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ABSTRACT

Solar energetic particles (SEPs) are an important component of space weather. They
pose a serious radiation hazard to electronic equipment and biological organisms
in space. They are produced in explosive events such as solar flares and coronal
mass ejections, where particles can be accelerated up to several orders of magnitude
above their thermal energy. During large SEP events, observed particle fluxes may
increase by many orders of magnitude in timescales of minutes, and the increases
may last several days. The occurrence of SEP events is approximately correlated
with the overall activity of the Sun. The solar activity follows a nearly periodic cycle
with the average period of approximately 11 years, and the amplitude of the cycle
is modulated by longer variations. During the most recent solar cycle, activity has
stayed at a very low level compared to previous cycles. The low activity has been
interpreted as a result of long-term variability, and it is expected to continue at least
for the recently started cycle 25.

This thesis presents research into two closely related topics, the first of which is
the comparison of the properties of SEPs during the two recent solar cycles, namely
cycles 23 and 24. We studied the heavy ion intensities and abundances, and found
that the mean abundances of heavy ions were lower during cycle 24, and the overall
number of SEP events with heavy ion enhancements was lower. These results reflect
the reduced efficiency of SEP acceleration processes. We used shock acceleration
theory and simulation results to show that the reduced efficiency can be explained by
reduced average densities of coronal plasma and suprathermal seed particles.

Designers of space missions require accurate knowledge about the radiation
environment their equipment or astronauts will be exposed to. As the processes
behind SEPs are extremely complex, long-term forecasting is not possible according
to current knowledge. Therefore, statistical models of previous SEPs events are the
only option in estimating the particle radiation environment. The second topic of
this thesis is the development of such models, with special emphasis on the high
energy part of the SEP spectrum. We developed models for solar high energy proton
fluences and peak fluxes. The models were based on space-borne and ground-based
measurements over several solar cycles, and they provide improved estimations of
the high energy radiation environment.

KEYWORDS: Space weather, solar energetic particles, particle radiation
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TIVISTELMA

Auringon suurienergiaiset hiukkaset ovat tirked osa avaruussiéti. Ne voivat aiheuttaa
vakavan siteilyvaaran avaruuteen ldhetettdville elektronisille laitteille ja eldville orga-
nismeille. Ne syntyvit Auringon rdjahdysmdisissd soihduissa ja koronan massapur-
kauksissa, joissa hiukkaset voivat saavuttaa useita kertalukuja kaasun lampoenergiaa
suurempia energioita. Suurien Auringon hiukkaspurkausten aikana hiukkasvuot voi-
vat kohota useita kertalukuja minuuteissa ja jdddd koholle useiden vuorokausien
ajaksi. Auringon hiukkaspurkausten esiintymisen ja yleisen aktiivisuustason valilld
on korrelaatio. Auringon aktiivisuus vaihtelee likimain jaksollisesti keskimiérin 11
vuoden jaksoissa. Auringon aktiivisuus vaihtelee likimain jaksollisesti keskimédrin
11 vuoden jaksoissa. Jaksojen voimakkuus vaihtelee lisdksi pidemmén ajan kulues-
sa. Viimeisimmaén aktiivisuusjakson aikana Auringon aktiivisuus on pysynyt erittdin
vihidisend aiempiin jaksoihin verrattuna. Véhiisen aktiivisuuden odotetaan jatkuvan
ainakin dskettdin alkaneen 25. jakson ajan.

Tissd viitoskirjassa esitetdin tutkimustuloksia Auringon suurienergiaisten hiuk-
kaspurkausten ominaisuuksien eroista Auringon 23. ja 24. aktiivisuusjakson aikana.
Tutkimme raskasionien intensiteetteji ja runsaussuhteita, ja osoitimme, etti raskasio-
nien keskimaérdiset runsaudet olivat vihdisempii ja ettd kohonneita raskasionipitoi-
suuksia siséltdvien hiukkaspurkausten mééré oli pienempi 24. jakson aikana. Tulok-
set viittaavat hiukkaskiihdytysprosessien heikentymiseen. Osoitimme shokkikiihdy-
tysteorian ja simulaatioiden avulla, ettd hiukkaskiihdytyksen heikentyminen voidaan
selittdd koronan plasman ja supratermisten hiukkasten tiheyden pienenemiselli.

Avaruuslentojen suunnittelijat tarvitsevat tarkkaa tietoa siteily-ympéristosti, jol-
le teknologia ja astronautit altistuvat. Koska Auringon suurienergiaisten hiukkas-
ten syntyyn vaikuttavat prosessit ovat varsin monimutkaisia, pitkdn ajan ennustei-
den tekeminen on nykytiedolla mahdotonta. Aiempiin hiukkaspurkauksiin perustu-
vat tilastolliset mallit ovatkin ainoa tapa arvioida séteily-ympéristod kvantitatiivisesti.
Viitoskirjan toinen tutkimusaihe on tillaisten mallien kehittdminen, erityisesti suu-
rienergiaisten hiukkasten osalta. Kehitimme tilastolliset mallit erittdin suurienergiais-
ten protonien hiukkasmaiirille ja huippuvuolle. Mallit pohjautuvat seké satelliittien
ettd maanpdallisten instrumenttien havaintoihin usean Auringon syklin ajalta. Kehi-
tettyjen mallien avulla saadaan aiempaa selvésti parempia arvioita suurienergiaisesta
sdteily-ympiristosta.

ASTASANAT: Avaruussid, auringon suurienergiaiset hiukkaset, hiukkasséteily
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1 Introduction

1.1 Space weather

Space weather refers to time-varying conditions and phenomena within the helio-
sphere, especially in relation to their effects on geospace environment and the Earth.
It includes processes in the whole solar-terrestrial chain, reaching from the convec-
tive zone of the Sun, through the corona, solar wind and Earth’s magnetosphere, to
the lower atmosphere and the surface of the Earth (e.g., Baker, 2000; Koskinen et al.,
2017). The term space weather was introduced in the 1950s, and came to widespread
use in the 1990s (Cade and Chan-Park, 2015, and references therein). As a subfield
of solar-terrestrial physics, research into space weather related phenomena has been
conducted for over a century, with main emphasis in pure science. However, interest
in the applications and societal relevance of space weather research began to spread
during the 1990s, and space weather research as it is known today began in earnest.

Nowadays space weather scientists constitute a large research community that
has produced a vast number of scientific articles. Several books have been written
about space weather (e.g., Song et al., 2001; Bothmer and Daglis, 2007; Koskinen,
2011), and several scientific journals and conference series are devoted partly or
wholly to the topic. Various national and international space weather programs or
committees have been founded, including the National Space Weather Program in
the United States (Bonadonna et al., 2017), International Living With a Star program
(Withbroe et al., 2005), the space weather office of the Space Situational Awareness
programme (Luntama et al., 2010) of European Space Agency (ESA), and the space
weather expert group of the United Nations Committee on the Peaceful Uses of Outer
Space (Mann et al., 2018). Despite the significant progress in understanding the
physical nature of the processes behind disturbances in space weather, we are still
far from reliably forecasting them. To achieve that level, improved international
collaboration and coordination in key areas in space weather research is needed (e.g.,
Schrijver et al., 2015; Mann et al., 2018).

1.1.1  Origin and causes

The Sun, as the main energy source in the solar system, is also the main source of
space weather. The direct space weather effects are transported via the solar wind
plasma, electromagnetic radiation, and energetic particles (e.g., Koskinen et al., 2017,
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and references therein). The connection of magnetic storms (Gonzalez et al., 1994)
with particles emanating from the Sun was made already in the early 1900s (Chap-
man, 1917, 1918). In the 1950s, theories began to form about transient emissions of
ionised gas with embedded magnetic structures (Morrison, 1956; Parker, 1957; Gold,
1962; Fokker, 1963), which some of the early observations seemed to support (Fan
et al., 1960; Bryant et al., 1962). A first theory of a constant stream of particles from
the Sun was developed to explain the shape of the tails of comets (Biermann, 1951).
Then, Parker (1958) formulated the first physics-based theory of the solar wind, and
soon after, its existence was proved with in situ observations (Gringauz et al., 1960;
Neugebauer and Snyder, 1962). Finally, the existence of the clouds of magnetised
plasma emitted by the Sun, nowadays known as coronal mass ejections (CMEs), was
proved by white light observations (Hansen et al., 1971; Tousey, 1973; Gosling et al.,
1974). 1tis generally agreed that CMEs are initiated by a build-up of magnetic energy
which is destabilised by an instability or magnetic reconnection (e.g., Forbes et al.,
2006; Green et al., 2018). Nowadays they are known to be the main driver of large
geomagnetic storms (e.g., Gosling et al., 1991), especially when the accompanying
magnetic field has strong southward components (Kilpua et al., 2017).

The most space weather-relevant electromagnetic radiation occurs during solar
flares, which are sudden releases of enormous amounts of energy; around 10> J
may be released in a timescale of hours (e.g., Shibata and Magara, 2011). The
energy release is due to magnetic reconnection in the low solar corona (Priest and
Forbes, 2002; Benz, 2017). Radiation is emitted on a wide range of wavelengths
from kilometric radio waves (e.g., Dulk, 1985) to <1-10" m (>1GeV) gamma
rays (Chupp and Ryan, 2009). The first observation of a solar flare was made in
September 1, 1859 (Carrington, 1859; Hodgson, 1859), and they have been observed
regularily in the 656.3 nm Ho-line since the 1930s (Svestka, 1966) and in the soft
X-rays since the 1970s (Fletcher et al., 2011).

The three main components of energetic particles in relation to space weather
are solar energetic particles (SEPs), galactic cosmic rays (GCRs) and radiation belt
particles. SEPs, sometimes also called solar cosmic rays, are ions and electrons that
are accelerated mainly by flares and CME:s to energies ranging from keVs to GeVs
(e.g., Klein and Dalla, 2017). As SEPs are the main topic of this thesis, their origin
and effects are explained in more detail in Section 1.2.

According to current understanding, GCRs are accelerated in supernova rem-
nants through diffusive shock acceleration (Blandford and Eichler, 1987). They are
fully ionised high energy particles that arrive in the solar system with a fairly constant
rate (e.g., Bazilevskaya et al., 2014). The lower energy part of the GCR spectrum,
namely below some tens of GeVs, is modulated by the heliosphere, whose properties
depend on the solar activity level (e.g., Parker, 1965; Jokipii, 1989; Potgieter, 2013,
and references therein).

The Earth’s radiation belts, which are often called Van Allen Belts since their

13
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existence was first reported by van Allen (1959), consist of trapped electrons and
protons with energies up to tens and hundreds of MeVs, respectively. Typically, the
electrons occur in two belts, below L < 2 and between L = 3 and L = 7, while the
protons are mostly confined below L < 2 (Hudson et al., 2008; Millan and Baker,
2012).! The dominant source for the highest energy protons is cosmic ray albedo
neutron decay (CRAND) (Singer, 1958), while the lower energy protons are mostly
trapped solar protons (Selesnick et al., 2007). The energetic electrons, however, are
thought to originate from within the magnetosphere, accelerated via radial transport
and resonant wave-particle interactions (e.g., Millan and Baker, 2012, and references
therein).

1.1.2 Effects on Earth and society

Probably the earliest observed effects of space weather on technological systems
are related to anomalous currents in the early electrical telegraph lines, coinciding
with sightings of aurorae (Barlow, 1849). Another early example is the period
of magnetic activity between August 28 and September 7, 1859 (Stewart, 1861),
which disrupted telegraph operations around the world, producing currents strong
enough to cause sparks to fly from the telegraph equipment and give electric shocks
to operators (Boteler, 2006; Shea and Smart, 2006, and references therein). This
period of solar activity has been widely held as the largest space weather event
of the last 450 years (McCracken et al., 2001; Shea et al., 2006). Telephone lines
have also been affected: for example, in the geomagnetic storm of March 24, 1940,
the Bell Telephone Company experienced severe disturbances (McNish, 1940), and
in February 10, 1958, the use of the first transatlantic telephone line was severely
disrupted (Meloni et al., 1983).

The anomalous currents are produced when a potential difference is induced over
an area of the Earth’s surface by time variations in the geomagnetic field (e.g., Root,
1979; Lanzerotti, 2001). Largest field variations occur mostly in magnetic storms
caused by large CMEs (Gosling et al., 1991; Koskinen and Huttunen, 2006). In
addition to communication lines, these geomagnetically induced currents (GICs),
or telluric currents, affect any other technological systems where long conductors
are used, such as power grids and oil and gas pipelines. In power systems GICs
cause saturation of transformers, which can lead to overheating and burn-out, and
thus even system collapse (Boteler et al., 1998; Pirjola, 2000). The March 1940
and February 1958 magnetic storms both caused power system problems in several
areas in the United States and Canada (Albertson et al., 1974), but the most striking
example is the magnetic storm of March 13, 1989, when the entire province of

1 L-values denote the Earth’s magnetic field lines that cross the equator at a distance of L Earth radii.
In a dipole field the radial distance is given by r = Lcos? A (Mcllwain, 1961).

14



Introduction

Quebec lost electicity for almost a day (e.g., Bolduc, 2002). In pipelines GICs
can increase corrosion and interfere with corrosion protection systems (e.g., Boteler,
2000; Viljanen et al., 2006).

Space weather also affects technologies which utilise electromagnetic radiation,
such as radiowaves or microwaves. Correlation of solar activity and anomalies with
long distance radio communications was already observed in the 1920s (Marconi,
1928; Anderson, 1928), and most of the solar events which disturbed wired commu-
nication technologies had also an effect on wireless communication: for example,
radio communication between North America and Europe was almost impossible
during the March 1940 geomagnetic storm (McNish, 1940). As the ionosphere re-
flects the skyward-directed radiowaves, thus enabling over-the-horizon long-distance
communication, changes in the ionosphere may disturb the reflection and prevent
communication. The ionospheric properties are changed through Sun’s ultraviolet
and X-ray emissions, energetic particles and magnetic storms (Lanzerotti, 2007, and
references therein). Ionospheric scintillation, caused by irregularities in the ioni-
sation density, can also disrupt ground-to-satellite communications (e.g., Basu and
Basu, 1981; Yeh and Liu, 1982; Kintner et al., 2007).

In addition to ionospheric effects, the Sun affects radio technologies by directly
emitting solar radio noise and bursts. These emissions, originally discovered in the
early 1940s (Reber, 1944; Southworth, 1945; Hey, 1946), interfere with communica-
tions, radar technology and Global Positioning System (GPS) communications (e.g.,
Lanzerotti, 2017). Especially noteworthy were the cases of radar jamming during the
Second World War (Hey, 1946; Lovell, 1987) and the Cold War (Knipp et al., 2016),
which luckily were quickly noticed to be the result of solar radio bursts rather than
enemy activity. Timely discovery of the true source of the disruptions, especially in
the latter case, was of paramount importance; if interpreted as deliberate surveillance
jamming by the enemy, it could have resulted in an all-out war.

The energetic particle radiation environment in the near-Earth space encompasses
trapped particles, SEPs and GCRs. Earth-orbiting satellites, as well as spacecraft
and astronauts on interplanetary routes, are exposed to all of the three radiation
fields to some extent. As ionising radiation, energetic particles are harmful for
both electronic equipment and biological organisms. The type and severity of the
radiation hazard depends on the energy of the particles and the amount of energy
they transfer to the radiated medium. Large number of spacecraft anomalies, such
as solar cell degradation, electronic errors and loss of control, have been reported
to be caused by energetic particles (Baker et al., 1994; Barbieri and Mahmot, 2004;
Tucci et al., 2005). Even complete loss of spacecraft have been attributed to particle
radiation, such as the losses of communications satellites Telstar 1 in February 1963
(Lanzerotti, 2007, and references therein), Telstar-401 in January 1997 (Reeves et al.,
1998), and Galaxy 4 in May 1998 (Baker et al., 1998). SEP events and GCRs
contribute to the radiation dose received by astronauts and even aircraft crew (e.g.,
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Facius and Reitz, 2007, and references therein); the large SEP event of August 1972,
occurring between the Apollo missions 16 and 17, would have caused a potentially
lethal radiation dose to an astronaut in a space suit (Wilson et al., 1999).

1.1.3 Space climate

Just like in the case of terrestrial weather and climate, space climate refers to the long-
term variations in space weather (Mursula et al., 2007, 2013). Direct observations of
the properties of solar wind plasma, energetic particles and interplanetary magnetic
fields have been carried out routinely since the 1960s with increasing coverage and
precision (Hapgood et al., 1991; Neugebauer, 1997), allowing for space climato-
logical studies for the last five solar cycles. Cosmic ray observations began in the
1930s with ionisation chambers (Forbush, 1954), and have been made continuously
with neutron monitors (NMs) since the 1950s (Shea and Smart, 2000; Simpson,
2000; Stoker et al., 2000). Solar radio flux at 10.7 cm (2.8 GHz) has been measured
continuously since 1947 (Tapping, 2013), magnetic fields of the sunspots since 1917
(Howard, 1985; Pevtsov et al., 2019), and the geomagnetic aa index since 1868
(Mayaud, 1972). In addition, the daily sunspot number series extends until 1818
and monthly sunspot number series until 1749 (Clette et al., 2014). Although not all
of the series measure single physical quantities, they provide crucial information on
many differerent aspects of space climate. With careful intercorrelation, the longer
observations can be used as proxies for the direct, physical quantities. Even longer
time series can be attained by using cosmogenic isotopes such as '“C in tree rings or
10Be in ice cores as proxies for solar activity (Usoskin, 2017, and references therein).

The main topics of interest in space climate research are the long-term solar vari-
ability and its possible periodicities, the physical relationships between the various
measures of solar activity and the Sun, and the effect of the solar activity on the
Earth’s climate (Mursula et al., 2007). These are directly related to the research
presented in this thesis: as the level of solar activity during the recent solar cycle
24 was observed to be very low (e.g., McComas et al., 2013; Richardson, 2013;
Richardson et al., 2017; Kakad et al., 2019), it has been suggested that the Sun is
entering a grand minimum (Feynman and Ruzmaikin, 2011; Zolotova and Ponyavin,
2014), or returning to a lower level of activity after a grand maximum (de Jager
et al.,, 2016). This long-term change would have consequences on future space
endeavors: decreasing solar activity has resulted in diminished SEP acceleration
(e.g., Gopalswamy et al., 2014; Mewaldt et al., 2015; Paassilta et al., 2017), but at
the same time, GCRs have easier access into the inner heliosphere (e.g., Schwadron
etal., 2017).

16



Introduction

1.2 Solar energetic particles

SEPs consist of protons, electrons and heavier ions that are accelerated to high
energies in processes occurring in the solar corona and in the interplanetary space.
They occur in bursts, during which the observed fluxes may quickly increase by
several orders of magnitude (e.g., Reames, 2013). These increases, known as SEP
events, last from hours up to several days. Their energy spectra often resemble pure,
broken, or double power laws (e.g. Ellison and Ramaty, 1985; Tylka et al., 2005;
Mewaldt et al., 2012), with energies ranging from hundreds of keV up to tens of
GeV (McCracken et al., 2012). Their occurrence rate is correlated with overall
solar activity, although large events may occur even during solar minimum (Shea
and Smart, 1990).

SEPs were first reported by Forbush (1946) who attributed three increases of
cosmic rays (CRs) to solar flares that had occurred almost simultaneously. The early
measurements of CRs were performed with ionisation chambers which required the
primary particle to have an energy of ~4 GeV in order to generate muons that are able
to reach ground level (Compton et al., 1934; Shea and Smart, 2000). The neutron
monitor, developed in the early 1950s (Simpson et al., 1953; Simpson, 2000) and
further optimised in the 1960s (Carmichael, 1968; Stoker et al., 2000), measures
secondary particles generated when the primary particles interact with nuclei in the
atmosphere. The SEP events observed with the ionisation chambers and NMs are the
most energetic subset of SEP events, known as ground level enhancements (GLEs)
(Poluianov et al., 2017). Space-borne observations of SEPs commenced in the early
1960s with instruments onboard Pioneer, Explorer and Mariner spacecraft (e.g., Fan
et al., 1960; Bryant et al., 1962; van Allen and Krimigis, 1965). Regular observations
have been conducted since the early 1970s with, e.g., Interplanetary Monitoring
Platform (IMP) (McGuire et al., 1986), Geostationary Operational Environmental
Satellite (GOES) (Onsager et al., 1996), Solar and Heliospheric Observatory (SOHO)
(Domingo et al., 1995), Advanced Composition Explorer (ACE) (Stone et al., 1998)
and Solar Terrestrial Relations Observatory (STEREO) (Kaiser et al., 2008).

1.2.1 Sources and acceleration mechanisms

Before the discovery of CMEs, flares were the only known major transient solar
activity and thus, since the discovery of SEPs, it was generally agreed that they were
caused by flares. Early evidence of particle acceleration in flares came from the
close flare association of radio bursts (Wild et al., 1963), microwave bursts (Cov-
ington and Harvey, 1961) and X-rays (Chubb et al., 1957; Anderson and Winckler,
1962). However, the radio observations reviewed by Wild et al. (1963) suggested
two different acceleration mechanisms: type I1I bursts were indicative of accelerated
energetic electrons escaping from the Sun, whereas type Il bursts suggested moving

17



Osku Raukunen

shocks. More evidence of different mechanisms came from long duration X-ray
events (Kreplin et al., 1962; Pallavicini et al., 1977), which were associated with
CMEs (Sheeley et al., 1975).

Division of SEP events into two categories became firmly established in the
1980s (Cane et al., 1986; Reames and Stone, 1986; Cane and Reames, 1988; Reames,
1988). The first category, impulsive events, have lower intensities and they are
short-duration, spatially compact and numerous (e.g., Reames, 2013, and references
therein). They are distinguished by enhanced abundances of *He (Hsieh and Simpson,
1970; Serlemitsos and Balasubrahmanyan, 1975; Reames et al., 1985), heavy ions
(Hurford et al., 1975; Gloeckler et al., 1975; Mason et al., 1986; Reames et al., 1994)
and ultra-heavy ions (Mason et al., 2004). They are associated with type III radio
bursts and impulsive, short-duration flares (Reames et al., 1985, 1988; Kahler et al.,
1987). In addition, early measurements of charge states showed that impulsive events
had high average ion charge states (Klecker et al., 1984; Luhn et al., 1987).

The second category, gradual events, have high intensities, long durations and are
spatially extensive (e.g., Kahler, 1992; Desai and Giacalone, 2016). Their composi-
tion reflects that of the corona (Meyer, 1985; Reames, 1995), and they have lower
ion charge states as compared to impulsive events (Hovestadt et al., 1981; Leske
et al., 1995). Gradual events are associated with CMEs (Kahler et al., 1978, 1984)
and type II and IV radio bursts (Kahler, 1982; Cane and Stone, 1984; Cliver et al.,
1999). However, several studies of SEP events with both impulsive and gradual
properties, as evidenced by particle composition (e.g., Mason et al., 1999; Kocharov
and Torsti, 2002; Tylka et al., 2005; Cane et al., 2010) or flare/CME-associations
(e.g., Kahler et al., 2001; McCracken et al., 2008; Cane et al., 2010), showed that the
separation between the two categories is not clear, but rather, there exists a continuum
of properties from impulsive to gradual.

Particle acceleration in flares has been attributed to resonant stochastic accelera-
tion (Temerin and Roth, 1992; Miller, 1998; Petrosian, 2012) or magnetic reconnec-
tion (Drake and Swisdak, 2012). 3He-enhancements in impulsive SEP events have
been explained with oblique (Temerin and Roth, 1992; Roth and Temerin, 1997)
and parallel propagating (Liu et al., 2004, 2006) Alfvén-ion-cyclotron waves. In
addition, a model of particles undergoing multiple interactions with merging and
contracting magnetic islands in a reconnection current sheet has been shown to
reproduce the observed (Breneman and Stone, 1985) Q/A dependence of the ion
abundance enhancements (Drake et al., 2009, 2013; Knizhnik et al., 2011).

Particle acceleration in the large gradual SEP events is associated with shocks
driven by CMEs (e.g., Desai and Giacalone, 2016). Theory of particle acceleration in
moving interplanetary shocks was developed by Lee (1983, 2005) based on diffusive
shock acceleration theory (Bell, 1978). In this theory, accelerated ions streaming
from the shock generate waves that in turn scatter subsequent ions back to the shock,
resulting in multiple shock traversals and therefore more acceleration (Lee et al.,
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2012). Shock acceleration has been shown to be able to accelerate particles to very
high energies in realistic timescales (e.g., Ng and Reames, 2008; Afanasiev et al.,
2018). The variability in the ion abundances in gradual events has been suggested
to be caused by acceleration of seed populations from previous (impulsive) flares by
quasi-perpendicular shocks (Tylka et al., 2005, 2006; Tylka and Lee, 2006; Sandroos
and Vainio, 2007, 2009).

1.2.2 Space weather effects

For space missions outside the radiation belts and magnetosphere of the Earth, SEPs
constitute the most serious radiation hazard (e.g., Vainio et al., 2009). In electron-
ics, energetic particles cause both dose-related effects and transient, single event
effects (SEEs). Dose-related effects are produced by ionisation or displacement
damage, which cause the degradation and possible failure of semiconductor devices
(Pease, 1996), as well as solar cell and sensor degradation (Crabb, 1994; Hopkinson
et al., 1996). Another dose-related problem is internal charging, where high energy
particles penetrate the shielding of the spacecraft and build up within dielectric
materials, leading to electrostatic discharges which cause interference or damage to
the electronics (Frederickson, 1996; Lai et al., 2018). SEEs occur when a high energy
particle deposits energy or charge in a sensitive area of a component (McNulty, 1996).
They can be either nondestructive (soft) errors, such as memory errors, logic state
changes (Dodd and Massengill, 2003), or destructive, such as latchups, burnouts and
gate ruptures (Sexton, 2003). SEEs also occur in sensors, causing background noise
(e.g. Daly et al., 1996; Feynman and Gabriel, 2000).

Ionising radiation is harmful for humans and biological organisms in general.
The radiation effects on humans are usually categorised as acute (or early) determin-
istic effects and chronic (or late) stochastic effects (Hellweg and Baumstark-Khan,
2007; Kennedy, 2014). SEPs contribute to both acute and chronic radiation effects,
but are the dominant cause in the former due to their intermittent nature. Acute
effects are caused after a sudden exposure to a large radiation dose; after a dose of
>(0.7 Sv, the symptoms include fatigue, nausea and decrease in bone marrow func-
tion. Higher acute doses lead to gastrointestinal syndrome, neurovascular syndrome
and death from sepsis (Hellweg and Baumstark-Khan, 2007). The most significant
chronic effects of radiation are various types of cancer, especially leukemia and
thyroid cancer (Ron, 1998), and the development of cataracts (Lett et al., 1994).

In addition, SEPs, along with GCRs, can precipitate into the Earth’s atmosphere,
causing ionisation and chemical changes (Mironova et al., 2015). Ionisation by
particles occurs throughout the atmosphere, but is the dominant source of ionisation
in the middle and low atmosphere (Bazilevskaya et al., 2008). An important chem-
ical change is the creation of odd hydrogen (HO,) and nitrogen (NO,) leading to
destruction of ozone (e.g., Thorne, 1977), which may be substantial during large SEP
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events (Seppild et al., 2006; Verronen et al., 2006). The production of cosmogenic
isotopes, although in very small quantities, is significant because they can be used
in geochronology and studying long-term solar activity (Beer et al., 2012; Usoskin,
2017).
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Despite all the progress in understanding the processes that are driving space weather,
long-term SEP event forecasts are not available. It has been suggested that SEP
events and the processes behind them are a self-organised criticality phenomenon,
preventing deterministic predictions (Lu and Hamilton, 1991; Xapsos et al., 2006).
However, space mission designers need reliable estimates of the radiation environ-
ment their instruments will stay in. Therefore, statistical modelling, based on mea-
surements of previous SEP events, is needed. The relevant quantities are the inte-
grated flux, or fluence, which is related to dose-related particle radiation effects, and
the peak flux, which is related to single-event effects. A number of different radiation
environment models have been developed, most of them focusing on one component
of the radiation environment: SEPs, radiation belt particles or GCRs. A short review
of such models is presented here, with special emphasis on the SEP environment.

2.1 SEP models

The first widely used statistical SEP fluence model was developed by King (1974).
The King model was based on IMP-4 and IMP-5 proton measurements >10 MeV to
>100MeV during solar cycle 20. The anomalously large event of August 1972 was
modelled separately from the other, “ordinary”, events, assuming that the fluences of
“ordinary” events were distributed log-normally, and that all predicted “anomalous”
events would have the spectrum of August 1972. The model used an extension of
Poisson statistics to take into account the uncertainty in the parameter of the distri-
bution. Using similar methodology, Feynman et al. (1990, 1993, 2002) developed
the well-known Jet Propulsion Laboratory (JPL) model. The fluence database was
extended to cover cycles 19-21, removing the need for separate treatment of any
“anomalous” events. The first version of the JPL model gave cumulative fluence
estimates for >10MeV and >30 MeV protons, and the updated version was extended
to >1MeV at low energies and to >60 MeV at high energies. Further updates to the
model were made by Rosengqvist et al. (2005) and Glover et al. (2008).

Another line of models is the Emission of Solar Protons (ESP) model (Xapsos
et al., 1998b, 1999, 2000), which estimates the worst-case (peak) flux and fluence
as well as the cumulative fluence. Maximum entropy principle (Jaynes, 1957) and
results from extreme value theory (Xapsos et al., 1998a) were used to analytically
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derive the functional form for flux and fluence distributions, resulting in truncated
power law distribution for the worst case flux and fluence, and log-normal distri-
bution for the cumulative fluence. The model is based on events observed in solar
cycles 20-22 with IMP and GOES spacecraft and the results are given for peak fluxes
at >10MeV and fluences from >10MeV to >100MeV and up to >300 MeV with
spectral extrapolation. An updated version of the cumulative ESP model, called Pre-
diction of Solar particle Yields for CHaracterizing Integrated Circuits (PSYCHIC),
used an improved integrated data set and extended the energy range to >327 MeV
(Xapsos et al., 2004). The PSYCHIC model was later extended to cover all sig-
nificant naturally occurring elements by using helium measurements from GOES,
heavy ion measurements from ACE/Solar Isotope Spectrometer (SIS) and published
abundance ratios (Xapsos et al., 2007). In addition, an interplanetary electron model
was developed based on IMP-8 measurements between 0.2-10MeV and the ESP
modelling methodology (Taylor et al., 2011).

Using a somewhat similar methodology, Jiggens et al. (2012) developed a model
for proton fluences and peak fluxes in ESA’s Solar Energetic Particle Environment
Modelling (SEPEM) project (Crosby et al., 2015). The model was based on a data-
base of cross-calibrated IMP and GOES measurements from November 1973 to June
20009, rebinned into 10 logarithmically spaced energy bins from 5 MeV to 200 MeV
(Reference Data Set (RDS) version 1). The fluence and peak flux distributions in
each bin were modelled with cut-off power law functions. Instead of event fre-
quency and Poisson distribution, the event occurrence was modelled with a “virtual
timelines” method, which takes into account both the waiting times and the event
durations. The model produced fluence and peak flux estimations for 0.5-7 year
missions during solar maximum and for 0.5-4 year missions during solar minimum.
The energy range of the results was extended downwards to 0.1 MeV and upwards
to 1 GeV by using a double power law Band function (Band et al., 1993). The Solar
Accumulated and Peak Proton and Heavy lon Radiation Environment (SAPPHIRE)
model (Jiggens et al., 2018a,b) brought an update to SEPEM, with significantly
improved database, covering the time from July 1974 to May 2015 (RDS2). Other
new aspects were the modelling of 1-in-X-year spectra (for X ranging from 10
to 10000), and the addition of helium and heavier ions. Helium was modelled
with the same method as protons, using GOES data, and the heavier ions were
modelled using energy-dependent helium-heavy ion abundance ratios calculated with
data from ACE/SIS.

A recent development is the Mission Specific Solar Radiation Environment Model
(MSSREM) for peak fluxes by Robinson et al. (2020). It uses proton data from
GOES, helium data from SEPEM RDS version 2 (which is also based on GOES)
and heavy ion data from ACE. The ions that are not observed by ACE/SIS are scaled
from the ACE measurements using coronal and photospheric abundances. They
model the cumulative flux distributions of each ion and energy bin with piecewise
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functions of three parts: power law for the lowest fluxes, logarithmic quadratic for
the medium fluxes, and truncated power law for the highest fluxes. To account for
different solar activity levels, they use a relationship between the number of SEP
episodes and the sunspot number. The model provides peak flux estimations for all
ions from Z =1 to Z = 92 in energies from 1 MeV to 100 GeV. Usually the SEP
event occurrence prevents model estimations for missions shorter than ~0.5 years,
but in case of MSSREM, a unique sampling method allows for peak flux estimations
for missions as short as few minutes.

The previous SEP models were similar in the sense that the fluxes and fluences
were modelled separately at each energy. These models can be collectively called
JPL-type models. In a Monte Carlo (MC) calculation this means that the spectra of
the steps (or realisations) do not represent physical spectra. A different methodology
was presented by Nymmik (1998, 1999a,b,c, 2007) of Moscow State University
(MSU) (see also Kuznetsov et al., 2005). In the MSU model, the proton peak flux
and fluence spectra are assumed to be described by power law functions of particle
momentum where the power law index itself is a function of energy. The proton
spectral parameters are functions of the event size, which is described by a cut off
power law distribution for the >30MeV fluence. In other words, the size of the event
and the spectral shape are modelled parameters. Another feature of the MSU model
is that the event frequency is related to the level of solar activity through dependence
on the sunspot number. In addition, heavy ion peak fluxes and fluences are modelled
through an averaged relation of the heavy ion spectra and proton spectra derived from
the results of Mazur et al. (1992, 1993).

Recently, Aminalragia-Giamini et al. (2018) developed the Virtual Enhancements
— Solar Proton Event Radiation (VESPER) model, using the SEPEM RDS2 and
utilizing a new methodology by creation of “virtual time series” of differential proton
fluxes. The methodology is based in the calculation of a time series of second
moments of the flux energy spectrum in log-space, from which an event list is de-
termined. Then, waiting times and event durations are sampled from their respective
distributions (modelled with cut-off power law functions), forming a virtual timeline
of specified length (mission duration). Using the demonstrated power law relation-
ship with a Gaussian scatter between the event durations and “fluences”, i.e., time
integrals of the second moment over the event, the “fluences” for each event on
the timeline are sampled. Then, a “seed” event is randomly sampled from the true
events in the vicinity of the sampled “fluence”. The final time series for the sampled
virtual event is obtained by scaling the seed event so that its “fluence” matches that
of the sampled event. The scaling is independent on energy and does not require
any assumptions on the spectral shape, meaning that the virtual time series can be
produced for the original channels although the scaling is calculated from the second
moments. The model can produce results as probability of exceeding a fluence or a
peak flux for the RDS2 channels during solar active and solar quiet times.
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2.2 Radiation belt models

One of the most widely used models for radiation belt particles are the AE8/APS
models (Vette, 1991). The electron model, AES, is valid for L values of 1.2-11,
divided into three parts: the inner zone, transition region and outer zone. It covers
energies from 0.4 MeV to 5MeV and handles solar minimum and solar maximum
separately. The proton model, AP8, covers energies from 0.1 MeV to 400 MeV and
L values 1.15-6.6. The updated versions AE9 and AP9 (Ginet et al., 2013) use a
probabilistic approach and an improved dataset, and provide, e.g., confidence levels,
error estimates and extended coverage in location and energy. Other radiation belt
models include the Particle ONERA-LANL Environment model (POLE; Sicard-Piet
et al., 2005) and International Geostationary Electron model (IGE-2006; Sicard-Piet
etal., 2008), and the Slot Region Radiation Environment Model (SRREM; Sandberg
et al., 2014).

2.3 GCR models

The first widely used GCR model was developed for the Cosmic Ray Effects on
MicroElectronics (CREME) toolkit (Adams et al., 1981). Flux spectra were mod-
elled with analytical functions and the solar cycle dependence of the GCRs was
modelled with a simple sine curve. The effect of SEPs was included as a worst-
case spectrum based on the August 1972 event. Tylka et al. (1997) described the
updated version of the toolkit, CREME96. It had significant improvements in its
radiation environment models, such as the adoption of a more advanced model for
GCRs, developed by Nymmik et al. (1996). Recently, there has been another update
to the toolkit (Adams et al., 2020), which implements the Badhwar-O’Neill model
for GCRs (O’Neill et al., 2015) and the MSSREM model for SEPs (Robinson et al.,
2020; see above).

The Badhwar-O’Neill model (Badhwar and O’Neill, 1992, 1996; O’Neill, 2006;
O’Neill et al., 2015; Slaba and Whitman, 2020) is another well-known GCR model.
It uses a numerical solution of the spherically symmetric, quasi-steady state Fokker-
Planck-equation (Parker, 1965) and various satellite and balloon CR measurements
to determine a GCR flux for all elements from Z = 1 to Z = 28. Other GCR models
include the CRRES/SPACERAD Heavy Ion Model of the Environment (CHIME)
model (Chenette et al., 1994) and the model by Matthii et al. (2013).
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3 Solar activity

3.1 Solar activity cycle

The level of solar activity follows a cycle with period of roughly 11 years (e.g.,
Balogh et al., 2014; Hathaway, 2015, and references therein). The 11-year solar cycle
is also known as the Schwabe cycle, or the sunspot cycle, since it was discovered by
Heinrich Schwabe using observations of sunspots and spotless days (Schwabe, 1844).
The cause of the activity cycle is attributed to magnetic dynamo processes within the
Sun, but the details of the processes are not known for certain (e.g., Ossendrijver,
2003; Charbonneau, 2020, and references therein). The magnetic nature of sunspots
was originally discovered by Hale (1908), and after observations extending to the
following solar cycle, they found that the sunspot groups in the northern hemisphere
have opposite polarity to the corresponding groups in the southern hemisphere, and
that the polarities are reversed in the following cycle (Hale et al., 1919; Hale and
Nicholson, 1925). These findings, along with the discovery of the reversal of the
polar magnetic field during solar cycles (Babcock, 1959, 1961), led to the concept
of the 22-year magnetic cycle, also known as the Hale cycle. Although the average
period of the sunspot cycle, as well as the period of many other variables of solar
activity, is on average about 11 years as measured from minimum to minimum, the
magnetic cycle itself is longer, beginning before and continuing after the apparent
sunspot minima (e.g., Wilson et al., 1988; Cliver, 2014, and references therein).

Solar cycles have been numbered so that cycle number 1 starts in early 1755, and
we are currently (January 2021) experiencing the very beginning of cycle 25. As the
cycles are usually defined as the minima of the 13-month smoothed sunspot number,
the exact date of cycle onset can be ascertained no less than 6 months after.

3.1.1  Sunspot number

Sunspots are regions of lower temperature and higher magnetic flux as compared to
the surrounding areas in the Sun’s photosphere. Because of the lower temperature,
they appear darker than the surrounding regions. Earliest records of sunspots date
back over 2000 years (Clark and Stephenson, 1978), but regular observations were
commenced in the 1850s by Johann Rudolf Wolf (Friedli, 2016, and references
therein). His “relative” sunspot number (SSN) series, also known as the International
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Sunspot Number, Wolf Sunspot Number, or Ziirich Sunspot Number, is defined as

where k is the correction coefficient for the observer, N, is the number of sunspot
groups and N is the number of individual sunspots. Wolf extended the Ry record
back to 1749, and it has been obtained daily in Ziirich Observatory from 1849 to
1980 and in the Royal Observatory of Belgium in Brussels since 1981. Because of
the length of the record, SSN is usually considered as the primary indicator of solar
activity.

As the Ry series was compiled from a number of individual series of observations
using partly incomplete data and different processing techniques, there was need for
a revision of specific parts of the series as well as the complete series (e.g., Clette
et al., 2014, and references therein). Using a large number of observations that were
not included in the construction of Ry, especially in the time before the 1850s, Hoyt
and Schatten (1998a,b) constructed the new Group Sunspot Number series, averaging
the number of sunspot groups observed by different observers, i.e.,

12.08 ¥
=N Y kiNg, 2
i=1

Rg
where N is the number of observers, k; is the correction coefficient for the observer
i, Ny ; is the number of sunspot groups recorded by observer i and 12.08 is a scaling
factor which made the averages of Rg and Ry equal for the time between 1874 and
1976. The new Rg series extended from 1610 to 1995 (although not completely
uniformly in time), and was considered by many to be a more reliable record of
solar activity. Rg agreed with Ry quite well between 1880 and 1995, but there was a
significant disagreement before 1880, leading to some confusion in the community as
having to choose between the two series. In addition, even after the significant effort
of Hoyt and Schatten (1998a,b), need for new corrections and revisions were found
(e.g., Leussu et al., 2013; Svalgaard, 2013), and more previously lost observations
were uncovered (e.g., Vaquero et al., 2007; Arlt, 2008; Vaquero et al., 2011); a
reliable revision of the sunspot number series was therefore needed. To answer
this need, new versions of the International Sunspot Number (Clette et al., 2014;
Clette and Lefevre, 2016) and the Group Sunspot Number (Vaquero et al., 2016)
were constructed in the framework of a series of Sunspot Number workshops (Clette
et al., 2016).

The top panel in Figure 1 shows the daily values of the new International Sunspot
Number, SNZ, (in grey) and the smoothed values (in green) for the period between
1960 and 2020. Here, as well as in the other panels in Figure 1, the smoothing has

2 Data downloaded on 2020-11-16 from http://sidc.be/silso/datafiles/
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Solar activity

been performed with a Gaussian filter with full width at half maximum (FWHM) of
13 months (more precisely, 395 days). In order to show the smoothed time series
until the edges of data, each time series has been padded with constant values equal
to the edgemost values in each end of the series.

Sunspot number series, as the longest directly observed measure of the solar
activity, plays a very important role in understanding the evolution of Sun’s magnetic
processes and their influence on Earth and its climate, as well as the interplanetary
space.

3.1.2 Other measures of solar activity

Along with the sunspot number, one of the most widely used indices of solar activity
is the 10.7 cm solar radio flux (F107) (Tapping and Detracey, 1990; Tapping, 2013).
F1o.7 is measured over the whole solar disk in a 100 MHz band centered on 2.8 GHz
(10.7 cm) and given in solar flux units (sfu), where 1sfu = 10-10722Wm2Hz ..
Daily Fjp.7 measurements have been made since 1947 using ground-level facilities
in Canada. Fjp7 consists of at least two sources of flux: thermal free-free emission
from coronal plasma, and gyromagnetic emission from active regions. In addition
to being an indicator of solar activity, it can be used as a proxy for other indices of
solar activity. The second panel from the top in Figure 1 shows the time evolution of
Fio7°. Similarly to the sunspot number plot, daily values are shown in grey and 13-
month Gaussian smoothed values in green. When the flux was measured more than
once per day, the measurement closest to noon was selected. As can be seen, Fig7
is highly correlated with the sunspot number, although their relationship is known to
be slightly nonlinear (Holland and Vaughan, 1984; Tapping and Morgan, 2017).
Total solar irradiance (TSI) is the total solar radiative power per unit area. It has
been measured continuously with various space-based instruments since late 1978,
although with significantly differing absolute accuracy (e.g., Frohlich, 2012). Three
composites that are commonly used have been constructed from these measurements:
ACRIM (Willson, 1997), PMOD (Frohlich and Lean, 1998) and IRMB (Dewitte
et al., 2004). Recently, to overcome the issues of different amplitudes and trends
of these composites, there has been an effort to build a “Community Consensus”
composite, using a traceable probabilistic approach (Dudok de Wit et al., 2017). In
addition to being a measure of solar activity, total solar irradiance (TSI) is a measure
of the total external radiative forcing of Earth’s climate and thus an important param-
eter in climate studies (Solanki et al., 2013). The Community Consensus composite4
and its 13-month Gaussian smoothed values are shown in the third panel from the top

3 Data downloaded on 2020-11-16 from
https://lasp.colorado.edu/lisird/data/penticton_radio_flux/
4 Data downloaded on 2020-11-16 from https://spot.colorado.edu/~koppg/TSI/
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Figure 1. Various measures of solar activity. From top to bottom: international sunspot number Sy,
10.7 cm radio flux (Fjg.7), total solar irradiance (TSI), polar magnetic field (PMF) strength and relative
cosmic ray counts. In each panel except the PMF, grey line shows the daily values. In case of the PMF,
the grey line shows the 30-day average for every 10 days. In all panels, the coloured line shows the
13-month Gaussian smoothed daily/30-day values. In the TSI panel the darker lines (between the dashed
vertical lines) show the “Community Consensus” composite, and the lighter lines (outside the dashed
lines) show the NRLTSI2 model. See the text for more details and the sources of data.
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in Figure 1 for the time period between 1979-1-1 and 2018-12-31 (distinguished
with the dashed vertical lines). Outside this time interval, shown in lighter colours, is
the NRLTSI2> model (Coddington et al., 2016). Like Fj¢7, TSI follows the general
shape of the sunspot number time series, but with a slightly weaker correlation.

Solar polar fields have been found to have a dominant influence over the helio-
sphere and the solar cycle (e.g., Svalgaard et al., 1978). Most of the polar magnetic
flux is open, and therefore it is the main source of the interplanetary magnetic field
(IMF; Petrie et al., 2014; Petrie, 2015, and references therein). The open flux appears
as coronal holes, which dominate the large-scale structure of the corona over a large
part of the magnetic cycle. The bottom panel of Figure 1 shows the polar magnetic
field (PMF) flux densi‘[y6 measured at the Wilcox Solar Observatory (Scherrer et al.,
1977). Unlike in the other panels, here the grey lines show the 30-day averages every
10 days, and the coloured lines show their 13-month Gaussian smoothed values. The
oscillation seen in the grey lines is caused by yearly projection effects, which disap-
pear in the smoothed values. The absolute values of the PMFs are strongest around
the solar activity minima, and their polarities change near the activity maxima.

The structure of the IMF is directly related to the modulation of GCRs. Since
the 1950s, cosmic rays have been routinely observed using ground level NM (Shea
and Smart, 2000). The bottom panel in Figure 1 shows the relative cosmic ray
count rate of the Oulu NM, daily values in grey and 13-month Gaussian smoothed
values in green. The solar modulation of GCRs is seen as anticorrelation of the
NM count rate and sunspot numbers, i.e., fewer cosmic rays are able to reach the
inner heliosphere when the solar activity is higher, and vice versa. Another clear
feature that distinguishes CR counts from the previous solar activity indices is the
alternation of flatter, plateau-like and sharper, peak-like maxima. This “even-odd”
effect (referring to the cycle numbers; Webber and Lockwood, 1988; Van Allen,
2000; Usoskin et al., 2001) is caused by the drift effects of the cosmic rays (e.g.,
Jokipii et al., 1977; Ferreira and Potgieter, 2004) during the 22-year Hale cycle.

3.1.3 Characteristics of solar cycles

Solar cycles vary significantly in duration, shape, and amplitude. Figure 2 shows
the 13-month Gaussian smoothed monthly sunspot number Sx® as a function of time
after the cycle onset for all cycles 1-24, i.e., between 1755 and November 2020. The
cycle onsets are defined as the center of the month of each minima in the smoothed

5 Data downloaded on 2020-11-16 from
https://lasp.colorado.edu/lisird/data/nrl2_tsi_P1D/

6 Data downloaded on 2020-11-16 from http://wso.stanford.edu/Polar.html

Data downloaded on 2020-11-16 from http://www01l.nmdb.eu/nest/

8 Data downloaded on 2020-11-16 from http://sidc.be/silso/datafiles/

N
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sunspot numbers. Since the smoothing filter requires 17 datapoints on both sides of
the centerpoint, it is impossible to have a definite determination of the end of cycle
24 (onset of cycle 25) until at least 17 months after the true minimum. The smoothed
Sn time series of cycle 24 was continued until December 2019 by replicating the last
value of the Sy series (October 2020), and cycle 24 was assumed to end in December
2019. The average duration of cycles 1-24 as defined using the Gaussian smoothed
monthly Sy is 11.02 years, so the “11-year” cycle turns out to be a very precise
definition. The range of variability in the cycle duration is almost 5 years, since the
shortest cycle (3) lasted for only 8.9 years, and longest one (4) for 13.8 years.

The variability of the shape of the sunspot cycle is evident from Figure 2. Some
cycles have a sharp peak, such as cycles 3 and 11, while some cycles are more
plateau-like, such as cycles 7 and 14. Some cycles exhibit a double-peak structure,
reported originally by Gnevyshev (1963) using observations of the coronal line at
5303 A. This structure is seen most clearly in sunspot cycles 22-24. In most cycles
the overall shape is skewed to the right, so that the rise time from cycle onset to the
maximum is shorter than the decay time from the maximum to the next minimum.
Clear exceptions to this are cycles 1, 5, and 7. Cycle 3 has the shortest rise time, 3.0
years, while cycle 7 has the longest, 6.8 years. There is a tendency for cycles with
a short rise time to have a high maximum sunspot number, such as cycles 3, 4, 8,
and 19, as well as for cycles with longer rise time to have a low maximum, such as
cycles 5, 12, and 24; this inverse proportionality is known as the Waldmeier effect
(Waldmeier, 1935). Another well-known property that can also be seen in the Figure
is the Gnevyshev-Ohl-rule, which states that the sum (or the integral) of the sunspot
numbers of an even-numbered cycle tends, with some exceptions, to be smaller than
the sum of the sunspot numbers of the following odd-numbered cycle (Gnevyshev
and Ohl, 1948; Mursula et al., 2001; Nagovitsyn et al., 2009).

Figure 3 shows the sunspot numbers of solar cycles 1-24 overlaid, with time
normalised according to

ts — 11 . t_tOI’lSCt ’ (3)

fend — Lonset

to better illustrate the overall shape of the sunspot cycle. Individual cycles are marked
with dashed lines, with blue representing even-numbered cycles and red representing
odd-numbered cycles. In addition, the colours are tinted in such a way that the lines
with the lightest colour show the oldest cycles, and vice versa. The average of all
solar cycles is shown in black; it has a minimum Sy of 11 and a maximum of 158
at 3.94 years after the onset. The average curves for even and odd cycles are shown
with the solid blue and red lines, respectively. The averages are different, but as the
range of variability of individual cycles is so large, it should not be taken as evidence
of difference between even and odd cycles. The average durations of even and odd
cycles are 11.09 and 10.95, respectively.
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Figure 2. 13-month Gaussian smoothed monthly sunspot number as a function of time after the cycle
minimum for solar cycles 1-24.
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Solar activity also exhibits systematic variability on longer, multi-cycle time-
scales. The knowledge of historical solar activity can be extended beyond the sunspot
record using indirect proxies such as tree ring records of radiocarbon “C (den-
drochronology) or concentration of '°Be in ice cores (Usoskin, 2017, and references
therein). One of the defining aspects of long-term variability is the appearance
of grand minima and maxima. A well-known example is the Maunder minimum,
occurring in the latter half of the 17th century (Sporer, 1889; Maunder, 1890; Eddy,
1976), when sunspots were almost completely absent. Based on radiocarbon records
and the increase of the long-term average of the sunspot numbers since the Maunder
minimum, the 20th century has been often quoted as the so-called Modern maximum
(e.g., Eddy, 1977; Usoskin et al., 2007); however, the increasing trend is considerably
smaller in the recalibrated sunspot numbers (Clette et al., 2014). In addition to the
11-year Schwabe and 22-year Hale cycles, several periodicities have been suggested
in the sunspot and proxy records, such as the Gleissberg cycle, with period around
80 years (Gleissberg, 1939), the ~210 years Suess (or de Vries) cycle (Suess, 1980),
the Millenial (or Eddy) cycle (e.g., Sonett and Finney, 1990), and the 2400-year
Hallstatt cycle (e.g., Damon and Linick, 1986). However, many studies indicate that
the solar activity is not determined by a deterministic, multi-periodic process, but
rather by stochastic or chaotic processes (e.g., Feynman and Gabriel, 1990; Usoskin
et al., 2007; Képyla et al., 2016).

3.1.4 Solar cycle prediction

Accurate knowledge about the level of solar activity would be extremely valuable for
planning long-term space missions (Petrovay, 2020). Predictions of sunspot cycles
were made already before the space age (e.g., Kimura, 1913; Waldmeier, 1936;
Stewart and Eggleston, 1939; McNish and Lincoln, 1949). The early predictions
were based purely on statistical properties of sunspot number cycles themselves,
but during the 1960s and 1970s, prediction techniques based on precursors, such
as geomagnetic conditions (Ohl, 1966; Ohl and Ohl, 1979), and polar magnetic con-
ditions (Schatten et al., 1978; Schatten and Hedin, 1984), were developed. Precursor
methods were found to outperform the statistical prediction methods (e.g., Sargent,
1978; Withbroe, 1989), and have been used extensively ever since (e.g., Thompson,
1993; Joselyn et al., 1997; Wang and Sheeley, 2009; Muiioz-Jaramillo et al., 2013).
Prediction methods based on the physics-based models of solar dynamo form
another major category of solar cycle predictions. The first such studies were made
by Dikpati et al. (2006) and Choudhuri et al. (2007), with predictions for maximum
of cycle 24 differing by almost a factor of two; in retrospect, the result of Dikpati et al.
proved to be far too high, whereas the result of Choudhuri et al. proved to be only
slightly low. Further development in the modelling techniques have been achieved by,
e.g., Yeates and Muifioz-Jaramillo (2013); Cameron and Schiissler (2017); Labonville
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Figure 3. 13-month Gaussian smoothed monthly sunspot number as a function of time after the cycle
minimum. Each cycle is normalised to have a duration of 11 years (see text for details). Individual cycles
are shown with dashed lines; even-numbered cycles in blue, and odd-numbered in red. The tint of the
colours change as a function of cycle number, with lightest red line showing cycle 1 and darkest blue
line showing cycle 24. The averages of even-numbered, odd-numbered and all cycles are shown in solid
blue, red and black, respectively.

et al. (2019), but the accuracy of their predictive cababilities cannot be established
before the maximum of cycle 25 has been passed. The predictive power of dynamo
models has, however, been criticised by, e.g., Bushby and Tobias (2007), who claim
that due to the chaotic nature of the solar dynamo, it is impossible to get meaningful
predictions even of the following solar cycle. In any case, whichever method is used,
making predictions of a cycle before the previous cycle is near its end, is extremely
difficult.

Since we have most probably passed the end of solar cycle 24, it is interesting
to look at predictions of cycle 24 in retrospect. Pesnell (2008, 2012) made a com-
prehensive summary study of predictions for cycle 24, dividing them into categories
according to the prediction technique. The average value of all 75 predictions for
the maximum of smoothed sunspot number listed in his study is 113+32, while
the true value was 109, as taken from the Gaussian filtered series, or 116, as taken
from the 13-month-smoothed series’. Perhaps surprisingly, the prediction technique
category whose average value was closest to the Gaussian filtered true value was

9 Data downloaded on 2020-11-16 from http://sidc.be/silso/datafiles/
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“climatology”, i.e., the statistical techniques. The range of predictions in this cate-
gory, however, was the largest in the study (40-185). Of the individual predictions
that were very close to the Gaussian filtered true value, three were statistical, two
were classified as spectral, which also would fall in the statistical category in the
sense that they do not use precursors or physical modelling, one was based on neural
networks and one on precursors. The maximum sunspot value was reached in March
2014, 2—4 years later than majority of the timing predictions; only three individual
predictions were able to arrive within ~1 year of the true time. The wide range of
different predicted amplitudes and the inaccurate predictions of time of maximum
show that despite the sunspot time series covering centuries, direct observations
of physical properties of the Sun covering several full solar cycles, and modern
computing resources capable of data processing and detailed modelling, we are still
unable to accurately predict the overall activity of the sun.

3.2 Flare, CME and SEP activity

Solar flares and CMESs, which together can be referred to as solar eruptions, are
the main drivers of solar energetic particle events (e.g., Reames, 2013; Klein and
Dalla, 2017). These eruptions originate from complex centers of magnetic activity
known as active regions (AR; van Driel-Gesztelyi and Green, 2015; Toriumi and
Wang, 2019), where the highest concentration of magnetic fields are seen as sunspots.
Therefore, the occurrence rates of solar eruptions and SEP events follow the overall
level of the sunspot cycle (e.g., Webb and Howard, 1994; Bazilevskaya et al., 2014;
Hathaway, 2015), but major events may still occur near or during the solar minimum
(e.g., Garcia and Dryer, 1987; Shea and Smart, 1990; Hudson, 2007).

The occurrence of flares, CMEs and solar energetic particle events during the last
four solar cycles is shown in the top three panels of Figure 4, respectively. As an indi-
cator of the overall solar activity level, the bottom panel shows the monthly sunspot
number Sy for the same time period. In the top panel the blue histogram shows the
monthly number of >C-class!? X-ray flares observed in the 0.1-0.8 nm band by the
GOES sensors!! (Garcia, 1994), and the red histogram shows the monthly number
of >M-class flares. The darker blue and red lines show the Gaussian smoothing with
FWHM of 13 months. Flare activity shows large variation during the course of the
solar cycles, with the difference in the number of flares during successive months as

10 X-ray flares are traditionally assigned a class according to the order of magnitude of their peak flux
as measured in Wm 2, as follows: A (< 10~7), B (10~7), C (10~%), M (1072), and X (> 10~%).
For a more precise notation, significance can be given with the class; for example, an M5.2 flare
corresponds to a flare with peak flux of 5.2-107> Wm ™2,

11 Data downloaded on 2020-11-16 from
https://www.ngdc.noaa.gov/stp/space-weather/solar-data/
solar—features/solar-flares/x—-rays/goes/xrs/
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large as 207. The double-peaked structure of the cycles is visible in the smoothed
dataset, even more clearly than in the Sy series. However, in case of the flares, the
second peak is higher in all four cycles, whereas for the Sy the second peak is higher
only in the last two cycles. Similarly to the Sy series, an overall pattern of declining
cycle amplitudes is seen. However, the total number of flares per cycle does not
decrease, since cycle 23 had a slightly larger number of flares than cycle 22.

The second panel in Figure 4 shows the monthly number of CMEs in the Au-
tomatic Recognition of Transient Events and Marseille Inventory from Synoptic
maps (ARTEMIS) catalogue12 (Boursier et al., 2009; Floyd et al., 2013), based
on observations by the Large Angle and Spectrometric Coronagraph experiment
(LASCO) (Brueckner et al., 1995) onboard the SOHO. The blue histogram and
smoothed line show all CMEs with a velocity estimate in the ARTEMIS catalogue
(herafter simply referred to as all CMEs), and red histogram and smoothed line
show the CMEs with a velocity estimate greater than 500kms~!. Note the gap in
observations in the latter half of 1998 due to loss of contact with SOHO. Similarly to
flares, the CME occurrence shows large month-to-month variation, especially near
the cycle maxima. The two-peak structure is also visible in the CMEs, again with
the later peak being higher in both cycles. Perhaps the most interesting feature
of the CME occurrence is that unlike flares, large solar particle events, sunspot
numbers and other measures of solar activity (see also Figure 1), cycle 24 does not
show significantly lower numbers compared to the previous cycles. The smoothed
monthly CME occurrence even peaks slightly higher during cycle 24. This apparent
overabundance of CMEs, as well as other peculiarities of cycle 24, will be examined
in more detail in Section 4.1.

The annual number of solar energetic particle events during 1976-2019 is shown
in the third panel in Figure 4. The SEP events, shown in blue, have been defined
using the proton channel 2 (7.23-10.46 MeV) of the SEPEM RDS version 3.0 13,
The event criterion was the same as in Jiggens et al. (2012, 2018a), i.e., the channel
flux had to exceed 0.01 cm~2sr~ s~ MeV~! continuously for at least 24 hours, the
maximum flux during the event had to exceed 0.5cm2sr~!'s~!MeV~!, and events
starting within 24 hours after the end of the preceding event were combined. In
addition, the annual number of GLE events is shown in red. The SEP event rate
is highly variable, but follows the overall shape of the solar cycle. Noteworthy
features of SEP occurrence are the low number of events during cycle 21 compared
to the number of flares, presence of events during the cycle 21-22 minima (around
1985-1986), and the pronounced additional “peak” during the descending phase of
cycle 23 in 2004-2005. However, it should be noted that the event definition cannot

12 Data downloaded on 2020-11-16 from http://idoc-lasco.ias.u-psud.fr/
sitools/client-user/index.html?project=ARTEMIS_Catalog
13 Data received on 2020-12-01 from D. Heynderickx.
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Figure 5. Correlations of the occurrence of flares, CMEs, SEP events and the sunspot number. Top left:
monthly number of flares vs. monthly sunspot number; top right: monthly number of CMEs vs. monthly
sunspot number; bottom left: annual number of SEP events vs. annual sunspot number; bottom right:
monthly number of CMEs vs. monthly number of flares. The regression lines and equations, as well as
the Pearson correlation coefficients are given in each panel.

separate consecutive events if the flux does not drop below the threshold between
them; therefore, the number of events may be too low for time periods when there
have been active regions capable of producing multiple eruptions.

Figure 5 shows the correlation of the occurrence of flares (top left), CMEs (top
right) and SEP events (bottom left) with the sunspot number, and the correlation
of the occurrence of CMEs with the occurrence of flares (bottom right). Linear
regression lines, their equations, and Pearson correlation coefficients are given in
each panel. In each panel, the correlations are significant (p < 0.05), which is not
surprising given the physical connections between the phenomena. However, even
with significant correlations, there is very large scatter around the linear relationships,
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especially for flares and SEP events vs. the sunspot number. Therefore, it is not pos-
sible to accurately predict one quantity using only it’s linear relationship to another
quantity.
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4 Comparison of solar cycles 23 and 24

The recent apparent change in the level of solar activity has been a subject of inten-
sive research since the end of solar cycle 23. Numerous studies have contrasted the
extremely deep activity minimum and the reduced activity of cycle 24 with the previ-
ous cycle(s) (e.g., McComas et al., 2008, 2013; Clette and Lefevre, 2012; Richardson
and Cane, 2012; Mewaldt et al., 2015; Paassilta et al., 2017; Article I; Article II). In
Section 4.1 we present an overview of flare, CME and SEP observations, revisiting
and confirming some of the main results of Articles I and II with updated data
covering the full cycle 24. Then, in Section 4.2, we use the methods presented in
Articles III and IV to develop statistical SEP models individually for the two cycles,
and compare the cycles using their results.

41 QObservations

As seen in the previous Chapter, the level of solar activity varies significantly from cy-
cle to cycle. In general, the recent few solar cycles have shown a trend of decreasing
activity, culminating in the quiet solar cycle 24 after a peculiarly deep and extended
activity minimum of 2008-2009. During the minimum, sunspot numbers fell to the
lowest level in about 100 years: the 13-month Gaussian smoothed SN was 3.4 in
December 2008, and the previous time when the smoothed Sy dropped below 5 was
during the cycle 14-15 minimum in May 1913. The number of spotless days was
also the highest since that same period (Clette and Leféevre, 2012). Polar magnetic
fields were weaker by 40 % in the 23—24 minimum than in the three previous min-
ima (Wang et al., 2009), and a consistent weakening was seen in the interplanetary
magnetic field (Smith and Balogh, 2008; Lee et al., 2009). The fast solar wind was
less dense and had lower temperature and less mass flux and momentum flux than
during the previous minimum (McComas et al., 2008). Geomagnetic storm activity
was at the lowest level since at least 1932 (Richardson and Cane, 2012). In addition,
galactic cosmic rays were at highest levels measured during the space age (Mewaldt
et al., 2010; Oh et al., 2013).

Following the extremely quiet minimum, solar cycle 24 also turned out to be very
quiet in most aspects. As can be seen from Figure 1, sunspot numbers and 10.7 cm
radio flux have stayed at low levels throughout cycle 24, and cosmic ray count rates
have stayed high troughout the cycle. Solar wind properties, such as temperature,
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thermal pressure and mass, momentum and energy fluxes, as well as the magnitude
of the IMF were also still significantly lower during the active phase than in previous
cycles (McComas et al., 2013; Zerbo and Richardson, 2015). Geomagnetic activ-
ity was extremely quiet during the ascending and early descending parts of cycle
24 (Richardson, 2013; Rawat et al., 2018); however, the number of CMEs, which
are the main origin of large geomagnetic disturbances (e.g., Gonzalez et al., 1999;
Richardson et al., 2001), has not been lower during solar cycle 24 (Gopalswamy
et al., 2014; Compagnino et al., 2017; Lamy et al., 2019). The number of SEP events
has been lower in cycle 24 as compared to previous cycles, and the difference is even
larger in higher energies (Mewaldt et al., 2015; Richardson et al., 2017; Paassilta
et al., 2017). In this section we take a look into some of these observed changes
between the cycles, especially in their relation to solar energetic particles and space
weather.

41.1 Flares and CMEs

The top panel in Figure 6 presents a comparison of the number of >C-class flares and
the sunspot number during cycles 23 and 24. The figure is based on the same GOES
X-ray dataset as Figures 4 and 5. Here, blue and red histograms show the monthly
number of flares, and the grey filled area shows the monthly average sunspot number.
The cumulative values of the number of flares in cycles 23 and 24 and the monthly
sunspot number have been divided by 1000, and are shown with the blue, red and
grey curves, respectively. Onset times of the cycles are defined as the middle of the
month of minimum in Gaussian smoothed Sy and are given in Table 1 for cycles
21-25. Flares have similar behaviour to the sunspot number: the cycle 24 to 23 ratio
is 0.59 for the total number of flares and 0.53 for the total number of Sy. The total
numbers of flares in cycles 21 and 22 are indicated in the figure with grey markers
and are 12 % above and 0.5 % below the cycle 23 totals, respectively.

The bottom panels in Figure 6 show the correlations of the monthly number of
>C-class flares (left) and >M-class flares (right) vs. the monthly average sunspot
number. Again, solar cycle 23 is shown in blue and cycle 24 in red, and the correla-
tion coefficients and linear regression lines along with their equations are shown in
the figure. For both >C-class and >M-class flares, the linear relationship with Sy
is steeper for cycle 24, and the difference in slopes is significant for >C-class flares
but not significant for >M-class flares. In addition, the linear fits to cycle 21 and
22 data are shown with grey dashed and continuous lines. For >C-class flares their
slopes are slightly less steep than that of cycle 23, but for >M-class flares they are
significantly steeper than that of cycle 24. Correlations are statistically significant for
both >C-class and >M-class flares, and in case of >C-class flares, slightly higher
for both cycles 23 and 24 separately than for cycles 21-24 combined (Figure 5).

Curiously, CME occurrence has been nearly at the same level during cycles 23
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Figure 6. Top panel: monthly number >C-class flares during solar cycles 23 and 24 (blue and red
histograms, respectively) and the cumulative number of >C-class flares during solar cycles 23 and 24
(blue and red curves, respectively). The monthly average sunspot number and its cumulative value are
shown in grey for comparison. All cumulative values have been divided with 1000. Bottom panels:
correlation of the monthly number >C-class (left) and >M-class (right) with the monthly average sunspot
number. Blue and red lines show the linear fits to cycles 23 and 24, respectively. Linear fits to cycles 21
and 22 are shown with solid and dashed grey lines, respectively.

and 24, as seen in Figure 7. The formatting of the figure is similar to the previous
figure. In the top panel, the number of CMEs during the data gap caused by the
loss of communications with SOHO has been estimated using the linear relationship
between monthly CMEs and montly sunspot number given in Figure 5. Similar appar-
ent overabundance of CMEs during cycle 24, as compared to other solar activity, has
been reported by, e.g., Petrie (2013); Gopalswamy et al. (2015a); Lamy et al. (2019),
although there has been discussion on whether or not some of it could be explained
by inhomogenities in the detection method or observational cadence (Wang and
Colaninno, 2014; Hess and Colaninno, 2017; Michalek et al., 2019). However, CME
data in Figures 5 and 7 are based on the ARTEMIS catalogue, which does not suffer
from these effects because it is based on synoptic maps constructed from resampled
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Figure 7. Top panel: monthly number of CMEs during solar cycles 23 and 24 (blue and red histograms,
respectively) and the cumulative number of CMEs during solar cycles 23 and 24 (blue and red curves,
respectively). The monthly average sunspot number and its cuamulative value are shown in grey for
comparison. All cumulative values have been divided with 1000. Bottom panels: correlation of the
monthly number of all CMEs (left) and >500kms~! CMEs (right) with the monthly average sunspot
number. Blue and red lines show the linear fits to cycles 23 and 24, respectively.

uniform time series (Floyd et al., 2013). Lamy et al. (2019) reported a cycle 24 to 23
ratio of 0.94 for CMEs in cycle 24, including all CMEs before 28 September 2018,
whereas in Figure 7 the ratio is 0.97, including all CMEs with a mass estimate until
the end of 2019. However, they noted that the CME mass rate is in better agreement
with Sy and other activity indices during both cycles than the occurrence rate.

The relationship of CMEs and Sy is much more different between cycles 23
and 24 than that of flares and Sy, as can be seen in the bottom panels in Figure 7.
The difference in slopes is significant for all CMEs and >500kms~! CMEs, and
the higher offset of cycle 24 makes the populations even more distinct. Again, the
correlations are slightly higher for the cycles separately than combined. Anomalous
behaviour of CMEs during cycle 24 has been discussed by Gopalswamy et al. (2014,
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Table 1. Onset time, sunspot number at onset, time of cycle maximum and sunspot number at maximum
for cycles 21-25, based on the 13-month Gaussian smoothed monthly average sunspot numbers.

Cycle Onsettime Sy atonset Time of maximum Maximum Sy

21 1976-05 20.0 1980-01 2239
22 198605 15.9 1989-10 206.2
23 1996-06 13.1 2001-11 174.3
24 2008-12 34 2014-03 108.9
25 2019-12 33

2015a,b) and Dagnew et al. (2020), who reported that CMEs have been significantly
wider, resulting in increased fraction of halo CMEs as compared to cycle 23. They
account their findings to reduced total pressure near the Sun, which allows for easier
expansion of the CMEs. The increased expansion causes the magnetic fields of the
CMEs to dilute, which would explain the reduced geoeffectiveness (Gopalswamy
et al., 2014).

4.1.2 Solar energetic particles

Figure 8 compares the number of SEP events and the sunspot number during cycles
23 and 24. The dark blue and red histograms in the top panel show the annual
number of the 7.23-10.46 MeV SEP events for cycles 23 and 24, based on the
SEPEM RDS3, similarly to the third panel in Figure 4. In addition, the light blue
and yellow histograms show the annual number of 55-80 MeV SEP events measured
by the Energetic and Relativistic Nuclei and Electron experiment (ERNE) instrument
(Torsti et al., 1995) onboard the SOHO satellite. The event list is described in full
detail in (Vainio et al., 2013; Paassilta et al., 2017)14, and has since been extended
until the end of 2019. Although the energy at which the events have been defined is
higher than for the SEPEM RDS3 events, the SOHO/ERNE list contains more events,
for two main reasons: ERNE’s High Energy Detector (HED) is considerably larger
than the GOES/Energetic Particle Sensor (EPS) on which the SEPEM RDS3 data
is based, allowing the detection of smaller events, and rather than using a threshold
criterion, the events are defined with a Poisson-CUSUM method that detects event
onsets from a variable background level (Huttunen-Heikinmaa et al., 2005). Both
datasets show that cycle 24 produced a smaller number of SEP events than cycle 23:
the ratio of cycle 24 to 23 was 0.61 for 7.23-10.46 MeV (80 events during cycle 23

14 The event list has been released as part of the UTU/SRL tool package at the Space Radiation
Expert Service Centre (R-ESC) under ESA’s Space Weather Service Network. The full event
catalogue can be found online at https://swe.ssa.esa.int/utu-srl-federated.
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Figure 8. Top panel: Annual number of SEP events during solar cycles 23 (dark blue and light blue
histograms for RDS3 events and ERNE events, respectively) and 24 (red and yellow histograms for RDS3
and ERNE events, respectively) and the corresponding cumulative values. The monthly average sunspot
number (divided by 10) and its cumulative value (divided by 100) are shown in grey for comparison.
Bottom panels: correlation of annual SEP events in RDS3 (left) and ERNE (right) with the annual
average sunspot number. The linear fits for cycles 23 and 24 are shown with lines with the same colours
as in the top panel. In addition, the linear fits for cycles 21 and 22 are shown in the left panel with solid
and dashed grey lines, respectively.

and 49 during cycle 24) and 0.59 for 55-80 MeV (114, and 67 events, respectively).
However, as shown by the grey markers in Figure 8, the total number of RDS3 events
in cycles 21 and 22 were both below cycle 23, and cycle 21 was even below cycle
24, so in regard to the low energy SEP event occurrence, cycle 24 was perhaps not
especially unique during the space era. On the other hand, only two GLEs occurred
during cycle 24, whereas there were 12, 15 and 16 GLEs in cycles 21, 22 and 23,
respectively (e.g., Bazilevskaya et al., 2014; Miroshnichenko, 2018), so the activity
at higher energies clearly seems to be suppressed.

The bottom panels in Figure 8 show the relationship of the annual number of
7.23-10.46 MeV SEP events (left) and 55-80 MeV SEP events (right) with the an-
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Figure 9. Top panel: annual number of Fe-rich days during solar cycles 23 (dark blue and light blue
histograms for 5-15MeV n~! and 50-100 MeV n~!, respectively) and 24 (red and yellow histograms
for 5-15MeVn~! and 50-100 MeV n~!, respectively), and the corresponding cumulative values. The
monthly average sunspot number (divided by 10) and its cumulative value (divided by 100) are shown
in grey for comparison. Bottom panels: correlation of annual Fe-rich days in 5-15MeVn~! (left) and
50-100MeVn~! (right) with the annual average sunspot number. The linear fits for cycles 23 and 24
are shown with lines with the same colours as in the top panel.

nual average sunspot number. Cycles 23 and 24 are shown in the left panel in dark
blue and red, respectively, and in the right panel in light blue and yellow, respectively.
Correlation coefficients and linear fits along with their equations are also shown.
For the 7.23-10.46 MeV events, the linear fits for cycles 21 and 22 are also shown
with the solid and dashed lines, respectively. For both energies, the correlations are
statistically significant. Again, the slope for cycle 24 is steeper for both energies,
although the differences are not statistically significant. A noteworthy feature is the
almost flat slope for cycle 21, showing nearly no dependence between event rate and
sunspot number.

Figure 9 shows the annual number of Fe-rich days observed by SOHO/ERNE
with the Low Energy Detector (LED) instrument at 5—-15MeVn~! during cycles 23
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and 24 (dark blue and red histograms, respectively), extending the data shown in
Figure 4 of Article I until the end of 2019. All values are multiplied with a correction
factor to account for the time ERNE detectors have been offline. Here Fe-rich means
that the daily Fe/(C+O)-ratio is higher than 0.183, i.e., at least twice the value in
gradual solar energetic particle events reported by Reames (1995). A minimum of 2
daily counts of each ion species C, O and Fe is required; this ensures that the relative
statistical error of the ratio is not too large, as well as serves as a threshold for exclud-
ing days where no SEP activity is detected above the GCR background. In addition,
the annual number of Fe-rich days observed at 50—100 MeV n~! is shown with light
blue and yellow histograms for cycles 23 and 24, respectively. The threshold for the
Fe/(C+O)-ratio is the same as for 5-15MeVn~!, but since the higher energies are
observed with ERNE’s considerably larger HED, the requirement for daily counts
for each ion species is increased to 8, which again provides a reasonable background
threshold.

As the peak of cycle 24 was already covered in the dataset of Article I, only two
additional Fe-rich days were found. In total, 96 Fe-rich days were observed in cycle
23 and 32 in cycle 24 in the 5-15MeVn~! energy range, resulting in cycle 24 to 23
ratio of 0.41 when the correction for the measurement time is taken into account. In
the 50-100 MeV n~! energy range the total number of observed Fe-rich days during
the two cycles were 15 and 7, resulting in 24/23 ratio of 0.48. Although the ratio
is slightly higher at higher energy, the statistical uncertainties are too high to draw
any conclusions about energy differences between cycles. These ratios are smaller,
but still comparable to the 24/23 ratio of sunspots, 0.53, meaning that the heavy
ion acceleration efficiency has decreased about similarly to the overall activity level.
Like in the previous figures, the bottom panels in Figure 9 show the relationship of
the annual number of Fe-rich days with the annual average sunspot number. In the
5-15MeVn~! range (left panel) there is no discernible difference between the solar
cycles. In the 50-100 MeV n~! range the slopes for the two cycles are different, but
again, the number of events is too low to make any definite conclusions.

The two Fe-rich days that occurred after the end of the period studied in Article
I were related to rather small SEP events. The first one, occurring on 2015-09-20,
was observed by ERNE with proton energies above 55MeV and associated with
a M2.1 flare at S20W24 and a 1239 kms~' halo CME (Paassilta et al., 2017). The
second one occurred on 2016—07-20 and was only observed at the low energy proton
channels of ERNE but not above 55 MeV, and thus was not included in Paassilta et al.
(2017). The most probable solar event associations are a C4.6 flare at NOSW41 and
a 426kms~! CME of 52° width. Their event-integrated 5—15MeVn~! Fe/C-ratios
are 0.29 £0.16 and 1.68 £0.72, respectively. Figure 6 in Article I shows the Fe/C
ratios of all events in the study as functions of flare longitude, flare peak flux, CME
speed and CME width; the former of the new events would fit along well with the
other cycle 24 events, but the latter one, with its rather high Fe/C, weak flare and
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Figure 10. Cumulative integral solar energetic proton fluences as functions of time after cycle onset
at three energies: >10MeV (short-dashed lines), >100 MeV (long-dashed lines) and >433 MeV (solid
lines). Blue lines show solar cycle 23, red lines show cycle 24, and grey lines show the average of cycles
21 and 22.

slow and narrow CME, would be an outlier among other cycle 24 events. One of the
conclusions of Article I was that events with impulsive characteristics were almost
completely absent from cycle 24, but the latter one of the new events would fall into
that category. However, one impulsive-like event does not change the conclusion that
there has been a significant lack of impulsive-like events during cycle 24. In total,
the cycle 24 to 23 ratios in the number of SEP events with enhanced abundances of
Fe are 0.35 at 5-15MeVn~! and 0.50 at 50-100 MeVn~!. The general conclusion
of Article I that the efficiency of particle accerelation processes was significantly
weakened during cycle 24 can be thus confirmed with measurements covering the
cycle completely.

Figure 10 shows the cumulative integral SEP fluences at >10MeV (short-dashed
lines), >100MeV (long-dashed lines) and >433 MeV (solid lines) as functions of
time after cycle onset. Solar cycle 23 is shown in blue, cycle 24 in red and the
average of cycles 21 and 22 in grey. The fluences are calculated using a dataset of
sub-GLE and GLE fluences observed with IMP-8 (McGuire et al., 1986) and GOES
(Onsager et al., 1996) as well as ground-based neutron monitors (e.g., Shea and
Smart, 2000; Mavromichalaki et al., 2011), and fitted with double power law Band
functions (Band et al., 1993). The analysis method and fitting are explained in Tylka
and Dietrich (2009) and Article III. Here sub-GLE means SEP events with particles
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accelerated to energies of hundreds of MeVs, which are observed with space-borne
instruments, but do not cause statistically significant signal in ground level neutron
monitors'>. The events and their spectral parameters are listed in Tables A.1 and
A.2 of Article II and Tables 2 and 3 of Article III. To get the spectral parameters for
GLE 72, occurring on September 10, 2017 (Mishev et al., 2018), we integrated the
differential fluence spectrum given in Jiggens et al. (2019), and made a Band fit to
the integrated spectrum.

Figure 3 of Article II shows a fluence comparison of cycle 23 and the first 8 years
of cycle 24 at >1 GV rigitidy, which for protons equals 433 MeV. Figure 10 extends
the comparison to cover the whole of both cycles and shows two additional energies.
The only event added after the 8 years covered in Article II was GLE 72, which did
not have a huge effect in the total cycle fluence. The cycle 24 to 23 ratios for integral
fluences at the three energies >10MeV, >100MeV and >433 MeV are 0.12, 0.12
and 0.13, respectively. Mewaldt et al. (2015) showed a similar comparison (their
Figure 2), based on integral GOES observations. For the first 5.8 years of the cycles,
they reported cycle 24 to 23 ratios of 0.23 and 0.16 for >10MeV and >100MeV
energies, respectively, whereas our corresponding ratios after 5.8 years were 0.14
and 0.15. In an updated study, Mewaldt et al. (2017) reported cycle 24 to 23 ratios
of 0.17 and 0.11 at >10MeV and >100MeV, respectively, 8 years after the cycle
onsets. Our corresponding ratios after 8 years were 0.11 and 0.12. Our results differ
from those of Mewaldt et al. (2015, 2017) more at >10MeV, which may result from
event selection: some events may have high observed fluence at low energies but no
discernible signal at higher energies, and thus would not be observed as a (sub-)GLE.
The same reason may be why the cycle difference is not larger at higher energies in
our study, although an energy dependence would be expected from, e.g., the much
larger decrease in the number of GLEs compared to SEP events in lower energies
(Cohen and Mewaldt, 2018; Miroshnichenko, 2018).

Figure 11 shows the 5 minute peak fluxes for SEP events occurring during solar
cycles 22-24 for two energies: 7.23-10.46 MeV RDS3 channel with nominal energy
8.7MeV in the top panel, and 500 MeV GOES/High Energy Proton and Alpha De-
tector (HEPAD) data in the bottom panel. The latter values have been calculated
by means of bow-tie analysis (originally named such by Van Allen et al. (1974)) of
the nominal HEPAD channels. In general, the bow-tie analysis means integrating
the product of the channel response function and a realistic range of SEP spectral
functions over energy; the result is a family of energy-dependent curves for GAE
(geometric factor times the channel width) which form a bow-tie shape. The optimal
values for GAE and the effective channel energy are found where the curves converge,

15  This follows Atwell et al. (2015, 2016), Article II and Article 111, i.e., relaxes the requirement of
statistically significant signals in two high elevation NMs, which is given in the sub-GLE definition
of Poluianov et al. (2017).
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Figure 11. Peak fluxes for SEP events during solar cycles 22—-24. Top panel shows the 7.23-10.46 MeV
RDS3 channel and the bottom panel shows the bow-tie processed GOES/HEPAD P9 channel interpolated
to 500 MeV. See text for details about the HEPAD processing and Section 3.2 for details about the event
definition.

i.e., the knot of the bow-tie. Article IV gives full details about the processing of the
HEPAD data. The events shown in Figure 11 are defined using the 7.23-10.46 MeV
RDS3 channel as explained in Section 3.2. In the lower energy, the highest peak
fluxes have a slight declining trend, but the difference between the cycles do not
seem extreme. In the higher energy, on the other hand, the weakness of cycle 24 is
apparent: in cycles 22 and 23 there are 8 and 7 events, respectively, with higher peak
fluxes than the highest in cycle 24, and the highest peak fluxes in cycles 22 and 23
are over 17 and 137 times higher, respectively, than the highest peak flux of cycle 24.

4.2 Statistical SEP model

The differences between solar cycles 23 and 24 regarding solar energetic particles
can also be examined via SEP environment modelling. For this purpose we develop
an MSU-type statistical SEP model, following the methodology presented in Article
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III. Two versions of the model are built, one based on data observed during cycle
23, and the other on data observed during cycle 24. Compared to many other SEP
models, the statistics based on only one solar cycle are low, and therefore, results
above confidence levels'® > 95% should be considered as extrapolations. This way
of comparing two solar cycles can also illustrate the downside of models which are
based on several solar cycles of data: the results reflect averaged properties of cycles
with different levels of activity. Using a model built on previous cycles with higher
activity during a cycle with lower activity can result in overestimation of the particle
radiation environment, and ultimately in costly overdesign of radiation protection for
space missions.

4.2.1 Model details
Event definition and timing

The model!” is built upon the same set of GLE and sub-GLE spectral fits as Figure
10. The total number of events in the dataset is 48; 36 occurred during solar cycle
23 and 12 during cycle 24. Onset times were taken, in order of preference, from
Paassilta et al. (2017), Papaioannou et al. (2016), or estimated from GOES particle
data. Following the approach of Article III, consecutive events produced by the same
active region have been combined into episodes, which allows for treating them as
statistically independent occurrences. The waiting time distributions of the episodes
are shown in Figure 12 as complementary cumulative distributions, separately for
solar cycles 23 and 24 (blue and red, respectively). Although the distributions are
not perfectly linear in lin-log space, there is no clear indication of any other func-
tional form. Therefore, because of simplicity and convenience, the distributions
are fitted with exponential functions (linear in lin-log-space). Since the exponential
distribution describes the waiting times of a Poisson process, and the complementary
cumulative distribution function (CDF) of exponential distribution is the exponential
function e, the event occurrence can be assumed to be a memoryless Poisson
process. The fit parameters, i.e., the rate of the Poisson processes, are given in the
figure.

Each combined episode consists of one to four GLEs or sub-GLEs, with averages
of Up,, ,; = 1.5 and Wy, ,, = 1.2 events per episode for cycles 23 and 24, respectively.
Although the properties of the consecutive events produced by the same active region
may be somehow correlated, the dataset is far too small to verify or model this in

16 A model result at confidence level P means the level of the estimated quantity that is exceeded
with probability of 100 — P.

17 A similar model based on GLEs and sub-GLEs observed since 1973, has been released as part of the
UTU/SRL tool package at the R-ESC under ESA’s Space Weather Service Network. The model can
be found as an interactive tool at https://swe.ssa.esa.int/utu-srl-federated.
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Figure 12. Waiting time distribution of episodes of GLEs and sub-GLEs occurring during solar cycles
23 (blue) and 24 (red), along with exponential function fits.

any meaningful way. Therefore, all events, whether they occur alone or as a part
of a multi-event episode, are modelled similarly. Figure 13 shows the distribution
of number of events per episode for both solar cycles. The number of events per
episodes are modelled with geometric distributions, which are also shown in the
figure along with their parameters, pg. The probability distribution function (PDF)
of geometric distribution is calculated from (1 — pg)k_l Pg» Where the parameter p,
is related to the mean (expected value) 1 by p, = 1/u.

Event fluence spectra

The fluence modelling is based on Band function fits to fluence spectra in rigidity.
Band function (Band et al., 1993) is a four parameter, double power law function
with an exponential rollover between the power laws, given by

JoR M exp <—R%>> R<(n—n)Ro=Ri

J(>R)=
JoRT " exp <—%> R™”, R=>R,

“4)

where Jj is an overall fluence coefficient, 7; is the low rigidity power law index, 9 is
the high rigidity power law index and Ry is the rollover rigidity. The Band function
and its first derivative are continuous. It has been commonly used in representing
SEP spectra (e.g., Mewaldt et al., 2005; Tylka and Dietrich, 2009; Zhao et al., 2016;
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Figure 13. Number of events per episode for solar cycles 23 (blue bars) and 24 (red bars), along with
geometric distrubutions and their parameters.

Jiggens et al., 2018a). The fit parameters can be found in Tables A.1 and A.2 of
Article II for all events except GLE 72, for which we integrated the differential
spectrum given in Jiggens et al. (2019) and fitted the Band function. Some events had
also a separately fitted energetic storm particle component, whose fit parameters are
also listed in the tables. Figure 14 shows the interdependence of the fit parameters
as well as their distributions (the histograms in the topmost panels of each column).
Parameters Jy and Ry are shown as log-transforms. The Pearson correlation coef-
ficients are also given for all parameter pairs. Significant correlation can be seen
between Jy and 71, Jo and Ry, as well as 71 and Ry. 7, on the other hand, is not
correlated with any other parameter. Again following Article III, we take log;((Jo)
and 7 to be independent variables, and assume that y; and log,(Ro) depend linearly
on log;y(Jo); the linear relations are shown in the corresponding panels, and are
given by the following equations:

My, = 6.598 — 0.634 - 1og,0(Joy, ) (5a)
Yo = 8.124 —0.842 - log,o(Jo,, ) (5b)
logy(Ro,;) = 0.437 —0.158 - log(Jo,;) (5¢)
10g10(Ro,,) = 0.691 — 0.199 - log, (Jo,, )- (5d)

The topmost panels in Figure 14 also show normal distributions calculated with
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Figure 14. Relationships of Band fit parameters of GLEs, sub-GLEs and energetic storm particle
components. Blue crosses represent solar cycle 23, and red crosses cycle 24. The histograms in the
topmost panel of each column show the distribution of each parameter, whereas the smooth curves show
normal distributions calculated with the mean and standard deviation of the data in the histograms.

the mean and standard deviation of each set of parameters. These are used to model
the independent parameters log;(Jo) and 7». The log,,(Jo)-dependence is subtracted
from the dependent parameters y; and log,(Ry), and the “residual” parameters are
modelled with normal distributions.

There are two possible downsides to this approach. Firstly, the error estimates
of the Band parameters are not taken into account in any way. Secondly, the distri-
bution of 9 is positively skewed for both solar cycles, and the normal distribution
overestimates the number of small values of 95, which can result in overestimation
of fluences at high energies. To address these points, we take a second approach to
the fluence modelling: we create a MC ensemble of simulated Band parameters by

sampling 10* points from a normal distribution N (Kpi s Gl%i,j,k) for each parameter
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Figure 15. Same as the previous figure, but with a Monte Carlo-generated ensemble for each datapoint
(see text for details). Empirical distribution of the total ensemble is shown in the topmost panels instead
of the normal distribution.

Di,jk» Where i refers to the event number, j to the Band parameter and k to solar
cycle. Thus, we have ensembles of N,3 - 10000 = 360000 points for cycle 23 and
N4 - 10000 = 120000 points for cycle 24, for each four parameters. A subset of
these ensembles is shown in Figure 15, with formatting similar to Figure 14. The
linear relations are now calculated from the complete ensembles, and are given by
the following equations:

Y, = 6.550 — 0.629 - 1og 0 (Jo,,) (6)
Y, = 8.055 —0.832-1og 0 (Jo,,) (6b)
logo(Ro,;) = 0.426 —0.157 - log(Jo,;) (6¢)
10g,0(Roy,) = 0.677 —0.197 -log . (Joy, )- (6d)
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Instead of normal distributions, the topmost panels in Figure 15 show the prob-
ability distributions of the total ensembles. The parameters can be modelled using
these distributions by inverse transform sampling from the empirical CDFs.

Modelling method

The modelling follows a simple Monte Carlo procedure which can be described by
the following steps:

1. User inputs the duration of mission to be modelled, ¢ (in years)

2. The number of episodes is drawn from the Poisson distribution with parame-
ters A3 =1-6.07-1073 and Aps =1-4.10-1073

3. For each episode, the number of events is drawn from the geometric distribu-
tion with parameters p, >3 = 0.65 and pg 24 = 0.82

4. For each event, the indepedent parameters (log;(Jo) and ») are drawn from
N(ujx,0%,)
ik ik

5. For each event, the dependent parameters (; and log,y(Ro)) are drawn from
N(Wjk:07y) +ajx+bjx-1ogio(Jo), where ;i and b are the corresponding
linear parameters from equations 5

6. If the simulated parameter set does not produce a physically meaningful spec-
trum!8, two previous steps are repeated

7. For each event, the integral fluence spectrum is calculated on a pre-determined
rigidity grid using the Band function

8. For each episode, the fluence spectrum is calculated by summing the event
fluence spectra

9. The cumulative fluence spectrum is calculated by summing the episode fluence
spectra, and the worst case fluence spectrum is taken as the highest episode
fluences at each rigidity

In case of the “ensemble” version of the model, the normal distributions in steps 4
and 5 are replaced with the empirical CDFs, and the linear parameters in step 5 are
taken from equations 6 instead of 5. For both model versions, steps 2 — 9 are repeated
for a total of 5- 103 times. The fluence percentages and their relative change at each
rigidity value are calculated after each 10* repeats to check the convergence of the
calculation.

18  The conditions are, again following Article III: 7, < 75, and in case 7 has a negative value,
—%Ro <0.137GV.
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4.2.2 Results

Figures 16 and 17 show the model outputs as probability of exceeding a fluence for
0.5-year and 7-year missions for >10MeV and >1000MeV energies, respectively.
Again, blue colour refers to solar cycle 23 and red to cycle 24. As can be seen from
Figure 16, the two model versions produce quite similar results in the low energy
region. The only notable difference is that the solar cycle difference is smaller for
the ensemble-version at higher confidences. But looking at Figure 17, the difference
between the model versions is more apparent. The difference between the solar
cycles in the ensemble version starts to decrease quickly below 3 % and 30 % for
the 0.5 and 7-year periods, respectively. The cycle difference even changes sign
below 5 % in the 7-year fluence estimate for the ensemble model. Overall, the model
based on normal distributions provides higher fluence estimates at high energies at
high confidence levels, which was indeed expected. Note, however, that for solar
cycle 23, results below ~5 % (95 % confidence level) and for cycle 24, results below
~10 % (90 % confidence level) start to be based on extrapolation because of the low
statistics.

Figures 18 and 19 show the model output cumulative and worst-cast differential
fluence spectra, respectively, at 50 % and 95 % confidences for a 1-year mission,
with results from the SAPPHIRE model (Jiggens et al., 2018a) shown for compari-
son. The colours and formatting are similar to the previous figures. Corresponding
spectral comparisons for a 7-year mission are shown in Figures 20 and 21. At 50 %
confidence, SAPPHIRE results are generally between the cycle 23 and 24 results of
our models for cumulative and worst-case models and both mission durations. Above
~100 MeV SAPPHIRE drops below our results for cycle 24 in all modelled cases.

The results presented in Figures 16 through 21 show that although the difference
in SEP activity between the solar cycles is clearly reflected in the model results,
the modelling method, i.e., in this case the construction of the fluence distributions,
may have a large effect, especially at higher confidences. The results, along with
the comparisons with the SAPPHIRE model, also demonstrate the effect of different
solar activity level in input data to the model results: estimating the SEP environment
during a period of reduced activity with a model constructed with data from periods
of higher activity may lead to overestimation.
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Figure 17. Similar to the previous figure, but for >1000 MeV fluence.
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Figure 18. Cumulative fluence spectra for a 1 year mission at 50 % and 95 % confidence levels, along
with corresponding results from the SAPPHIRE model. Line colours and styles are similar to the previous
figures.
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Figure 19. Similar to the previous figure, but for worst-case fluences.
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Figure 20. Similar to Figure 18, but for a 7 year mission.
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Figure 21. Similar to Figure 19, but for a 7 year mission.
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5 Conclusions and outlook

The research presented in this thesis consists of two different, but closely related
topics. The first one was studying the differences in SEP activity between solar
cycles 23 and 24. By using observations from space-borne and ground-based in-
struments, as well as results from particle acceleration theory and simulations, we
showed that cycle 24 was significantly different: the SEP activity in cycle 24 was
significantly reduced, and the reduction could be explained by reduced plasma and
suprathermal densities (Article I and Article II). The second topic was developing
probabilistic high energy SEP fluence and peak flux models for the space weather
community (Article III and Article IV). These models provide improved estimates
of the high energy radiation environment encountered in future space missions, and
are essential for achieving cost-effective shielding designs for spacecraft. In Chapter
4 of this thesis we showed that the results of Article I remain unchanged after the
completion of cycle 24, and presented a new comparison of cycles 23 and 24 based
on the modelling methodology of Article III.

The deep minimum between cycles 23 and 24 and the low level of activity during
cycle 24 has been suggested to result from a beginning of a modern grand minimum
of the Gleissberg cycle (Feynman and Ruzmaikin, 2011; Zolotova and Ponyavin,
2014; Gao, 2016). On the other hand, the high solar activity of the (mid)-20th century
can be considered as modern grand maximum, and the lower activity of cycle 24 as a
return to “regular” level of activity (de Jager et al., 2016). Either way, the low activity
level is expected to continue at least in cycle 25; majority of the early predictions for
cycle 25 favour a cycle comparable to cycle 24 (e.g., Pesnell and Schatten, 2018;
Upton and Hathaway, 2018; Labonville et al., 2019; Kitiashvili, 2020), although
there are differing opinions as well (Mclntosh et al., 2020). The change in solar
activity has been of great research interest for purely scientific reasons as well as be-
cause of its possible implications for applications and, ultimately, for technology and
society. The most fundamental scientific interest is perhaps related to understanding
of the solar dynamo: the changing activity conditions, coinciding with the increase in
observational cababilities provided by, e.g., SOHO (Domingo et al., 1995), STEREO
(Kaiser et al., 2008) and Solar Dynamics Observatory (SDO) (Pesnell et al., 2012),
enable unprecedented accuracy in defining parameters and constraints to the dynamo
models.

The direct space weather consequences to Earth and human technologies are
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clear. Weakening solar activity results in fewer SEP events, and on average, reduced
intensities especially at higher energies (Articles I and II). This means less radiation-
induced problems in space-borne electronics. On the other hand, weakening pressure
and magnetic fields result in increasing GCR fluxes, which might result in shorter
allowable durations for manned missions (Schwadron et al., 2017). Modern GCR
models take the solar activity level into account in their estimations, but most state-
of-the-art SEP models do not. This provides an opportunity for important future
work on the subject: to include the dependence on solar activity in our SEP models
(Articles III and IV). This could be achieved by adding a sunspot number (or some
other activity index) dependency to the event frequency in the models, like in the
MSU and MSSREM models (Nymmik, 1999a; Robinson et al., 2020) or perhaps by
some scaling of the model outputs. The solar cycle dependence would be of special
importance in the New Space-paradigm, which relies on affordable, commercial com-
ponents and quick development and launch cycles. The designers of such missions
would certainly benefit from radiation models which could give reliable estimates for
a certain solar activity range, which can be reasonably well predicted for a few years
in advance, at least some time after a cycle onset.
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6 Summary of the original publications

6.1 Article I: lron-rich solar particle events measured
by SOHO/ERNE during two solar cycles

In this article we studied the differences of solar cycles 23 and 24 in heavy ion
composition of solar energetic particles. Using SOHO/ERNE observations between
1996 and 2015 we calculated daily intensities of carbon, oxygen and iron in the
energy range of 5-15MeVn~!. Using the daily intensities, we identified all SEP
events with at least one day of enhanced abundance of iron, i.e., Fe/(C+O) > 0.183,
and found most probable solar flare and CME associations for the events.

We found that during solar cycle 24 there were fewer days with increased intensi-
ties of C, O and Fe, and fewer days with enhanced abundances of iron, as compared
to solar cycle 23. The total rate of occurrence of SEP events with at least one day of
enhanced Fe abundance was lower during solar cycle 24, and the rate of SEP events
with impulsive characteristics was greatly reduced. In general, the abundances of
heavy ions were lower during solar cycle 24, implicating reduced efficiency of SEP
acceleration processes.

Author’s contribution

The author contributed to the research topic and approach of the paper, performed
the data analysis, prepared all of the figures and wrote most of the manuscript.

6.2 Article II: Why is solar cycle 24 an inefficient pro-
ducer of high-energy particle events?

In this article we studied the reduced production of high energy solar energetic
particle events during solar cycle 24. The study was based on scaling of particle
spectra, which was derived from diffusive shock acceleration theory and simulation
results. In deriving the scaling laws, we assumed that the particle transport in coronal
shocks is dominated by self-generated turbulence.

We scaled the cumulative >1 GV fluence of the GLEs and sub-GLEs in cycle
23 according to observed plasma and suprathermal proton densities and found that if
the seed population consists of 40 % suprathermals, the scaled fluence is close to the
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observed fluence of cycle 24. Using the same proportion of suprathermals in the seed
population, we scaled the heavy ion abundances, and found that the scaled abundance
ratios have a similar charge-to-mass dependence to what has been observed. Overall,
the study showed that the reduced average plasma and suprathermal proton densities
of solar cycle 24 can explain the reduced number of highest energy SEP events as
well as the reduced amount of low charge-to-mass ions.

Author’s contribution

Using the spectral function parameters from previous studies, the author performed
the fluence calculations, prepared most of the figures and contributed to parts of the
manuscript.

6.3 Article Ill: Two solar proton fluence models based
on ground level enhancement observations

This study presents two statistical models of solar energetic particle radiation. Both
models are based on integral proton fluence spectra, measured by neutron monitor
and space-borne instruments during GLEs, which have been fitted with Band func-
tions. The first model version is a JPL-type model, where we calculated the fluences
at certain energies from the spectral fits, and modelled their distributions with ex-
ponentially cut-off power law distributions. In the second version, we modelled
the distributions and interdependence of the spectral fit parameters, thus producing
a physical spectrum with each iteration of the model. In both model versions, the
event occurrence is modelled as a Poisson process, either with one event rate, only
for the active part of the solar cycle, or with two event rates, separately for the active
and quiet parts of the solar cycle.

Since the model was based on fits on integral spectra, the results can be given
in either differential or integral units, at any energies within the measurement range.
We compared the results of the models with each other as well as with other, well-
known SEP models (JPL, ESP and SEPEM). We showed that our models were in
decent agreement with SEPEM in the common energy range, but were clearly below
both JPL and ESP, especially at higher energies and confidence levels. However,
our models were based on longer set of observations (nearly six solar cycles), and
had a much greater energy range than the other models, which were based only on
space-borne observations.

Author’s contribution

The author performed the statistical analysis of the event timing, fluence distributions,
and spectral parameter distributions. The author also wrote the code for the statistical
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modelling and performed the model calculations. In addition, the author prepared
most of the figures and wrote most of the manuscript.

6.4 Article IV: Very high energy proton peak flux model

In this study we constructed a statistical high energy proton peak flux model based
on the whole available GOES/HEPAD measurement series, i.e., from 1986 to 2017.
The HEPAD channel responses were analysed using a “bow-tie” method to find more
realistic geometric factors and effective energies. The statistical modelling was done
in the JPL-style, using an event list derived from the processed channels with a
statistical event criterion. Event occurrence was modelled as a Poisson process and
peak fluxes were modelled with exponentially cut-off power law distributions.

Model results were given for the three bow-tie-processed differential channels.
Given the low statistics of high-energy SEP events during solar quiet time, the results
only apply for the active part of the cycle. For comparison, we ran an updated version
of the SEPEM data through the same modelling method, i.e., same event list, same
distributions etc. In addition, we compared the results with the SAPPHIRE model,
which is based on the SEPEM dataset. At low energies, our model agrees very
well with both the modelled SEPEM data and the SAPPHIRE model, but at higher
energies our model gives significantly higher results.

Author’s contribution

The author contributed to the research topic and approach of the paper. The author
did a large part of the data analysis, wrote the code for the statistical modelling
and performed the model calculations. In addition, the author prepared most of the
figures and wrote most of the manuscript.
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