar cycles.

7.3 The Most Extreme Storms in the 19th Century: The Carrington Storm and the
Chapman-Silverman Storm

7.3.1 The Carrington Storm: Background

The Carrington storm is considered one of the benchmarks of the space-weather history,
related to the first observation of a white-light flare, known as the Carrington flare (see
Sect. 2.1.3), and causing subsequent significant terrestrial impacts (Loomis 1860; Stewart
1861). Tsurutani et al. (2003) revisited the Carrington storm and determined the extreme
intensity of the resultant geomagnetic storm on the basis of the ICME transit time, auro-
ral visibility boundary, and the Colaba geomagnetic measurements. This seminal achieve-
ment significantly enhanced scientific discussions and analyses of this storm (e.g. Cliver and
Svalgaard 2004; Green and Boardsen 2006; Silverman 2006; Siscoe et al. 2006; Smart et al.
2006).

Cliver and Svalgaard (2004) emphasized the significance of the Carrington event on five
aspects (see their Table VIII): the source flare magnitude, the SEP fluence, the ICME transit
time, the geomagnetic-storm intensity, and the equatorward auroral boundary.

The SEP fluence for the Carrington storm was initially estimated based on polar ice-
core nitrate data (e.g., Smart et al. 2006). However, this method was proven wrong (Wolff
et al. 2012; Schrijver et al. 2012; Usoskin and Kovaltsov 2012; Duderstadt et al. 2016).
The present paradigm is that there was no extreme SEP event, detectable in the CI data,
associated with the Carrington event (Usoskin and Kovaltsov 2012; Sukhodolov et al. 2017;
Mekhaldi et al. 2021). The Carrington storm has been widely revisited in the four mentioned
aspects even after Miyake et al. (2019). For the magnitude, Curto et al. (2016) examined the
SFE time series during the Carrington storm by using the Kew magnetogram, estimated the
flare magnitude as about X4642.2 in analogy with their estimates on the great solar flare in
November 2003 and calculated the ‘return period’ for such a large flare as 90 & 60 years.

The Carrington flare seemingly launched a fast ICME. The transit time has been tradi-
tionally considered as ~17.5-17.6 hours (Newton 1943; Cliver et al. 1990) based on the
chronological offset between the SFE peak and the storm outbreak (Bartels 1937). This
ICME is considered the second fastest ICME after the one that occurred in August 1972
(Vaisberg and Zastenker 1976; Freed and Russell 2014; Knipp et al. 2018). However, recent
investigations at Colaba Observatory located the sudden commencements at least before
04:20 UT and revised the transit time as <17.1 hours and the average ICME velocity as
>2430 km/s (Hayakawa et al. 2022a). Further investigations need to be conducted to im-
prove the estimate of the transit time of the Carrington ICME.

7.3.2 The Carrington Storm: Geomagnetic Disturbance

The Carrington storm was one of the greatest geomagnetic storms in observational history
based on the Colaba magnetogram (Tsurutani et al. 2003; Siscoe et al. 2006; Lakhina and
Tsurutani 2016). Tsurutani et al. (2003) first used this magnetogram and estimated the AH
intensity as ~—1610 nT in Fig. 3 of their work (c.f., Figure 1a of Kumar et al. 2015b) and
supported their min Dst estimate of ~—1760 nT based on the estimates for the interplanetary
magnetic field from the ICME transit time and auroral footprints for the L-positions for the
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Fig. 37 Geomagnetic measurements around the Carrington storm in the Colaba AH, AY, and AZ compo-
nents as derived from Fergusson (1860) and reproduced from Hayakawa et al. (2022a)

ring current and plasmapause. Subsequently, this number formed the basis for discussions
on the Carrington geomagnetic storm. According to Siscoe et al. (2006), the Dst index is by
definition an average of the four mid-latitude magnetograms in the hourly measurements,
and they clarified that the Colaba at ~11 LT is a reasonable proxy for the Dst to derive the
hourly AH average as ~#—850 nT as their min Dst estimate. This estimate is comparable to
the hourly AH average of ~—1060 nT in Gonzalez et al. (2011) and later summarized as
min Dst ~#—900 (—150, +50) nT in Cliver and Dietrich (2013).

However, the Colaba data had persistent problems, such as a chronological discrepancy of
~40 min between Tsurutani et al. (2003) and Kumar et al. (2015b). Fortunately, Hayakawa
et al. (2022a) recently located copies of a published Colaba yearbook (Fergusson 1860)
in several libraries. This yearbook presented regular hourly measurements and disturbance
spot measurements for three geomagnetic components: the horizontal (H) component, the
eastward declination (D), and the vertical component (Z). Hayakawa et al. (2022a) calibrated
the scale reading values to modern units, converted the timestamps in the astronomical time
of Gottingen Mean Time (GOSMT) to the civil UT, and showed significant preconditioning
after the August storm (Fig. 37). On the basis of such data, they derived the time series of
the AH, AY, and AZ components as in Fig. 37, whereas previous studies (Tsurutani et al.
2003; Kumar et al. 2015b) showed a single AH time series.

Notably, the Colaba yearbook shows conflicting peaks in the Colaba AH measurements:
—1691 nT at 06:20 UT on 2 September (19:00 GOMT on 1 September) in the hourly mea-
surement vs. —1263 nT at 06:25 UT on 2 September (19:05 GO6MT on 1 September) in the
spot measurement, as clarified in Hayakawa et al. (2022a). Solving this discrepancy is dif-
ficult unless we locate additional manuscript records from the Colaba archives. One of the
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Fig. 38 Dist H, Dist Y, and Dist Z at Colaba Observatory with latitudinal weighting for the Carrington
geomagnetic storm, adopted from Hayakawa et al. (2022a)

possible solutions is to artificially add a minus sign to the spot H measurement at 19:00
GOMT (correction from 3.20 to —3.20 in the yearbook table; see Fig. 1 of Hayakawa et al.
2022a) to modify the spot H value from —1263 nT to —1692 nT (mostly consistent with the
hourly H value [—1691 nT] at 19:00 G6MT). However, this interpretation may be unlikely
because no such speculations or modifications were clarified by either Tsurutani et al. (2003)
or Kumar et al. (2015b). This peak discrepancy may be resolved by further investigating the
Colaba archives in the future.

Considering this peak-value discrepancy, Hayakawa et al. (2022a) conservatively
adopted three scenarios for the AH value at 06:20 UT, taking the spot value (—1263 nT),
the hourly value (—1691 nT), and their averages (—1477 nT). The estimate by Tsurutani
et al. (2003) appears to be consistent with the peak value of the Colaba hourly measure-
ment, whereas the peak values differ slightly from one another because of their baseline
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differences.” The Colaba yearbook also enabled Hayakawa et al. (2022a) to derive local
variations in AY (up to 378 nT) and AZ (down to —173 nT) and Sq (solar quiet) field
variations for the local H, Y, and Z components. On such basis, the disturbance variations
for H, Y, and Z components were computed as —918 to —979 nT (Dist H), 328 nT (Dist Y),
and —36 nT (Dist Z), as shown in Fig. 38. The Dist H estimates allow us to approximate
the Dst variations in the Carrington storm, as the four mid-latitude Dist H values were used
to derive the Dst index in the official calculation procedure (Sugiura 1964). Further investi-
gations are required to derive an accurate Dst estimate for the Carrington storm because we
need to compare the Colaba Dist H with three more mid- to low-latitude Dist H estimates.
Otherwise, the local time effects should seriously affect the Dst estimate, whereas Siscoe
et al. (2006) considered the Colaba at ~11 LT as a reasonable Dst proxy “by coincidence.”

The Carrington storm has been measured in mid-latitude magnetograms as well. Sec-
chi’s geomagnetic measurements in Rome allegedly recorded an extreme geomagnetic dis-
turbance up to 3000 nT. Blake et al. (2020) recently revisited Secchi’s tabulations and cali-
brated his measurements at Rome to modern units. Around the storm peak, the Rome mag-
netogram went off the scale, exceeding its measurement capacity of about 305 nT. Blake
et al. (2020) could not locate the original measurements for the H deviation of ~3000 nT
in Secchi’s tabulations, whereas the off-scale chronologically coincides with the storm peak
recorded at Colaba Observatory.

7.3.3 The Carrington Storm: Auroral Oval

The Carrington storm reportedly also extended the auroral oval and the auroral visibility
significantly equatorward. It was Kimball (1960), who systematically catalogued auroral re-
ports around the Carrington event in 1960. Since then, such auroral records have served as
a key reference for the intensity of the Carrington storm (Tsurutani et al. 2003; Green and
Boardsen 2006; Cliver and Dietrich 2013). Archival investigations have been developed,
which improved our knowledge of the auroral activity around the Carrington storm (includ-
ing its predeccessor in late August), on the basis of reports from various sites such as US
ships (Green et al. 2006; Hayakawa et al. 2018a), Iberian Peninsula (Farrona et al. 2011),
Australia (Humble 2006; Hayakawa et al. 2019a), New Zealand (Hayakawa et al. 2019a),
East Asia (Hayakawa et al. 2016a, 2019a), Mexico (Gonzalez-Esparza and Cuevas-Cardona
2018; Hayakawa et al. 2019a), Russia (Hayakawa et al. 2019a), and Columbia (Moreno
Cardenas et al. 2016). These auroral reports were summarized in Fig. 5 of Hayakawa et al.
(2019a). On such basis, the equatorward boundary of the auroral oval was reconstructed
and compared with those of other extreme storms. These comparisons confirmed that the
Carrington storm was extreme but not likely unique (Hayakawa et al. 2019a).

In many cases, such discussions were focused on the auroral activity in the Northern
Hemisphere. Even recently, Wagner et al. (2023) tried catalogue surveys for auroral activity
in the Northern Hemisphere around the Carrington storm, according to the source catalogues
in their Table Al. According to claims of Wagner et al. (2023), “the southernmost auroral
position of the northern hemisphere” ... “with all necessary information” was located at “the
USS Sabine near the cost [sic.] of Nicaragua at a latitude of 11.23°N” in their page 4, “an ob-
servation on August 28, 1859, Cuba” [NB Havana] for the August storm, and a naval report

STsurutani et al. (2003) and Kumar et al. (2015b) appear to have taken their baselines from the local midnight
immediately before the September storm. In contrast, Hayakawa et al. (2022a) took their baseline from an
average of 25 August 1859, the closest quiet day before the August storm, valuing the preconditioning of the
August storm.
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Fig. 39 Auroral visibility around the Carrington storm (on September 1/2-2/3, 1859), in comparison with
MLAT contours calculated with the archaecomagnetic field model GUFM1 model (Jackson et al. 2000), as
reproduced from Hayakawa et al. (2020b)

by “Captain D. J. Kraan” at “14.5°N, 24.3°W” for the southernmost auroral position of the
September storm. However, their selections for the auroral-oval reconstructions are practi-
cally the same as those by Hayakawa et al. (2018a, pp. 6—7), which Wagner et al. (2023) did
not cite. Wagner et al. (2023) also confused reports of USS Sabine and Captain Kraan for the
September storm. Especially, the report of USS Sabine was not known to any of the source
catalogues in Table A1 of Wagner et al. (2023) nor in their references. The USS Sabine’s
report and its altitude profile were not known to the scientific community until the works by
Green et al. (2006) and Hayakawa et al. (2018a), respectively, while none of them are cited
in Wagner et al. (2023). Moreover, Wagner et al. (2023, p. 6) tried to justify their results for
the August storm, citing the Dst estimate (—850 nT) by Siscoe et al. (2006), where, however,
Fig. 1 shows the Colaba magnetogram not for the August storm but for the September storm.
Similar problems are found in their Sect. 3.3 as well. In short, their records are not new and
their discussions are incorrect. Therefore, we do not further consider their results here.

Archival investigations have been also developed for the auroral records in the Southern
Hemisphere. Hayakawa et al. (2020b) recently studied auroral reports from South Amer-
ica and the southern Pacific Ocean, especially those from Chile. These reports located the
equatorward boundary of the auroral visibility down to the vessel Dart (S19°, W149°). Ge-
omagnetically, this vessel was located at —17.3° MLAT (Fig. 39), which is closer to the
geomagnetic equator than any known auroral reports back during the Carrington storm,
such as those in the Caribbean Sea (down to ~22.8° MLAT), Hawaii (down to ~20.5°
MLAT with an uncertain date; see Hayakawa et al. 2018a), and in Chile (down to ~—21.8°
MLAT). Local Chilean reports clarified the presence of constellations under the coverage
of the colourful auroral display at Santiago. This report allowed Hayakawa et al. (2020b) to
compute the auroral extension down to ~25.1 &+ 0.5° ILAT, namely, down to the magnetic
field lines of L ~ 1.21-1.23.

7.3.4 The Chapman-Silverman Storm in February 1872: A Rival of the Carrington Storm
Despite such significances, the Carrington event was not likely unique Cliver and Dietrich
(2013), Hayakawa et al. (2019a), Cliver et al. (2022), as is also shown in Table 4. It was at

least the case with the May 1921 storm, which developed a geomagnetic storm down to the
Dst estimate ~—907 4= 132 nT (Love et al. 2019a) and extended the equatorward boundary
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Fig.40 Geographical
distribution of reported auroral
visibility during the
Chapman-Silverman storm in 60°N I--
February 1872, in comparison
with MLAT contours calculated
with the archaeomagnetic field 30°N -
model GUFM1 model (Jackson
et al. 2000), as reproduced from 0°N 1=
Hayakawa et al. (2023b).
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of the auroral oval down to ~—27.1° ILAT (Hayakawa et al. 2019a). Besides, Chapman
(1957) and Silverman (2008) proposed an outstanding auroral event in February 1872 as a
possible rival of the Carrington storm in September 1859, on the basis of the auroral visibil-
ity down to Bombay. Especially, Silverman (2008) showed global auroral visibility during
this storm, whereas he stayed conservative in his interpretation of the Bombay report itself.
Developing initial investigations of Willis et al. (2007), Hayakawa et al. (2018a) compre-
hensively exploited East Asian reports during this storm and compared them with a Colaba
magnetogram and a naked-eye sunspot account.

Recent studies extended archival investigations for this storm as well. Valach et al. (2019)
compared a Prague (Clementium) magnetogram dataset in November 1848 with a Green-
wich magnetogram dataset in February 1872 to visualize current systems related with the
auroral oval. Bhaskar et al. (2020) examined Etienne Trouvelot’s auroral drawing to com-
pare this drawing with contemporary geomagnetic disturbances in Greenwich, Helsinki, and
Colaba, contemporary auroral activity in the United States, and visualize the contemporary
solar surface. These authors confirmed the dating of Etienne Trouvelot as 1/2 March 1872
and pointed out recurrent auroral activity on 6 January, 4-6 February, and 1-2 March 1872.
Berrilli and Giovannelli (2022) reviewed Secchi’s publications for his observations of solar
activity, aurorae, and geomagnetic storms in February 1872.

Hayakawa et al. (2023b) extended their archival investigations to reconstruct the con-
temporary solar surface, geomagnetic disturbances, and auroral-oval extension during the
Chapman-Silverman storm itself (Fig. 40). They identified a probable source active region
for this storm in the contemporary sunspot drawings in Italy and Belgium and discussed
the enhanced solar activity around this extreme storm. They also analyzed contemporary
magnetograms in Greenwich, Colaba, and Tbilisi to reconstruct temporal evolutions of this
storm and estimate the storm intensity as min Dst estimate <—834 nT. They also inves-
tigated contemporary auroral accounts, the extensive improved geographical coverage of
the auroral visibility, and globally confirmed the extension of the auroral oval down to 24.2°
ILAT in multiple geographic sectors. The efforts confirm that the Chapman-Silverman storm
was indeed comparable with the Carrington storm at least in terms of the storm intensity and
the auroral-oval extension.

7.4 Revised Timeline for Extreme Space Weather Events

The space weather chronology has been significantly extended even before the Carrington
storm, based on auroral records, as exemplified by the great space weather events in Febru-
ary 1730 (Hayakawa et al. 2018b), January 1770 (Carrasco et al. 2018), and September
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Fig.41 Revised timeline for the most extreme space weather events that extended the auroral visibility equa-
torward beyond 30° MLAT, as modified from Knipp et al. (2021)

1770 (Ebihara et al. 2017; Hayakawa et al. 2017), as has been reviewed in Miyake et al.
(2020). Partially on this basis, Knipp et al. (2021) compiled a timeline for the extreme space
weather events that extended the auroral visibility equatorward beyond 30° MLAT from
1550 CE onward. This subsection reviews recent updates on historical space weather events
in 1550-1859 after the review by Miyake et al. (2019) and revises the space weather time-
line from Fig. 1 of Knipp et al. (2021). Recent updates allow us to revise this timeline, as
shown in Fig. 41 and Table 4. Individual details are given as follows.

Mexican records indicate that a great auroral storm took place in November 1789
(Véazquez et al. 2006). Recently, Ramos-Lara et al. (2021) revisited Mexican reports such as
those of De Ledn y Gama and Alzate to identify the auroral extensions down to Zimatlan in
Mexico (N16°52’, W096°47°) and Barcelona in Spain (N41°23’, E002°10’) in their Figs. 3
and 4. They reconstructed the auroral oval down to 47° MLAT (based on Dawson and Newitt
1982) and estimated the auroral altitude as 460-680 km. We cross-checked their results by
using the GUFM1 model (Jackson et al. 2000), which places the magnetic pole at N79°09’,
WO059°08’ in 1789 (vs. N73°, W106° in Dawson and Newitt (1982) as cited in Ramos-Lara
et al. (2021)). From these records, we confirm the equatorward boundary of the auroral vis-
ibility down to 25.3° MLAT (Zimatldn) in the Mexican sector and 45.8° MLAT (Barcelona)
in the European sector. The auroral elevation angle was 12°—20° in Mexico City,® and the
auroral altitude was estimated as 460-680 km by Ramos-Lara et al. (2021). On the basis
of this finding, the equatorward boundary of the auroral oval was reconstructed down to
37.2°-44.6° ILAT. If we assume that the auroral altitude is about 400 km (e.g., Roach et al.
1960; Ebihara et al. 2017), then the equatorward boundary of the auroral oval is located at
36.0°-38.9° ILAT.

East Asian records provide auroral references for great space weather events in October
1788 (Hattori et al. 2021). On 22/23 October, Japanese reports recorded the auroral visibility

6We located Mexico City at N19°26’, W099°08’ and computed the MLAT in 1789 as 25.6°.
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Table 4 Details of events in Fig. 41: date, geographic latitude/longitude (in °/”), magnetic storm strength
estimates (Dst or Dcx), and other relevant information from representative references or databases (for reports
on the most equatorward auroral visibility and storm intensity estimates). Also see original references in
Table 1 of Knipp et al. (2021)

Date Lat/Lon Strength References?® Remarks
N33 14 Great™ Hat2019
Mar 8 rea & Mid-latitude visibility for 3 nights
1582 E 13136 ~—750 nT Car2020
Feb 15 N 3459 Great™ Considerable brightness at
1730 E 135 47 ~—690 nT Hay2018b low-latitude
Sep 15 N 2851 Great™™
b Hay2017 Low-latitude aurora for 9 nights
1770 E 11237 ~—780 nT
N 1652
Oct 21 N/A Hat2021 A D variation recorded at Manheim
1788 W 96 47
N 1652
Nov 14 65 N/A Ram2021
1789 W 96 47
N 17 44
Nov 17 N/A Lan1849 Europe and America
1848 W 64 41
N 859 ok Hay2018
Aug 28/29 <—600 nT*" il a The Colaba data revised
1859 $190 Hay2022a
Sep 172 W93l —949 +30 nT** Hay20206 The Colaba data revised
1859 E 1490 Hay2022a
N Vaq2!
Oct 24/25 305 N/A a.q 008 5 $SCs
1870 E3123 Miy2019
Feb 4-6 N 18 56 - Sil2008 1SSC
<—834nT
1872 E 72 50 Hay2023 Magnetogram scaled off
N 3351 * Hay2019
Sep 23 ~595 T’ W 2880
1909 E 13247 Lov2019a
May S 1348 Si12001
13216 —907 + 132 nT* ! 4SSCs
W 17145 Lov2019b
1921
N 3942 Three distinct storms
Jan 16-26 E 141 09 _336 1Tt Hay2021b Two great auroral storms
1938 $3150 4 $SCs
E 1530 A possible GLE?
Mar 24 N 3833 . SSC. Source flare estimated as ~X35
1940 wesqay  oonT Hay2022¢ in GOES SXR class
N 1926 " Riv1964
Feb 11 —426 nT# v 15SC
1958 W99 08 Hay2022b
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Table 4 (Continued)

Date Lat/Lon Strength References?® Remarks
All1989
Mar $2408 : .
13-14 —589 nT* Sil2006 2 SSCs
1989 E49 10
Bote2019

4References are: Bote2019 — Boteler (2019); Car2020 — Carrasco and Vaquero (2020); Hat2019 — Hattori
etal. (2019); Hat2021 — Hattori et al. (2021); Hay2017 — Hayakawa et al. (2017); Hay2018a — Hayakawa et al.
(2018a); Hay2019a — Hayakawa et al. (2019a); Hay2020b — Hayakawa et al. (2020b); Hay2021c — Hayakawa
et al. (2021b); Hay2022a — Hayakawa et al. (2023a); Hay2022b — Hayakawa et al. (2022a); Hay2022c —
Hayakawa et al. (2022b); Hay2023 — Hayakawa et al. (2023b); Lan1849 — Lang (1849); Lov2019a — Love
etal. (2019a); Lov2019b — Love et al. (2019b); Miy2019 — Miyake et al. (2019); Ram2021 — Ramos-Lara et al.
(2021); Riv1964 — Rivera-Terrezas and Gonzalez (1964); Sil2001 — Silverman and Cliver (2001); Sil2008 —
Silverman (2008); Vaq2008 — Vaquero et al. (2008).

*Estimated storm strength based on four-station reconstructions.

**Estimated storm strength based on single-station reconstructions.

“**Estimated storm strength based on auroral extensions, as shown in Table 7 of Cliver et al. (2022)
TDxt = reconstructed Dst index from Mursula et al. (2008).

Dst from WDC for geomagnetism in Kyoto (Nose et al. 2015).

down to Mizuhara (27.5° MLAT). In the European sector, the auroral display was reported
down to Rome (44.8° MLAT) on the same night and down to Barcelona (46.0° MLAT) on
21/22 October. These records indicated that multiple ICMEs caused continuous geomag-
netic disturbances on consequent days. With these records, Hattori et al. (2021) confirmed
that the auroral oval extended down to <41.6° ILAT. The declination was measured for
this storm at Manheim, and the A D amplitude of >1.15° was recorded with two positive
excursions.

Candidate auroral records around the Maunder Minimum (1645-1715) have been also
discussed recently. For example, the East Asian records included candidate auroral records
on 2 March 1653, simultaneously in China and Japan. These reports were considered incon-
trovertible evidence of an intense geomagnetic disturbance during the Maunder Minimum
(Willis and Stephenson 2000). Isobe et al. (2019) recently analyzed these reports in detail to
confirm auroral visibility down to 29.7° MLAT. They also presented a conservative estimate
of the probable storm intensity as <—325 nT and hypothesized that the storm source was a
great filament eruption, as Johannes Hevelius did not record notable sunspot groups around
this event (Carrasco et al. 2015).

However, Hattori et al. (2022) recently analyzed the provenances of their source records
and confirmed that the Japanese report did not date the candidate auroral record exactly
on 2 March 1653; instead, it stated that the candidate auroral record occurred slightly be-
fore that date. While this finding does not immediately reject the probable auroral nature of
this event, it is no longer supported by simultaneous observations and can no longer serve
as incontrovertible evidence of an intense geomagnetic storm in the Maunder Minimum.
Still, even after the review by Miyake et al. (2019), candidate auroral records have been ana-
lyzed in historical records in Transylvania (Stangl and Foelsche 2021), Germany (Hayakawa
et al. 2021b), and England (Simpson 2022). Further investigations of the candidate aurorae
with simultaneous observations would be beneficial to understand the geomagnetic activity
around the Maunder Minimum.
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Fig.42 The great auroral display seen in Augsburg on 6 March 1582, reproduced with permission from Zen-
tralbibliothek Ziirich, Department of Prints and Drawings/Photo Archive (shelfmark: ZB Graphische Samm-

lung (GSB), PAS II 19/4)
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Fig.43 Visibility of the candidate aurorae in the European sector on 6—-8 March 1582 (from left to right), as
reproduced from Carrasco and Vaquero (2020). The red and green data points are from Hattori et al. (2019)
and Carrasco and Vaquero (2020), respectively

East Asian records indicate that a great auroral storm occurred in March 1582, with
three simultaneous candidate auroral reports from Japan and China (Willis and Stephenson
2000). Hattori et al. (2019) recently extended archival investigations on East Asian records,
identifying seven Japanese reports, two Korean reports, and two Chinese reports for the
candidate aurorae on March 8, 1582. They estimated that the intensity of the associated
geomagnetic storm was min Dst ~#—600 nT, in accordance with the reconstructed extension
of the candidate auroral oval down to 33.0° ILAT. Moreover, Hattori et al. (2019) used
the European records and confirmed candidate auroral records on 6-8 March 1582 (e.g.,
Fig. 42), which indicated the arrival of multiple ICMEs in the area. Through Portuguese
reports, Carrasco and Vaquero (2020) confirmed the visibility of the candidate aurorae in
Lisbon for three consecutive nights during 6-8 March 1582 (Fig. 43).
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GRS

Fig. 44 Babylonian report on a candidate aurora on 12/13 March 567 BCE (VAT 4956; ©Yasuyuki Mit-
suma’s tracing of the photographs ©Hisashi Hayakawa, taken courtesy of the Staatliche Museen, Berlin), as
reproduced from Hayakawa et al. (2019b)

3

7.5 Candidates of the Earliest Space Weather Events

Recent archival investigations extended the space weather chronology over three millennia.
The earliest reports on candidate aurorae date back to 12/13 March 567 BCE, where a Baby-
lonian astronomer-astrologer (fupSar Eniima Anu Enlil) reported a “red glow” (akukiitu)
flaring up in the western sky for two double hours in the Babylonian Astronomical Diaries,
as shown in Fig. 44 (Stephenson et al. 2004; Hayakawa et al. 2016b). This report appears
to have indicated the occurrence of an intense geomagnetic storm, as the MLAT of Babylon
(N32°33°, E44°26°) was 36.5° according to the Cals3k4b model (Korte and Constable 2011;
Hayakawa et al. 2019b).

Some researchers have also tentatively associated Ezekiel’s vision with a candidate au-
rora at Nippur (e.g., Silverman 2006; Siscoe and Siebert 2002). If this interpretation is cor-
rect, then recent philological analyses allow us to determine that the event took place on
12/13 July 594 BCE or 30/31 July 593 BCE and to calculate the contemporary MLAT of
Nippur (N32°08’, E45°14’) as ~36.2° according to the Cals3k4b model (Korte and Con-
stable 2011; Hayakawa et al. 2019b). However, this report has given rise to serious doubts
and caveats on the record’s historicity and the validity of the interpretation (Stephenson
et al. 2004; Hayakawa et al. 2019b). Candidate auroral reports can also be found in the As-
syrian cuneiform tablets. Among the Assyrian astrological reports (Hunger 1992), at least
three cuneiform tablets reported a “red glow” in Nineveh (Rm211 in the British Museum),
a “red cloud” in Nineveh (K748 in the British Museum), and a “red sky” in Babylon (80-
7-19,19 in the British Museum), as shown in Fig. 45 (see also Appendix B of Hayakawa
et al. 2019b). Their descriptions are consistent with parallel records in early modern ac-
counts of visual auroral observations (Appendix C of Hayakawa et al. 2019b). From the
astrologers’ chronology, we can narrow down the event dates as 679-655 BCE, 677-666
BCE, and 679-670 BCE (Table 1 of Hayakawa et al. 2019b). This is close to the known
ESPE dated to ca. 660 BCE (O’Hare et al. 2019; Sakurai et al. 2020; Brehm et al. 2022). In
these intervals, the magnetic pole was ~8° closer to Mesopotamia. Moreover, these cities
were located at 37°—41° MLAT, thus ensuring a more favourable condition for auroral ob-
servations.

The Bamboo Annals, which is an ancient Chinese annal, predate these records for the
reported candidate aurorae. Recently, Van der Sluijs and Hayakawa (2023) resolved long-
standing philological confusions in previous studies (e.g., Xu et al. 2000) and compared
this report with modern parallel records to identify this celestial-event report with a can-
didate aurora. The Bamboo Annals reported “a five-coloured light penetrated Ziwgi” in
the last year of King Zhao of the Zhdu Dynasty. Following the state-of-the-art chronolo-
gies (pp. 322-323 in Shaughnessy 1999; XSZ Chronology Project Group 2000, p.88), this
event took place in 977 £ 1 BCE or 957 & 1 BCE. The observational site was identified as
Haojing (N34°14°, E108°46’). Thus, we can confirm the visibility of this candidate aurora
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a) Rm211

obverse reverse

b) K748

obverse Teverse

Fig.45 Candidate auroral reports in Assyrian astrological reports in the British Museum (Rm211 and K748)
showing ©Yasuyuki Mitsuma’s tracing of the photographs of ©Hisashi Hayakawa, taken courtesy of the
Trustees of the British Museum, as reproduced from Hayakawa et al. (2019b)

down to 38.9°-39.0° MLAT according to the Cals3k4b model (Korte and Constable 2011).
As Ziwéi indicates a circumpolar sky region, Van der Sluijs and Hayakawa (2023) con-
servatively estimated that the altitude of this candidate aurora was >34°, the equatorward
boundary of this candidate aurora was <45.5° ILAT (977 BCE) or <45.4° ILAT (957 BCE),
and the magnetic storm intensity was <—296 + 47 nT (977 BCE) or <—300 448 nT (957
BCE).

Figure 46 contextualizes these earliest-candidate auroral reports based on the decadal
sunspot number reconstructed from cosmogenic isotopes in tree rings and ice cores (Usoskin
et al. 2014; Wu et al. 2018). These efforts extend the space weather chronology back to
957 & 1 BCE or 977 £ 1 BCE beyond a Grand solar minimum (810-720 BCE). This so-
lar minimum is occasionally referred to as Homeric Grand Minimum (Landscheidt 1981;
Czymzik et al. 2018; Silverman and Hayakawa 2021). However, because of Homer’s con-
troversial historicity and chronology, this grand minimum can instead be more appropriately
called the “Neo-Assyrian Grand Minimum” given the contemporary achievements of the
Neo-Assyrian Empire (Van der Sluijs and Hayakawa 2023).
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Fig.46 The earliest candidate auroral reports and the decadal sunspot number reconstructions. The red bars
indicate the candidate auroral reports from the Bamboo Annals (Van der Sluijs and Hayakawa 2023), the
yellow bars signify those from the Assyrian astrological reports (Hayakawa et al. 2019b), the green broken
bar denotes Ezekiel’s vision (Siscoe et al. 2006; Silverman 2006; Hayakawa et al. 2019b), and the orange bar
denotes a report from the Astronomical Diaries (Stephenson et al. 2004; Hayakawa et al. 2019b). The decadal
sunspot number reconstructions from Usoskin et al. (2014) are indicated by a blue curve, and those from Wu
et al. (2018) are represented by a black curve. The plot is reproduced from Van der Sluijs and Hayakawa
(2023)

8 Energetic Eruption Effects During a 21st Century Event
8.1 Active Region 10930

As noted by Usoskin et al. (2020) and Mekhaldi et al. (2021) and illustrated in Fig. 19,
the space age has not witnessed an ‘extreme’ cosmogenic-isotope SEP event. Thus, mod-
ern technologies are ‘untested’ against such extraordinary occurrences. Society’s expanding
reliance on space technologies, and on signals that propagate through regions affected by
SEPs, makes documenting the effects of even ‘moderate’ SEP events a valuable compara-
tive exercise.

In this section, we consider in detail an example of strong space-era activity bursts from
Active Region (AR) 10930. The final significant bursts of SEPs in Solar Cycle 23 (Kahler
and Ling 2019, Table 1) came from the region as it generated four major eruptive events in
late 2006. The third eruption produced GLE#70 (Plainaki et al. 2008, 2009; Bieber et al.
2008; Abbasi et al. 2008; Mishev and Usoskin 2016). While none of the bursts rose to
ESPE level, in total the eruptive events impacted technology and communications, Earth’s
atmosphere, quite possibly humans in space, and certainly our developing understanding of
SEP generation. The region’s maximum area of 680 millionths of a solar hemisphere (MSH)
and peak flare level, X9.0, put it in the top few percent of the largest and most active solar
groups shown in Fig. 12. Thus it is a relevant modern example of quite a strong SEP event.
In Table 5, we summarize solar eruptive emissions and their potential effects on different
technological systems. The table provides a framework for the discussion in this chapter.
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Table 5 Systems directly affected by solar emissions (excluding coronal mass ejections). Large X-symbols
denote the effects documented for AR 10930 and discussed here. The Table is modified after Shea and Smart
(2012) who studied the GLEs of solar cycle 23

System X-rays Radio Emissions Solar Particles
Communication X X X
Navigation Systems X X X
Spacecraft Electronics X X
Spacecraft Operations X X
Space Power Systems X
Crewed Space Mission X
Commercial Aircraft Ops X X X

December 2006 Solar and Geomagnetic Activity Events

12/04/2006 Active Region (AR) 10930 on Earth-facing Solar Disk 1211712006
5Dec  1st activity epoch on east limb 7 Dec 13 Dec 2nd activity epoch on west limb 17 Dec
[ Dec 2006 High Solar Energetic Particle (SEP) flux Dec 2006
[
-g_ 5 Dec Extreme Flare Effects (dayside) 7 Dec 13 Dec Particle and Geomagnetic Effects 17 Dec
8 Galactic Cosmic Ray Decrease
= Halo CME(HCME)
o
T HCME Global lonospheric Disturbances
Probable Coronal

=] Mass Ejection (CME) HCME
E Radio Burst
S Flare X9.0 1206
w 12105 /E 79

First view A Flare X3.4

AR 10930 12113/ W 23

magnetism on irited Flare X1.5 above west b
east limb 1214/ W 46
M-class Flares
-é 12/04 12/06 12/08 12/10 1212 12114 12/16 12/18
8 Earth SEP onset from D Ground '-‘We'
O 12/05 12008 6 Dec eruption Earth SEP ven!
o Mars SEP onset from
= T4 13 Dec L 2R 4 *
from5Dec  onset eruption CME
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@—— Geomagnetic activity —¢

and aurora

Fig. 47 Timeline of AR 10930 eruptions and their effects. Filled orange stars above the dates mark flares,
while SEP events are marked below the date line. Other emissions and effects are appropriately labelled. Plot
adopted from (Knipp et al. 2021)

First, we establish how SEP fluence produced by AR 10930 fits into the statistics of
ESPEs. Figure 28 reveals that AR 10930’s SEP fluence was nearly three orders of magnitude
below that estimated for ESPEs. The cross-symbols in the figure mark the SEP fluence as AR
10930 transited the solar disk from 5-17 December 2006. The red dashed curve in the lower
left of the figure shows the fluence from just the multi-hour GLE#70 on 13 December 2006.
Despite the modest fluence, AR 10930 produced significant technology and atmospheric
impacts and several scientific discoveries.

Chen et al. (2011) and Zhao et al. (2022) used flare and ICME statistics to categorize
AR 10930 as one of the most ‘super-active’ regions (top 50 of ~10,000) in solar cycles
21-24. Figure 47 illustrates this point with a multi-day timeline of related solar and geospace
activity from AR 10930. The graphic shows episodic flares along with SEPs, which were
present for nearly the entire disk passage of AR 10930. Discussed below are the east and
west limb epochs of activity. Between these epochs, there was a period of relative calm in
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Active Region 10930 December 2006

X3.4 Flare, Radio Burst,
b |X9.0 Flare & SEPs | cmE & seps

5 7 9 11 13 15 17

X6.3 Flare, Radio Burst, X1.5 Flare, Radio Burst,

c CME & SEPs CME, & SEPs

AR 10930 Loops Behind the

Sun, 4 December 2006
6 8 10 12 14 16

MDI Magnetograms, based on images from www.SolarMonitor.org

Fig. 48 Active Region 10930. Panel a) East limb view of AR 10930 behind-the-disk coronal loops on 4
December 2006 provided by STEREO-A. The image is a false-colour representation of the 171 nm emissions.
The isolated white patch is AR 10929. Only the high coronal loops of AR 10930 are evident. Panels b) and
c) present collages of SOHO MDI (Scherrer et al. 1995) longitudinal strips of the Sun for the odd-numbered
and even-numbered days of December 2006, respectively. White (black) regions have an outward (inward)
directed magnetic field. The times of X-class flares and other eruptive elements are indicated by vertical blue
lines and notations on the top of the collages

eruptive activity, during which the Space Shuttle Discovery launched to rendezvous with the
International Space Station (ISS) (NASA 2006).

For a spatial perspective, we provide the 4 December, east-limb view of AR 10930’s
coronal loops (imaged by Solar TErrestrial RElations Observatory-A (STEREO-A) in its
“first-light mode”) in Fig. 48a. Panels b and c provide a daily-cadence collage view of the
region’s progression across the solar disk during 5-17 December. Individual strips in the
collage are from the SOlar Heliospheric Observatory (SOHO) Michelson Doppler Imager
(MDI). AR 10939 consisted of a large, central negative-polarity sunspot with smaller spots
of positive polarity in the northwest and south directions. The configuration was identified in
Toriumi and Wang (2019) as a flare-productive Type 2 §-spot. Combined rotating and twist-
ing motions of the southern spot ultimately created a sigmoid-shaped magnetic structure that
provided the backdrop for GLE #70 (Min and Chae 2009; Green and Baker 2015).

A progenitor knot of magnetism appeared in SOHO images in mid-October 2006 near
Carrington Longitude 9° and south latitude 5° (S05). In November 2006, the disturbed re-
gion was designated as AR 10923 when it gained magnetic complexity and produced several
modest X-ray flares with fluxes at or above 1078 W/m? (C-Level) but was otherwise unre-
markable. In its next appearance as AR 10930 (4-18 December 2006), the region produced
128 X-ray flares with fluxes at or above 10~7 W/m? (B-Level) (Gopasyuk 2015). Four of
these were X-class flares with associated fast CMEs and SEP events. Five other flares were
M-class (Guo et al. 2014), several of which produced CMEs. Two of the X-class flares and
associated SEP events occurred in the eastern hemisphere (Sect. 8.2), while the other two
emanated from the western hemisphere (Sect. 8.3), where they were positioned to produce
SEP events with a better magnetic connection to Earth.
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Fig. 49 Solar and heliospheric activity associated with AR 10930. a) GOES-12 solar X-ray flux (left axis),
F10.7 cm flux (right axis); b) GOES-11 energetic ion flux with labels of Shuttle flight days overlain; c)
Variations of the Oulu NM count rate relative to the preceding quiet month; d) Observed IMF magnitude
(black) and solar wind density (green) from the ACE satellite upstream from Earth

8.2 Eastern Hemisphere Activity, Events #1 and #2

X9.0 Flare and SEP Event #1 Effects

Active Region 10930 produced numerous modest X-class flares beginning 12 UT on 4
December’. On 5 December 2006, as its size and complexity became greater, AR 10930 was
numbered by the US National Oceanic and Atmospheric Administration (NOAA) and cat-
egorized as fB-class in terms of magnetic complexity (NOAA-RSGA-05-December 2006).
Because of the edge-on view of the AR and limited space-based imagery due to SOHO’s
routine manoeuvres, space weather forecasters were greatly surprised when AR 10930 lo-
cated at SO7E68 unleashed an X9.0 flare beginning at 1018 UT and peaking at 1035 UT
(Fig. 49a). At 1025 UT intensifying 15.4 GHz (microwave) radiation from the vicinity of

7https://cdaw. gsfc.nasa.gov/CME_list/daily_plots/sephtx/2006_12/sephtx_20061205.png
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Table 6 Non-SEP effects for Eastern hemisphere eruptive activity

Date Phenomena Observation ~ Technology Atmosphere ~ New Ref
Science
5 Dec X9.0 flare
Flare Enhanced GOES-13 Damaged NOAA-NGDC
glm?g‘/ X-ray CCD (2006)
Pee'fli/ CImissi1ons Tonosondes Dayside HF ~ Enhanced Barta et al.
End: radio ionosphere (2019)
10:18/ fade/blackout  ionization
10:35/ European and Dayside VLF  Deep Barta et al.
10:45 Pacific VLF  propagation D-region (2019), Kumar
paths anomalies ionization and Kumar
(2014)
Ground mag- SFE in Localization Gaya-Piqué
netometers ionosphere of SFE et al. (2008)
Enhanced GPS GPS Sudden Carrano et al.
EUV Increase in (2009)
emissions Total
Electron
Content
(SITEC)
Intense RHESSI, Near- Kaufmann
multi-spectral  GOES, contemporal et al. (2009)
emissions TRACE and intense
Solar Sub- emissions in
millimeter flare region
Telescope
Earth flare Suzaku X-ray 2nd flare Katsuda et al.
albedo Imaging within X9.0  (2020)
Spectrometer envelope
6 Dec M6.0 flare
Ionosondes Dayside HF ~ Enhanced Barta et al.
radio ionosphere (2019)
fade/blackout ionization
VLF paths Dayside Deep Barta et al.
Pacific propagation D-region (2019)
anomalies ionization

the flaring region indicated increasing numbers of ~10 MeV electrons in the non-thermal
spectrum (Struminsky and Zimovetz 2010). Observations from the Ramaty High Energy So-
lar Spectroscopic Imager (RHESSI) showed y -ray emission from the vicinity of the flaring
region at ~1030 UT (Mewaldt et al. 2010). Thereafter worldwide solar radio patrols noted
type II, III, and IV radio bursts, suggesting that accelerated particles were moving through
the solar atmosphere.
The X-ray flare emissions permanently damaged the Solar X-ray Imager on the GOES-13
spacecraft, effectively putting the imager out of service until software could be developed
to reduce image artefacts (NOAA-NGDC 2006). Solar emissions penetrating into Earth’s
geospace, ionosphere, and atmosphere produced broad-region effects listed in Table 6.
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Table 6 (Continued)

Date Phenomena Observation  Technology Atmosphere ~ New Ref
Science

6 Dec X6.5 flare

18:29/ Enhanced GPS GPS SITEC Carrano et al.
18:47/ gyy (2009)
19:00 emission
Extreme solar  OVSA!, Dayside Cerruti et al.
radio burst GNSS and GNSS outage (2008),
AFRL- (5-10 min), Afraimovich
SCINDA? Loss-of-lock, et al. (2009),
receivers Frequent Carrano et al.
cycle slips, (2009)
Large range
errors
WAAS? GPS  WAAS Cerruti et al.
receivers Service (2008)
Degradation
Global Reduced GPS Yue et al.
space-based SNR; and (2013)
GPS retrieval of
receivers iono- and
atmospheric
occultation
profiles

1Owens Valley Solar Array
2 Air Force Research Laboratory Scintillation Network and Decision Aid

3Wide Area Augmentation System for civil aviation

Interplanetary SEPs: Venus and Mars, located behind the Sun from Earth’s viewpoint,
were magnetically connected to the eruptive region to their west. Based on episodic mea-
surements from the European Space Agency’s (ESA’s) Mars Express (MEX) and Venus
Express (VEX) missions, McKenna-Lawlor et al. (2008) and Futaana et al. (2008) inferred
sudden SEP arrivals at both planets. The SEPs spread from the flare site 125° eastward to
Mars and westward 79° to Earth. At Mars, the SEPs appeared to induce significant ion out-
flow of the non-magnetized atmosphere (Futaana et al. 2008). Spacecraft operators at the
European Space Operations Centre were monitoring range and range-rate (Doppler) data
from VEX and MEX. Morley and Budnik (2007) reported an abrupt increase in VEX sig-
nal noise shortly after 1300 UT on 5 December through the end of 6 December. They also
noted numerous error detection and correction events in the VEX data management system
on 5 and 7 December. These reports are consistent with SEPs causing persistent upsets on
VEX’s data system after the 5 and 6 December eruptions. The Ulysses spacecraft, with a
great-circle angular separation of ~77° between its foot point and the flare site, recorded the
SEP event (Malandraki et al. 2009). Despite the spacecraft’s backside, south-pole location,
and the 2.8-AU heliocentric distance, 100-MeV protons reached Ulysses and the GOES-
11 spacecraft at Earth at about the same time (Heber et al. 2008), clearly illustrating that
the SEP propagation extended to a 3D non-Parker-spiral geometry (see Sect. 2.2.5). Heber
et al. (2008) also noted rapid flux increases for 10’s of MeV electrons at Ulysses. Consistent
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with particle energy dispersion in a turbulent medium, particles with slightly lower energies
(50-MeV ions and 100’s keV electrons) arrived at Ulysses a few hours after the X9.0 flare,
while the §-19 MeV ions appeared at 2340 UT, ~13 hours after the flare. The associated
interplanetary (IP) shock arrived at Ulysses early on 11 December (Malandraki et al. 2009).

SEPs at Earth: The 5 December eruption from the east limb (relative to Earth) engen-
dered an expectation of a ‘gradual’ SEP event with a monotonically-rising flux and a multi-
hour delayed arrival of energetic ions at Earth (Cane et al. 1988; Reames 1999). Given that
the first SEP ions arrived at Earth (Fig. 49b) at ~15 UT, only about four hours after the
X9.0 flare peak, their transit time was surprisingly short and their profile appeared more
step-like than monotonic. Georgoulis et al. (2018) reasoned that the relatively short delay
meant that the eruption caused an extreme inner-heliospheric disturbance that supplied the
entire upstream region with major proton leakages. McKenna-Lawlor et al. (2008) noted
that NOAA personnel observed a ‘wave’ in GOES-12 X-ray imagery that transited the solar
disk (east limb to west limb) within 90 min of the X9.0 flare. Such a report is consistent with
the early acceleration and transport of SEPs by shock waves in the corona (Li et al. 2009;
Kozarev et al. 2022). Since the step-like enhancement of SEPs occurred tens of minutes
before the arrival of high-speed flow from the coronal hole (CH) 250, it is possible that the
stream interaction region (SIR) ahead of CH 250’s fast flow channelled the SEPs to arrive
as a step-like front rather than a monotonic rise.

Mewaldt et al. (2009) reported an early ~2.5 h burst of 1.6—-15 MeV particles at the
STEREO A and B spacecraft located near Earth. The burst between 1130 to 1300 UT out-
paced the weak SEP ion-flux enhancement at ~15 UT. They proposed that the particles
originated at the Sun as energetic ions that neutralized through charge exchange to become
energetic neutral atoms (ENAs). Such atoms fly to Earth in the same direction as that of the
original charged particles (unimpeded by the solar magnetic field). The arrival of the ENAs
was consistent with their release coincident with the X9.0 flare. Mason et al. (2021) recently
reported that a quasi-trapped by-product of the ENAs was detected by the low Earth or-
biting (LEO) Solar Anomalous and Magnetospheric Particle Explorer (SAMPEX) satellite
during equatorial passes. They asserted the ENAs penetrated Earth’s near-equatorial mag-
netic field, where collisions with atmospheric particles stripped an electron from each ENA
to once again form quasi-trapped energetic ions (~0.8 MeV). Magnetic rigidity for ionized
SEPs generally limits their access to polar regions, possibly extending to mid-latitudes for
extreme events (see review in Smart et al. 2000). However, ENAs could bypass the cut-off
and appear at low latitudes.

The SEPs and probable ENAs associated with the X9.0 flare were propelled into a pre-
dominantly quiet heliosphere. See Kahler (2010) for further discussion of the favourable
circumstances for the detection of this ENA event. Subsequent SEP events with better mag-
netic connections produced larger effects on Earth. They interacted with a more complex
heliospheric field that included interplanetary shocks and CMEs (ICMEs). See Fig. 5 of
McKenna-Lawlor et al. (2018) for a general view of the inner heliosphere density and speed
fields in the equatorial plane on 7 and 8 December 2006.

X6.5 Flare and SEP Event #2 Effects

On 6 December AR 10930’s magnetic complexity was reclassified as B-y-§ (NOAA-
RSGA-06-December 2006; Guo et al. 2014). Highly sheared penumbral magnetic fibrils
separating the central spot and minor northwestern sunspots maintained flare productivity
(Li and Zhang 2013). The configuration generated two additional M-class flares before 1200
UT on 6 December. The GOES 10-MeV ion flux reached S1 (minor storm) category after
the M6.0 flare.

At 1829 UT, AR 10930 (SO5E64) initiated an X6.5 flare that peaked at 1842 UT. Stru-
minsky and Zimovetz (2010) noted y-ray emissions for more than 10 min before and after
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that time. They reported peak 15.4 GHz emissions at 1838 UT, as well as subsequent Type
II, III, and IV radio bursts. Balasubramaniam et al. (2010) analyzed ground- and space-
based observations of the X6.5 flare and the subsequent chromospheric Moreton wave that
spanned ~270° in azimuth. They determined that the wave was CME-driven and a result of
the magnetic reconfiguration associated with the X6.5 flare. The reconfiguration supported
strong electron acceleration in the post-eruption loop system, which in turn generated in-
tense radio waves (Cliver et al. 2011). The non-SEP effects of this eruption are tabulated in
Table 6).

Interplanetary SEPs: Heber et al. (2008) and Malandraki et al. (2009) noted the most
intense SEP event of the series at Ulysses was associated with the 6 December eruption.
Particles of the highest energies (250-2000 MeV protons) arrived at Ulysses within min-
utes of the flare peak. Better magnetic connections between Sun and Earth on 6 December
supported a long-lasting SEP event at Earth, but with particles less energetic than those
at Ulysses. Real-time solar wind plasma data from the L1-located ACE spacecraft were
contaminated by the energetic particles for multiple hours on 7 and 8 December (McKenna-
Lawlor et al. 2008).

SEPs at Earth: Fig. 49b shows an upward inflexion in GOES energetic ion fluxes after
20:30 UT on 6 December. Consistent with an eastern-limb gradual SEP event, the peak flux
of GOES 10-MeV ions occurred after 1800 UT on 7 December, ultimately reaching strong
radiation (S3) level. Measurements by the Combined X-ray and Dosimeter on eight Global
Positioning System (GPS) spacecraft confirm this assessment outside of Earth’s equatorial
plane (Morley et al. 2017).

ESA’s INTErnational Gamma-Ray Astrophysics Laboratory (INTEGRAL) space tele-
scope experienced some imaging issues as the SEP fluxes rose. Due to concerns about 100-
MeV particle fluxes, the Centre National d’études Spatiales (CNES) turned off the Cloud-
Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) satellite payload
controller (ESA 2006). In the USA, the Chandra X-ray Observatory operations team re-
planned manoeuvres and science activities due to the rising radiation levels.?

Larosa et al. (2011) showed continuously elevated fluxes of 4245 MeV protons inside
the ISS USLab module on 7-8 December. Although the energetic particle count rates were
less than (or comparable to) those expected in the South Atlantic Anomaly, the ISS crew
would likely have been instructed to sleep in shielded quarters to mitigate the effects of the
long-lasting event. The shocks generated on 5 and 6 December combined prior to arriving
at Earth, creating a short-term barrier to local GCR flux (e.g., a Forbush decrease — Forbush
1958). The decrease is evident as a small but extended reduction (3 — 4%) in the Oulu NM
counts (Fig. 49c) beginning on 8§ December at about the time shock passage and lasting
for several days. The shock passage is indicated by the uptick in interplanetary magnetic
field (IMF) magnitude and solar wind density in Fig. 49d. The multi-day Forbush decrease
lasting until 13 December, provides a sense of scale for the heliospheric disruption from the
combined shock.

Beginning on 7 December, significant SEP-driven ionization in Earth’s polar ionosphere
D- and lower E-region caused high-frequency radio signals (1-20 MHz) to be absorbed. The
Polar Cap Absorption (PCA) effects were observed in ionograms by the Canadian Advanced
Digital Ionosondes Network. Strong absorption continued in this area for about four days
(Dmitriev et al. 2008). Sauer and Wilkinson (2008) estimated that the PCA event was even
larger in the Southern Hemisphere. In an extended study, Dmitriev et al. (2010) reported in-
tense SEP fluxes of >2.5 MeV protons and > 100 keV electrons on 8 December 2006. The

8https :/lexc.cfa.harvard.edu/acis/reb/radresponse2.pdf
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high fluxes produced unusual electron density profiles at local night in the northern polar
cap (latitudes > 70°). At 1139 UT on 8 December the D-region electron density determined
from FORMOSAT-3/Constellation Observing System for Meteorology Ionosphere and Cli-
mate (COSMIC) radio occultation measurements exceeded the peak values in the F-region.
Under such extreme conditions, most radio propagation, ranging from VLF to HF would be
severely disturbed. In the neutral atmosphere, the 7-8 December SEP event eliminated the
northern hemisphere (dark) mesospheric ozone peak for at least one day and reduced the
peak for several subsequent days (Damiani 2007).

Related to over-the-pole flights, Stills (2008) reported that the United Airlines Chicago-
to-Hong Kong route required a stopover in Anchorage for two consecutive days. Such a
stopover typically incurs a minimum time penalty of three hours delay as well as fuel
costs. Additionally, five other United Airlines flights bound for Asia flew less than optimum
routes/altitudes.

Interlude Between Eastern and Western Hemisphere Activity. In late 2006 NASA
finalized plans for a Space Shuttle Discovery mission to add a new truss and provide a
major power upgrade for the ISS. Three extravehicular activities (EVAs) were scheduled
for the work. Although the first launch window from Kennedy Space Center opened on 7
December, a thick cloud cover cancelled the attempt. This delay probably reduced concerns
about launching into the strong S3 radiation storm in progress at the time and the possibility
of a further SEP enhancement should another eruption occur.

Images of AR 10930 on 7 December showed the northwest satellite spot was decay-
ing, ending the epoch of eastern hemisphere activity (Verma and Denker 2012). Although
NOAA’s Space Weather Prediction Center (SWPC) downgraded the AR magnetic complex-
ity to 8 on 9 December, the magnetic field intensity in the central spot was still high, poten-
tially larger than 7000 G in localized regions (Siu-Tapia et al. 2019). Late on 9 December,
Hinode images revealed new spot formation, simple at first, and then increasing in complex-
ity as shown in Fig. 50. Thus, AR 10930 regained its 5-y-§ designation. By mid-day on 11
December, Hinode data suggested the magnetic field strength in the central spot was again
much above typical values (Moon et al. 2007).

Space Shuttle Discovery launched into the night skies early on the UT day of 10 De-
cember. The space weather background was dominated by C-class flares, a slowly decaying
radiation storm, and high-speed solar wind flow from a transient coronal hole that was the
remnant of a previous eruption. (Fig. 49d) shows the interval when CH 251 was influencing
Earth. Discovery docked with the ISS on 11 December. By late on 12 December, Shuttle
astronauts were on their first multi-hour EVA. Their EVA tasks were nearly complete when
AR 10930 again erupted, this time with an X3.4 flare and SEP event (Fig. 49a and b), which
ultimately registered as a GLE (Fig. 49¢).

8.3 Western Hemisphere Activity Events #3 and #4

X3.4 Flare and SEP Event #3 Effects

By 11 December the southern satellite spot in AR 10930 was rotating and twisting; the
result was a complex mix of positive and negative magnetic polarities (Fig. 50). During the
latter half of 12 December, at least three narrow CMEs lifted from the Sun. The latter of
these may have produced a ‘twin-CME’ scenario (more than one CME within nine hours),
which, as Ding et al. (2013) argued, yielded particularly intense SEP events. The CMEs
occurred only hours prior to the spectacular eruption early on 13 December.” Beginning at

9hups://cdaw.gsl'c.nasa.gov/movie/make_javamovie.php?stime=2006 1213_0131&etime=20061213_0510&
imgl=lasc2rdf&title=20061213.025404.p193s;V=1774km/s
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Fig. 50 Evolution of Active Region 10930 from 9 to 14 December 2006. Column 1 is Continuum intensity;
Column 2 is the line-of-site magnetic field maps; Column 3 is Ca II H images; Column 4 illustrates magnetic
fields in and near sunspots. North is at the top, East is to the left. Reproduced from Kubo et al. (2007)

0222 UT, AR 10930 yielded: 1) an X3.4 flare from SO5W23 that peaked at 0239 UT on
13 December (see Table 7) for flare and solar radio burst effects); 2) a halo ICME, which
became the largest since the October 2003 series of eruptions (Liu et al. 2008); and 3) a
SEP event with particles energies and flux so high that a declaration of GLE # 70 (Plainaki
et al. 2008, 2009) was made. The leading shock arrived at Earth in ~36 hours. Based on the
longitudinal separation between the Earth and the Ulysses spacecraft, which observed shock
passage 71.5 h after it arrived at ACE, Liu et al. (2008) determined that the longitudinal size
of the shock had a lower limit of 117°.

SEPs at Earth: The first indications of the GLE by ground monitors began at 0248 UT,
with a peak at 0305-0307 UT. A 92% increase in the count rate was reported at the Oulu NM
(Fig. 49¢). The prompt ions arrived from the sunward direction and proved to be aligned with
the IMF in a tight beam (Bieber et al. 2008; Timashkov et al. 2008; Vashenyuk et al. 2008).
Figure 51 shows the spectra and pitch angle distribution for the first few hours of GLE #70
(Koldobskiy and Mishev 2022). The light green dashed spectra and pitch angle distribution
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Table7 Table of non-SEP effects for Western hemisphere eruptive activity

Date Phenomena Observation Technology Atmosphere Ref
13 Dec X3.4 flare
02:14 Enhanced JEM-X!, on Dayside HF ‘Safed’ to ESA (2006)
02:40 X-ray INTEGRAL radio avoid
02:52 emissions fade/blackout overexposure
HF receivers Dayside HF Enhanced ESA (2006)
China radio ionosphere
blackout ionization
ISS Brief comm Malik (2006a)
disruptions
during EVA
Enhanced GPS GPS SITEC Carrano et al.
EUV (2009)
emissions
Extreme solar Owens Valley Decreased Cerruti et al.
radio burst, Solar Array, Carrier to (2008)
USA GNSS Noise ratio
receivers
Extreme solar GPS Loss of Pipeliner
radio burst, receivers Tracking (2016)
Australia
Extreme solar GEONET Count Loss Afraimovich
radio burst, GPS et al. (2008)
Japan receivers
Earth- SOHO Severe This
directed geomagnetic manuscript and
ICME storm Liu et al.
(2008)
14 Dec X1.6 flare
21:07 and eruption
223 15 Enhanced VLF paths Dayside Deep Kumar et al.
22:26 X-ray Pacific propagation D-region (2015a)
emissions anomalies ionization
HF receivers HF fade and
Australia signal
degradation
Enhanced GPS GPS SITEC Carrano et al.
EUV (2009)
emission
Large solar AFRL- Decreased Carrano et al.
radio burst SCINDAz, Carrier to (2009)
GNSS Noise ratio,
receivers

Joint European X-Ray Monitor

2Scintillation Decision Aid
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Fig.51 Derived proton spectra and Pitch Angle Distribution (PAD) during GLE#70 using full neutron moni-
tor modelling. Panel A and B show the reconstructed SEP spectra (the black solid line corresponds to GCRs)
and PAD, respectively, for several stages of the event as denoted in the legend. During the initial stage close
to 0300 UT the particles had small pitch angles, hence they are field-aligned. Modified after Koldobskiy and
Mishev (2022)

are for the prompt particles that are strongly IMF-aligned. Waterfall et al. (2022) concluded
the GLE’s geo-effectiveness was due to the small angular distance (<15°) between the flare
and Earth’s magnetic footpoint.

Abbasi et al. (2008), Biitikofer et al. (2009) and Koldobskiy and Mishev (2022) noted the
initial hard spectrum of the GLE, with a spectral softening thereafter. The first Payload for
Anti-Matter Exploration and Light-nuclei Astrophysics (PAMELA) particle observations at
high latitudes were made around 0320 UT on 13 December and confirmed signatures of
the hard quasi-exponential spectrum expected from the magnetic reconnection in the flare
region (Adriani et al. 2011). Based on heavy ion composition measured by STEREO-B
instruments Cohen et al. (2008) concluded there was a flare contribution to the SEPSs. Firoz
et al. (2011) also concluded that the early phase of GLE #70 had a strong flare association
based on correlations with solar radio emissions.

Miroshnichenko et al. (2009) and Moraal and McCracken (2012) show the particle profile
of GLE #70 initially peaking at 0307 UT and again at 0328 UT. Shea et al. (1995) reported
similar behaviour for the 15 November 1960 and the 22 October 1989 GLEs, both of which
originated in western longitudes near 30°.) The first pulse was prompt, short-lived, and field-
aligned, suggesting that its source was localized to a flare region. The gradual and more
isotropic second pulse was likely produced by the extended and developing CME shock.
SOHO imagery revealed a halo CME at ~0254 UT with an estimated speed of 1774 km/s.
Li et al. (2009) undertook a comprehensive study of the flare region and coronal EIT wave,
which may have opened magnetic field lines in the vicinity of the flare region, allowing flare-
accelerated, relativistic and near relativistic electrons to escape into interplanetary space.
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The latter were measured at ACE. They concluded that the acceleration source changed
over time from a confined coronal flare site to a widespread ICME-driven shock.

The interplanetary and geospace impacts of GLE#70 and ongoing SEP events were
numerous. GOES-11 reported the SEP onset in the integral proton channel of GOES-11
(E > 500 MeV) at 0250 UT (Matthii et al. 2009). Shortly after 0300 UT, the SOHO Coro-
nagraph images (C2 and C3) were contaminated by SEPs. Real-time data from the ACE
particle and plasma detectors were unavailable from 0340 to 1800 UT (McKenna-Lawlor
et al. 2008). As tabulated by Crosby (2009), three of the four ESA Cluster spacecraft in the
magnetosphere experienced anomalies on 13 December. Notably, Cluster 2 lost power in
the Attitude and Orbit Control unit resulting in an autonomous switch-over to its redundant
unit; and the High-Power Amplifier on Cluster 4 switched itself off. An experiment on the
INTEGRAL spacecraft was affected: An imager was manually switched off to avoid over-
exposure. Science investigations with the Advanced CCD Imaging Spectrometer (ACIS)
at the Chandra X-ray Observatory were suspended. Industry operators of geosynchronous
spacecraft reported enhanced noise in attitude control sensors — however, the noise was fil-
tered out and did not cause any disruption of operations. There were a number of other
additional minor incidents on other satellites which were presumed to be associated with
the event. These include a spontaneous switch off of a reaction wheel and a spontaneous
change in the gain setting of a Traveling Wave Tube Amplifier. Both of these anomalies
were corrected with a reset command so there was no permanent damage.

Hardware systems at LEO altitudes also felt the particle effects. For example, ESA’s
polar-orbiting Envisat (=800 km altitude) autonomously suspended its Payload Mod-
ule Computer. Further, proton intensity data at the lowest rigidity (0.4—1 GV) from the
PAMELA instrument became unavailable shortly after the peak fluxes were recorded. The
data loss was due to an onboard system reset caused by the high trigger rate that occurred
during the event (Munini et al. 2018). Bentoutou and Bensikaddour (2015) reported ~300
single-bit upsets in the non-hardened, high-density memory devices operating on the LEO
Algerian micro-satellite, AISAT, in a roughly circular orbit at ~700 km on 13 Decem-
ber 2006. This was the third-highest daily upset rate of the 11-year AISAT mission. The
space radiation environment monitors on the Project for On-Board Autonomy-1 (PROBA-
1) spacecraft orbiting at 382 km were unable to process some data during the event (Marinov
et al. 2009). The CALIPSO payload controller, which had been reactivated on 12 December,
was again shut down on 13 December.

Astronauts outside the ISS quickly made their way to safe haven, entering the ISS airlock
at 0309 UT. Later, in response to the new spike in SEPs, astronauts aboard the ISS were told
to sleep in protected areas of the spacecraft (Malik 2006b). Sato et al. (2019) modelled the
13 December dose rate inside the ISS, estimating a radiation dose of 370 uSv for red-blood
marrow within 24 hours of the onset, with ~40% (150 uSv) from the enhanced SEP flux.
Typical exposure rates at ISS orbits have been ~233 uSv/day with 166 uSv/day from trapped
radiation (Badavi et al. 2014) and most of the remainder from GCRs.

Zigman et al. (2014) modelled the excess ionization impact of the GLE particles on
VLF wave propagation in Earth’s nighttime D-region ionosphere and compared results to
an actual transmitted VLF signal. An unlit 6548 km night-time path between the 24.0 kHz
transmitter NAA at Cuttler, Maine (USA) and Belgrade, Serbia was monitored by the re-
ceiver at Belgrade VLF Observatory at the time of GLE#70. A very strong amplitude fade
developed at 0245 UT, falling to a minimum at 0332 UT. Results inferred from both the
VLF signals and the model indicated a comparable electron density that was two-to-three
orders of magnitude higher than that at quiet regular nighttime conditions. The intensity of
the event was evident most of the following day.
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SEPs penetrated deeply into the polar atmosphere (L-shell > 15) on 13 December 2006.
Dmitriev et al. (2008) modelled excess ionization extending to stratospheric levels of 50 km.
At mid-stratosphere levels (25 km) between Antarctica and Australia, Mishev and Velinov
(2015) calculated a 200% enhancement of ionization above the GCR-induced levels for the
four-hour duration of GLE #70. At 8 km, they estimated an enhancement of 40% in the same
region. Usoskin et al. (2011) modelled a 40% relative daily-mean ionization effect in polar
regions at an atmospheric level of 100 g/cm? (~16 km).

Meier and Matthid (2014) modelled SEP dose rates at aviation-jet altitudes (12.5 km).
They reported that at high-latitude flight altitudes over Russia and northern Europe during
the 5-min interval of the GLE #70 peak (~0310 UT), the dose rate from GLE particles was
100 uSv/h; about an order or magnitude higher than that produced by the GCR background.
For an additional 3.5 hours, the modelled dose rate was 50 uSv/h (~five times that produced
by the GCR background).

Deeper in the atmosphere, Wu et al. (2020) reported a global lightning response to short-
term energetic particle variation based on data from the World Wide Lightning Network.
They found that global lightning incidence (strokes with current >50 kA) showed a positive
response (10%) within 20 min after the GLE onset. They noted a larger enhancement of
lightning activity at higher latitudes, consistent with the idea that the larger SEP flux at
higher latitudes is more likely to affect lightning activity in regions where geomagnetic
shielding is reduced compared to that at low latitudes.

ESPs at Earth: As the early 13 December CME and shock propagated into the helio-
sphere, forecasters monitored lower-energy SEP profiles for signs that new ions were ener-
gized by the CME-generated shock. Verkhoglyadova et al. (2010), in their Fig. 2, showed
that the GOES low-energy ions fluxes slowly rose after 00 UT on 14 December (see also
Fig. 49b). Medium-energy electrons were similarly shock-accelerated, as shown by the flux
enhancement in Fig. 2 of Dmitriev et al. (2010). Such IP particle acceleration leads to a phe-
nomenon known as ESPs, which enhances SEP flux before and immediately after the shock
passes the observer (See Sect. 1 of 2.3). Dmitriev et al. (2008) showed that the FORMOSAT-
3/COSMIC electron content in the polar cap began to increase at about 06 UT on 14 De-
cember as a result of ESPs arriving ahead of the IP shock. The result was a renewed PCA
event that produced maximal ionization between 70-90 km.

Western Hemisphere, X1.6 Flare and SEP Event #4 Effects. Within a few hours of
shock passage, the geomagnetic field was in an active state. NASA astronauts began EVA-2
in a relatively benign, S1 radiation environment at 1941 UT on 14 December. As the ge-
omagnetic storm swung from minor- to moderate-storm level, enhanced magnetosphere-
ionosphere-thermosphere coupling caused the thermosphere to heat and expand, driving
strong variations in satellite drag and challenges with ISS attitude control (Malik 2006b).
Geomagnetic storming continued to surge as the astronauts completed the primary task
of a power-system reconfiguration slightly ahead of schedule and proceeded to additional
projects. Then, during the second half of EVA-2, a severe geomagnetic storm (G4) devel-
oped. Meanwhile, AR 10930 produced its final X-class flare and SEP event. A near coinci-
dent arrival of SEPs from AR 10930’s newest eruption on 14 December led to a cascade of
effects.

The final major eruption of AR 10930 (S0O5W47) commenced at 2107 UT on 14 Decem-
ber. Pre- and post-flare images from Hinode are shown in Fig. 52. This eruption produced
an X1.6 flare (peaking at 2215 UT), another large solar radio burst, a small white-light flare
observed by the Hinode SOT (Watanabe et al. 2010), a new SEP event that commenced
during the decay of the previous SEP event, and a fast CME (See bottom of Table 7 for
moderate flare effects). The associated CME developed as part of a ‘twin-CME’ pair (Ding
etal. 2013)
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Fig. 52 Hinode SOT G-band view of sunspots and white-light flare on 14 December 2006. The primary
negative sunspot is in the top right half of the image. The more complex and rotating, positive-polarity sunspot
is in the bottom third of the images. a) Pre-flare image at 2207 UT; b) Flare-development image at 2209 UT.
Image Credit: NASA/JAXA. See Watanabe et al. (2010) for additional details

By the time of the fourth major eruption, numerous instrumental ‘eyes’ were tuned to AR
10930. Hinode images clearly showed extraordinary sunspot rotation (Wang et al. 2022).
Matthews et al. (2011) combined data from Hinode, TRACE, RHESSI, and the Global Os-
cillation Network Group (GONG) to provide evidence of flare-related acoustic signatures,
essentially a ‘Sunquake’ at multiple levels during the eruption. Extended ribbon-type emis-
sion in multiple wavelengths propagated through the umbrae and penumbrae of both the
northern and southern spots. It is thus not surprising that AR 10930 yielded another SEP
event with particle energies above 100 MeV. Further, the new SEPs were propagating into
a highly disturbed environment produced by the 13 December ICME. Kataoka et al. (2009)
created a 3D magnetohydrodynamic simulation to reconstruct the interplanetary propagation
of the 13-December CME. They superposed a spheromak-type magnetic field on a realistic
ambient solar wind and obtained reasonable agreement between the model and observations.
In doing so, they found that Earth’ intercepted the eastern shoulder of the deformed ICME
late on 14 December 2006.

Recent modelling by Fan (2022) shows that the coronal hole to the northwest of the
13 December eruption guided the flux rope to its very geoeffective encounter with Earth
(NOAA-RSGA-16-December 2006). They also reported that the flux rope rotated by about
90° counter-clockwise (CCW) as it left the Sun. The rotation ultimately produced a strongly
southward IMF orientation in most of the ICME as it arrived at Earth late on 14 December.
In a happenstance of nature, the ICME arrival was coincident with the final SEP burst from
AR 10930 and the second EVA by the Shuttle Discovery astronauts.

SEPs at Earth: By 2200 UT a fresh round of >100-MeV energetic particles was ev-
ident at Earth (NOAA-RSGA-15-December 2006). Magnetospheric ion measurements by
the Double Star TC-1 spacecraft were contaminated by SEPs after 2200 UT (Dandouras
et al. 2009). Meanwhile, preceded by a rush of the high-density solar wind at 2320 UT,
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the ICME from 13 December arrived at Earth with strongly southward IMF. A prolonged
interval of strong southward IMF expanded the open-to-the-solar-wind polar caps, moving
the open-closed magnetic field boundary equatorward, allowing SEPs better access to lower
latitudes near segments of the ISS orbit. Myagkova et al. (2009), who analyzed data from
the Universitetskiy-Tatiana micro-satellite at 900 km, and Adriani et al. (2011, 2016), who
analyzed data from the PAMELA experiment (in a quasi-polar orbit between 360 km and
600 km) verified that SEPs had access to mid-geomagnetic latitudes by early on 15 Decem-
ber and noted that a few of the SEP ions had energies of 500-600 MeV.

The invigorated SEPs led to another NOAA S2 radiation storm, thus, the astronauts
worked swiftly to finish their EVA tasks. They returned to the ISS at 0041 UT on 15 De-
cember (about one hour ahead of the original schedule). The advisory for 100-MeV particles
lasted until 0325 UT on 15 December (NOAA-RSGA-16-December 2006).

The late 14 December SEP event illustrates the intricacies of energetic particle interac-
tion with geospace. The 13 December ICME was responsible for a significant equatorward
expansion of the polar cap and also a large Forbush decrease (Fig. 49¢). Thus, a substantial
Forbush decrease shielded geospace from a fraction of the GCR flux, while the expanded
polar cap allowed for additional SEP radiation exposure to polar and quasi-polar orbiting
spacecraft. Some members of the space community have associated the final SEP enhance-
ment with ISS control anomalies reported on 15 December.'® The balance of these factors
remains to be explored.

The twin STEREO satellites recorded a rapid SEP flux increase following the flare
(prominent at 60-100 MeV range). The SEPs likely were injected into the eastern leg of
the 13 December ICME, which was still attached to the Sun. von Rosenvinge et al. (2009)
found significant differences in SEP flux and timing when comparing data from the near-
Earth STEREO spacecraft and spacecraft upstream of Earth at the L1 location. The authors
concluded that SEPs from the 14 December eruption rapidly arrived at locations outside the
ICME, however, arrival was impeded inside the ICME. The internal geometry of the ICME
would require SEPs inside to travel a longer path in the twisted flux tubes of the ejecta. Lario
and Karelitz (2014) noted this event as a special case of SEPs that travel within the structure
of a homologous CME. In the case of the final X-class eruption from AR 10930, there was
an opportunity for CME-CME interaction near the Sun, followed in tens of hours by new
SEP-ICME interactions at Earth.

Zhuang et al. (2020) reviewed the SEP events from solar cycle 24 when the twin
STEREO spacecraft supported three-dimensional viewing of CMEs and verification of
CME-CME interactions (twin-CME scenario). They reported 27% of these SEP events in-
volved potential CME-CME interactions, although less than half of these appeared suffi-
ciently close for a probable interaction. The small fraction of obviously interacting CMEs
produced statically significant, higher SEP fluxes. They reported that CME-CME interac-
tions, while rare, could create higher SEP fluxes. They also proposed that shock from a
recently launched CME could interact with the previous CME. Again, the close proximity
of the CMEs would be needed for enhanced SEP fluxes We note that fast CMEs were rare
in solar cycle 24.

Putting the four eruptive December 2006 events in the framework of the Zhuang et al.
(2020) study, and considering the need for magnetic connectivity between the eruption lo-
cation and interacting structures suggests the following summary for the December 2006
activity: (i) For the X9.0 flare and likely associated CME, with or without a pre-CME, the
magnetic connectivity with Earth was so limited that the SEP flux at Earth was low; (ii) The

108 mithsonian Channel (2021), https://www.youtube.com/watch?v=3HrVz6HROVY
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X6.5 flare and a likely CME were separated in time from the previous event. However, the
shocks from the two events apparently merged. A strong radiation storm (S3) developed on
Earth from the merged and better-connected event. (iii) The X3.4 flare site and associated
fast CME were well connected to Earth. There was a preceding narrow and slow CME,
but no other obvious opportunity for strong CME-CME interaction. The GLE for this event
seemed to be a hybrid event, arising from a good flare site connection, a fast CME, and pos-
sible CME-CME interactions; (iv) The X1.6 flare was associated with a slower CME and
adequate magnetic connection to Earth. The coincident arrival of the shock and ejecta (with
southward point IMF) from the previous eruption allowed the SEPs from the fourth eruption
to have broad access to Earth’s polar regions.

It is conceivable that similar behaviour from extreme homologous eruptions could sup-
port large-scale exposure of Earth’s atmosphere to energetic particles capable of creating
cosmogenic isotopes.

8.4 Active Region 10930’s SEPs in Context

‘Super’-active region 10930 produced modest SEP fluxes compared to the ESPEs in Fig. 28.
Even so, the disruptive effects on space-based technologies, regional- and worldwide-
communication systems required active monitoring and mitigation. Planetary atmospheres
also responded to the onslaught of high-energy particles. We collect the SEP effects here
and then briefly comment on the effects of similar (or higher) intensity events for devel-
oping levels of technology. For brevity, we have tabulated the associated flare effects in
Tables 6 and 7.

During AR 10930 activity near the eastern solar limb, data streams from the ACE solar
wind monitor were disrupted for hours at a time. Spacecraft at Mars and Venus recorded high
SEP fluxes in instruments not intended as particle detectors. Data from the VEX mission
required active error detection and correction over the course of two days. Moreover, the
MEX mission detected a significant Martian atmosphere outflow caused by high-energy
particles. Remarkably, SEP detectability extended to the Ulysses spacecraft flying near the
Sun’s southern pole at ~3 AU.

The Sun was magnetically better connected to Earth during and after the second major
eruption that produced an S3 radiation storm. The INTEGRAL mission and Chandra X-ray
Observatory, both in highly inclined Earth orbits, required active intervention to keep instru-
ments in safe conditions; their observing schedules were modified. The low Earth orbiting
CALIPSO mission was essentially ‘safed’ for a week while SEP fluxes were high. Excess
ionization in the ionosphere and extending to the mesosphere caused long-lasting absorp-
tion and anomalous radio propagation on VLF and HF paths. Over-the-pole flights were
re-routed to lower latitudes for at least two days.

AR 10930’s activity dropped to relatively low levels as it transited much of the Earth-
facing solar disk (E60 — W20). Then on 13 December, while NASA astronauts were fin-
ishing their first EVA at ISS, a re-energized AR 10930 produced GLE#70. During the event,
the SOHO coronagraph monitoring the situation suffered SEP contamination. Again, real-
time ACE data were contaminated, although eventually recovered. In the magnetosphere
several spacecraft were impacted: There were anomalies on Cluster constellation spacecraft,
including at least one attitude control system and one high-power amplifier. INTEGRAL in-
struments switched to safe mode and Chandra X-ray Observatory observations requiring the
charge-coupled imaging system were also suspended. At geosynchronous orbit, operators
reported increased noise in at least one GEO attitude control system and switch-off of a re-
action wheel and a change-of-gain in a travelling wave tube amplifier. These reported GEO
effects were mitigated before permanent damage occurred.
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Closer to Earth in the LEO environment, CALIPSO remained ‘safed’; Envisat suspended
its Payload Module Computer; PROBA-1 was temporarily unable to process some data; and
the lightly shielded LEO ALSat reported more than 300 single-bit upsets. Notably, some
of the PAMELA instruments for measuring such high-energy events were overwhelmed for
hours. In the Earth-ionosphere waveguide for VLF radio propagation, there was significant
nightside VLF absorption caused by SEP penetration into the dark polar cap and auroral
zones. Scientists monitoring Earth’s global lightning activity noticed a short minor burst of
intense lightning activity within 20 min of the GLE start. All of these events were super-
posed on myriad communication issues associated with the X3.4 flare and increased flux of
energetic electrons in Earth’s radiation belts.

As space operators were dealing with the aftermath of the 13 December solar activity,
AR 10930 erupted again. This time it injected SEPs into the still Sun-connected 13 Decem-
ber ICME, which had just arrived at Earth. The coincident arrival of the very geoeffective
ICME and a fresh set of SEPs served to broaden the latitudinal access of the SEPs. Measure-
ments from the Double Star TC-1 spacecraft were contaminated by SEPs. Again, astronauts
outside the ISS acted quickly to complete EVA tasks, while others in Shuttle Discovery
were working with ground controllers to maintain the ISS orbit in the rapidly heating and
expanding thermosphere.

The activity from AR 10930 did not rise to the level of an ESPE, nor did it produce known
long-lived atmospheric or biological effects. However, there was considerable human effort
focused on mitigation and mission recovery. At least 15 missions were impacted, and there
were an untold number of communication circuits disrupted and navigation signals inter-
rupted. Further, the effects we report were mostly from research spacecraft and instruments.
Rarely do operational spacecraft operators (civil, commercial, and defence) publicly report
outages or vulnerabilities. Nor is there consistent, worldwide monitoring of radiation dose
onboard aircraft. Thus, we are likely under-reporting the full scope of impacts associated
with the prolonged SEP event from 7 to 12 December, the GLE on 13 December 2006, and
subsequent SEP activity.

Since December 2006 there has been a revolution in space industries and activities. Con-
stellations of small spacecraft, many operating with off-the-shelf hardware and sensors, are
resident in LEO. Additionally, many constellation operation concepts will use (or are already
using) onboard autonomous control systems. These are largely untested against known lev-
els of SEPs/GLEs in the space age. The report of hundreds of single-bit upsets on the lightly
shielded LEO ALSat during GLE#70 should serve as a reminder that ESPEs with character-
istics like those shown in the upper right of Fig. 28 could render many spacecraft instruments
unusable and unresponsive and other technologies unavailable for extended intervals.

9 Summary

Here, a brief overview of the current state of the art in the field of extreme solar events is
presented. The very existence of such extreme events was not known ten years ago, but after
the discovery of the first event, dated back to 774/5 CE (Miyake et al. 2012), this field has
been boosted. The statistics of and knowledge about these events is sufficient to establish
a solid paradigm of such events as being caused by very rare (about once-per-millennium)
extreme solar eruptions or short recurrent sequence of those leading to enormous enhance-
ments of the flux of energetic particles bombarding the Earth’s atmosphere. The whole bulk
of the available datasets forms a basis for this research. Yet, many details of the events are
unknown but the general paradigm is robustly set.
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While the solar origin of the ESPEs is beyond doubt, it is still unknown how such strong
fluxes of energetic particles can be accelerated and propagated. Although models describing
the physics of SEP events are quite developed, as discussed in Sect. 2.2, their extrapola-
tion to include extreme events is not straightforward. In particular, it is unclear whether the
streaming limit or some other mechanism can limit the particle flux at the energy range
of >200 MeV. A very intense flare located near the Sun’s west limb accompanied by a
massive and fast CME seems to be a necessary (but not sufficient) condition for an ESPE.
Pre-existing conditions and proximity to the HCS may be also important.

Another important discovery was made recently, using precise observations by the Kepler
telescope, that super-flares can occur on solar-type stars, as discussed in depth in Sect. 3.
The super-flares can be as strong as 103*-10%® erg of bolometric energy (up to three orders
of magnitude stronger than any directly observed solar flare). However, the projection of the
results obtained for solar-type stars to the Sun is not straightforward and requires further
detailed investigation. It is interesting that even stellar CMEs can be potentially detected on
super-flaring stars.

Extreme solar events are known from cosmogenic data as detailed in Sect. 4. In re-
cent years, several other extreme events were found in newly-measured high-precision
cosmogenic-isotope data. These include large events of 7176 BCE and 5259 BCE, which
are comparable in size to that of 774 CE, and several slightly weaker, yet still extreme events
of 5410 BCE, 1279 CE and 1052 CE. At present, five confirmed events and three candidates
are known (see Table 2). On the one hand, since only about 1/6 of the Holocene period is
covered by high-resolution (annual or biennial) cosmogenic-isotope data, it is probable that
more ‘weaker’ ESPEs can be found. On the other hand, it is unlikely that events stronger
than that of 774 CE will be found, making that event the worst-case scenario.

The present knowledge and the use of multi-proxy data make it possible to reconstruct the
energy spectra of ESPE recorded in cosmogenic isotopes, as described in Sect. 5. Production
of cosmogenic isotopes can be precisely modelled using the yield-function approach based
on full Monte-Carlo simulations of the cosmic-ray-induced atmospheric cascade. Because
of the different energy dependencies of the yield functions for different isotopes, energy
spectra of ESPEs can be reliably reconstructed and appear similar in shape but two-three
orders of magnitude stronger than strong GLE events directly observed during the recent
decades (Fig. 28). While the ESPEs are very rare, they are extremely strong in SEP fluxes
so that about a half of the SEP flux averaged over the long-time scales (up to a million of
years as based on cosmogenic isotopes in lunar samples) is formed by ESPEs (Fig. 22).

Understanding of transport and deposition processes of cosmogenic isotopes in the ter-
restrial system is crucially important for the reconstruction of ESPEs and their characteris-
tics such as energy spectra, duration, and timing. Radiocarbon '“C is involved in the global
carbon cycle, including the atmosphere, ocean, biosphere, etc., as standardly modelled by
diffusive box models. On the contrary, '°Be is thought to be attached to atmospheric aerosols
and relatively quickly precipitate to the ground. The isotope *°Cl gets involved in the global
chlorine cycle including sea salt but its fate for the polar ice cores is considered close to
that of beryllium. As discussed in Sect. 6, there is a general understanding of the transport
and deposition of individual isotopes but some details are still missing and require further
development of focused models, including also possible effects of major volcanic eruptions.

Important information on extremely strong solar events can be also found in historical
sources such as chronicles and archives, as wrapped up in Sect. 7. The data for the 19th cen-
tury can be obtained from the newly invented magnetic observatories and suggest several
extreme geomagnetic storms, including the famous Carrington storm on 02-Sep-1859. Sev-
eral other storms of comparable strength have been also identified. In the pre-instrumental
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era, this mostly relates to the recorded observations of aurorae at middle and low latitudes.
The geographical extent of the auroral display can be interpreted as the strength of the related
geomagnetic storm. Although historical records are not easy to interpret, there are shreds of
evidence of very strong geomagnetic storms in the past, with the oldest known candidate
being dated to the sixth century BCE, including a record in the Babylonian Astronomical
Diaries.

Since no extreme solar events occurred during the recent decades, we don’t know the di-
rect technological and societal consequences of such events. As a potentially scalable exam-
ple, the effects of a series of energetic solar eruptions in December 2006, including GLE#70
on 13-Dec-2006, caused by the AR 10930 can be considered, as summarized in Sect. 8.
The direct and indirect effects of a strong solar event can strike in space (space-borne nav-
igation and communication systems, spacecraft electronics and power system malfunction
or degradation, radiation hazards for astronauts), air (avionics malfunction, navigation and
communication errors, enhanced radiation doses for people aboard transpolar jets) and even
ground (induced currents, power-grid failure, electronic malfunction). AR10930 was small
compared to many SEP-producing ARs and rather isolated since it was at the end of solar
cycle 23 but it was well covered by data and forms a reference for the study of possible
ESPE effects.

At large, the nature of extreme solar events is still unknown and calls for extensive further
investigations potentially leading to ground-breaking results. Several outstanding questions
have been raised by the recent discoveries but cannot be presently answered in full:

e What is the nature of the Miyake events? The present paradigm is that the Miyake
events (spikes in cosmogenic-isotope data) are caused by ESPEs as confirmed, e.g., by
the similarity (scalability) of the energy spectra of these events and directly observed
GLE events.

e Are ESPEs Black swans or Dragon Kings? It is still unknown what can cause such
extreme events and whether they can be explained by a rare favourable combination of
factors typical for the ‘normal’ solar eruptions (Black swan) or involve some processes not
yet known to us (Dragon King). In this respect, extremely important are high-precision
measurements to reduce the observational gap between directly measured and Cl-based
events.

o What is the frequency of the ESPE occurrence? Currently, only about 1/6 of the
Holocene is covered by precise CI measurements (Fig. 21), and we may expect that more
ESPEs can be found over the Holocene. However, the periods for which the high-precision
measurements were made, were selected purposefully where ESPEs were hinted.

e Is there an upper limit for the Sun to produce ESPEs? The present paradigm is that
the ESPE of 774/5 CE forms the upper limit for the extreme solar eruptive event, and it
is unlikely that a significantly stronger event can be found for the Holocene, but it cannot
be excluded that even stronger, hyper events can take place on longer time scales. On the
other hand, the present statistics of ESPEs and direct observations are totally consistent
with the mega-year average SEP flux leaving not much room for hyper events.

e Is the projection of the solar-type super-flares to the Sun consistent with the
cosmogenic-isotope data? Because of the large uncertainties in the solar-data projection
to the Sun and the unknown relation between the strength of flares and SEP accelera-
tion and transport, it is unclear whether super-flares on solar-type stars are consistent in
strength and occurrence frequency with the CI-based statistic of ESPE.

e Can ESPE be predicted? Although definite predictions of ESPEs are impossible, both
short-term forecasting (now-castings) based on monitoring the development of solar sur-
face magnetic patterns and probabilistic estimates of their occurrence are potentially pos-
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sible. However, for the former, we are missing the understanding of the development of
active regions capable of producing ESPEs. For the latter, more events are needed to es-
tablish a robust statistical relation between, e.g., the size and phase of a solar cycle and
ESPE occurrence.

In summary, we are still at the beginning of the long journey towards an understanding of
extreme solar eruptive events. We know that they do occur but do not yet fully understand
what they are.

Abbreviations

ACE Advanced Composition Explorer

ACIS Advanced CCD Imaging Spectrometer

ALSat Algerian Satellite

AMS-02 Alpha Magnetic Spectrometer

AR active region

CCD charge-coupled device

CI cosmogenic isotope

CIR corotating interaction region

CALIPSO Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation
CME coronal mass ejection

COSMIC Constellation Observing System for Meteorology Ionosphere and Climate
CSHKP model Carmichael, Sturrock, Hirayama, Kopp and Pneuman model
DSA diffusive shock acceleration

ENA energetic neutral atom

ESA European Space Agency

ESE extreme solar event

ESP energetic storm particles

ESPE extreme solar proton event

EVA extravehicular activity

EUV extreme ultraviolet

GEO geosynchronous orbit

GCR galactic cosmic ray

GLE ground-level enhancement

GPS Global Positioning System

GNSS Global Navigation System Satellite

ISS International Space Station

HCS heliospheric current sheet

HEPAD High Energy Proton and Alpha Detector

HF high frequency

GOES Geostationary Operational Environmental Satellites
GONG Global Oscillation Network Group

ICME interplanetary coronal mass ejection

IGRF International Geomagnetic Reference Field

IGY International Geophysical Year

IMF interplanetary magnetic field

INTEGRAL INTErnational Gamma-Ray Astrophysics Laboratory
ILAT invariant latitude

IGLED international GLE database

IP interplanetary

ISS International Space Station
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JEM-X Joint European X-Ray Monitor

LAMOST Large Sky Area Multi-Object Fibre Spectroscopic Telescope
LEO low Earth Orbit

LHS left-hand side

LIS local interstellar spectrum

LOFAR Low Frequency Array

MEX Mars Express

MDI Michelson Doppler Image

MHD magnetohydrodynamics

MLAT magnetic latitude

MSH millionths of a solar hemisphere

NM neutron monitor

NOAA National Oceanic and Atmospheric Administration
ODF occurrence distribution function

PAD pitch-angle distribution

PCA polar cap absorption

PAMELA Payload for Anti Matter Exploration and Light-nuclei Astrophysics
PROBA Project for On-Board Autonomy

RHESSI Ramaty High Energy Solar Spectroscopic Imager
RHS right-hand side

SAMPEX Solar Anomalous and Magnetospheric Particle Explorer
SC Solar cycle

SCINDA Scintillation Network Decision Aid

SDDI Solar Dynamics Doppler Imager

SEP solar energetic particle

SKA Square Kilometre Array

SMART Solar Magnetic Activity Research Telescope
STEREO Solar TErrestrial RElations Observatory

SFE solar-flare effect

SITEC Sudden Increase in Total Electron Comment
SOHO SOlar Heliospheric Observatory

SWPC Space Weather Prediction Center

SSC sudden storm commencement

SXR soft X-ray

TRACE Transition Region and Coronal Explorer

TSI total solar irradiance

VADM virtual axial dipole moment

VEX Venus Express

WDC World Data Center

VLF very low frequency

XUV extreme ultraviolet

XRS X-ray spectroscopy
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