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Abstract

Galactic cosmic rays (GCRs) arriving at Earth, interact with nuclei of atmospheric
gases leading to the production of cosmogenic radionuclides. The latter, following a series
of processes, are eventually stored in terrestrial archives such as ice cores and tree rings.
The information that can be collected, traces back millions of years. Since the solar
activity has a large impact on GCRs, via modulation processes in the heliosphere, one
can gain knowledge about the solar activity in the past using the cosmogenic radionu-
clide records. The primary goal of our study is to reconstruct the solar activity in the
past combining all the available information from different cosmogenic radionuclides and
databases obtained from different locations on Earth. The principle idea is that, using
terrestrial archives and existing models of radionuclide production, the GCR flux can
be reconstructed over the past millennia. Thereafter, the solar activity, after applying a
model correlating the GCR flux to different solar parameters, can be reconstructed. To
achieve this it was necessary to develop an empirical model reconstructing the tilt angle
of the Heliospheric Current Sheet (HCS), one of the important heliospheric factors influ-
encing cosmic ray propagation inside the heliosphere. The HCS tilt has been traced with
observations since 1976. Following, a semi-empirical model of GCR modulation in the
heliosphere was developed using measurements and reconstructions of the heliospheric
parameters that play a major role in the modulation processes. In particular these are
the open solar magnetic flux, the solar magnetic polarity and the HCS tilt angle. With
this model the cosmic ray variability on Earth in millennial time scales was reconstructed
and used as an input parameter in existing models, calculating the production and de-
position of the cosmogenic radionuclides 14C and 10Be. The results were then compared
with the data aiming to achieve the best fit that will lead to best reconstruction of the
solar activity.

Keywords: Cosmic Rays, Solar Variability, Radionuclides.
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1. Introduction

On a daily basis Earth is constantly bombarded by ionised nuclei of extraterrestrial
origin, arriving from all directions. Discovered in the early 1900s, these nuclei
are known by the name of Cosmic Rays (CRs). Upon their discovery they were
erroneously named Cosmic Radiation. At that time, it was a firm belief that
Cosmic Rays are photons of unprecedented high energy and penetrating power,
and for a long time, until 1929, were referred to as ultra-gamma radiation [Rossi ,
1964]. Their discovery was a consequence of the progress in understanding the
composition of matter and the concept of the radioactive decay. But in addition,
their discovery and the research that followed to ascertain their nature and origin
played a major role in identifying subatomic particles, such as positron, muon,
pion, kaon and lambda – hyperon, and the parity violation in weak interactions. In
other words Cosmic Rays formed the primary tool for particle physics studies until
the development of the laboratory accelerators. Since the underwater experiments
of Domenico Pacini in 1911 and the balloon flight of Victor Hess in 1912, both
being landmarks in cosmic ray history [de Angelis, 2014], our understanding of
cosmic rays has advanced significantly but still much is left to understand and
discover.

1.1. Electroscope and the ever-present ionisation

Already developed in the mid 18th century, the gold leaf electroscope, descendant
of the first electroscope - the pivoted needle (versorium), is a scientific instrument
used to detect whether an object is charged and determine the magnitude of its
electrical charge. A classic design included two golden leaves hanging from a
metal bar. The set-up was inside a glass bottle with a conductive base. The glass
is acting as an insulator, protecting the structure from air currents. When a charge
is applied at a disk or a ball at the top end of the metal bar, the golden leaves
would repel each other. The improvements on electroscope insulation and certain
milestones related to the understanding of the structure of matter, discussed in
the following paragraphs, laid the foundations to Cosmic Rays discovery.
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Contrary to what was thought before, Coulomb realised in 1785 that even under
good insulating conditions the charge of an electroscope will not be preserved.
The cause was the interaction between the electroscope’s golden leaves and the air
around them. This was also confirmed half a century later by Faraday. Towards
the end of the 19th century studies had concluded that the air is constantly ionised
and the quest for the source of this ionisation began.

A few milestones in the field of particle and radiation physics set at the end of
the 19th century were crucial for this quest. First was the realisation that atoms
consist of equal amounts of positive and negative charges, and second was the
discovery of electron by J. J. Thomson in 1897. Just two years before that, X-rays
and their ability to instantaneously discharge an electroscope were discovered by
W. Roentgen. In 1896 the radioactivity was discovered by H. Becquerel and by
1899 Pierre and Marie Curie had isolated Radium. The discharge of electroscope in
the presence of radioactive material was then used to study levels of radioactivity
in nature.

With the turn of the century, different ideas had been proposed regarding the
source of the permanent ionisation present in the air [Rossi , 1964]. The most
obvious source was the electroscope itself, and more precisely the materials it
consists of. Although somewhat true, this idea could not fully explain the observed
discharge. This was concluded from experimental studies that showed a decrease
of the discharge when the electroscope was enclosed by lead or water. Thus, an
external source must exist, producing radiation with great penetrating power. This
led to the second opinion predominant at that time, which pointed towards the
existence of radioactive substances in Earth’s crust. To prove or dispute this idea,
the scientists only had to make observations at different altitudes. The concept
behind such experiments was based on the fact that if the radiative source lies on
Earth the electroscope’s discharge should decrease gradually with the increase of
altitude.

Thomas Wulf, in 1909 had developed a more sophisticated electroscope. The
“Wulf electroscope” consisted of a quartz fibre used to restrain tightly together two
ultra fine metal wires that repulse one another when a charge is applied to them.
Wulf took this electroscope at the top of Eiffel Tower in 1910. Two years later
A. Gockel launched a balloon carrying a similar electroscope. Contrary to their
belief the increase of altitude did not affect the rate of decrease of the electroscope
as strongly as they anticipated. This opened the question of whether there is a
radiative source in the atmosphere.

In 1912 Victor Hess begun balloon flights to further test this assumption. His
instrumentation was further improved aiming to overcome the issue of sensitivity’s
dependence on altitude. This was achieved by putting the instruments in cases
that could maintain the air pressure. With his experiments Hess concluded that
although the ionisation started to decrease initially, implying radiation coming
from Earth, above 600 meters the opposite took place, meaning a gradual increase
of ionisation rate with altitude. So he came to the conclusion that there is a source
of radiation beyond Earth’s atmosphere [Hess, 1911; 1912]. Brought in a sceptical
environment the conclusion Hess made was to be further tested and questioned. As
a confirmation came the balloon flights W. Kolhörster launched in the period 1913
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-1919, which concluded even stronger ionisation at higher altitudes [Kolhörster ,
1914].

Simultaneously but independently to Hess, Domenico Pacini carried out re-
search regarding the detected ionisation by electroscopes. He focused his work
measuring the electroscope’s discharging in different environments aiming to de-
termine the source of that ionisation. For that purpose he made on ground, on sea
far from land, and underwater experiments [Pacini , 1909; 1910; 1912]. Although,
no significant difference between the measurements on ground and on the open sea
was detected, indicating that soil is not the source of ionisation, his underwater
measurements showed a notable decrease, enhancing the belief that the source of
ionisation is not to be found on Earth. Even though his work was cited by scien-
tists of the time, such as G. A. Cline [Cline, 1910] and Marie Currie [Curie, 1910],
he was not acknowledged as one of the first to solve the mystery of Cosmic Rays
source, until many years later [Giglietto, 2011; De Angelis, 2011].

A different opinion surviving at that time attributed thunderstorms as source of
the ionisation detected in the atmosphere. Such believe was supported by C.T.R.
Wilson [Wilson, 1901]. However, such ionisation would have to be strongly vari-
able depending on weather, time of day and season. For the same reasons another
opinion, stating that the source of atmospheric ionisation was the presence of small
quantities of radioactive gasses accumulating in higher altitudes, seemed not rea-
sonable. Hess and other scientists had collected measurements that showed no
such variability. On the contrary they indicated uniformity in time and location.
But still, these findings were not convincing to everybody. Over the period 1923 to
1926 Robert Millikan decided to test with his colleagues the verity of the presence
of an extraterrestrial radiation. Collecting data at high altitudes and also under
water, he and his team came to the same conclusion as Hess and Pacini. Their
findings left no room for doubt, and by the year 1925 Millikan named this radi-
ation Cosmic Rays. With the experiments by Millikan and his colleagues a new
horizon opened in the study of cosmic rays. Unmanned balloons and self-recording
electroscopes provided broader investigation of Cosmic Rays.

More information on the above historical events can be found in bibliography,
i.e. in Rossi [1964]; Friedlander [2000]; de Angelis [2014].

1.2. Nature of cosmic rays

Cosmic rays primarily consist of ionised atoms, stripped of all their electrons,
accelerated to high energies and travelling with nearly the speed of light. More
precisely, almost 99% of cosmic rays consist of atomic nuclei and ∼ 1% of electrons.
Of these nuclei almost 89% are protons (hydrogen nuclei) and 10% are alpha-
particles (helium nuclei) in particle number. Nuclei of heavier elements constitute
only 1% of CRs. Small quantities of γ - quanta having high energies as well as
positrons and antiprotons are present in CRs. However, only ionised nuclei are
considered as CRs in the topics addressed in this study.

Possible sources of cosmic rays can be found around the Universe, but when
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talking about the origin of cosmic rays one needs to consider not only where
the particles originate from, but also the site of acceleration and the origin of
energy [O’C. Drury , 2012]. Cosmic rays are ionised nuclei travelling through
space and thus they interact with magnetic fields, interstellar gases and winds.
Consequently, they are involved in a series of acceleration, deceleration, and re-
acceleration processes that take place in various locations within the space they
travel. In turn the re-accelerators carry energy most probably from a different
source to that particles originate from and the one that initially accelerated them.
Under these circumstances cosmic rays can be divided into the following subgroups:

Galactic Cosmic Rays (GCRs), which consist of particles that originate
from outside the boundaries of our solar system. The energies to which GCRs
are accelerated vary within the interval 105 – 1016eV. They are most probably
accelerated in supernovae from where they gradually propagate through the inter-
stellar medium via diffusive re-acceleration. Namely, GCR particles’ propagation
can be viewed as a scattering in magnetic field irregularities (diffusive process)
accompanied by energy gain in terms of second – order Fermi acceleration due to
interaction with turbulent magnetic fields (re – acceleration process) [Heinbach and
Simon, 1995; O’C. Drury and Strong , 2015]. The GCRs diffuse into an extended
halo from which a significant percentage will escape from our Galaxy. From those
particles that do not escape a fraction will arrive at the edge of our solar system,
the heliopause. Due to the variable stellar and gas density, and magnetic field
of our Galaxy, the cosmic ray flux has spatial variations as well. However, it is
assumed that a constant flux of GCR particles arrive at the edge of our heliosphere
on the time scale of tens of thousand years or shorter which is called the Local
Interstellar Spectrum (LIS). The Voyager mission is contributing in confirming the
shape of the LIS with measurements from our local interstellar space. In addition,
assumptions of the shape of the LIS have been made. For energies <1GeV different
LIS have been defined; however, they are strongly questionable due to lack of good
understanding of all the physical processes in which cosmic rays take place within
the heliosphere and has an impact on their energy content. A notable character-
istic of GCRs is their anisotropic nature regarding the direction of arrival at the
heliosphere. This topic is of high interest for studies trying to locate the galactic
sources of cosmic rays, but such studies are not yet successful [Schlickeiser , 2002].
The data are collected by ground – based shower detectors and for the case of high
energy GCRs the data are limited in number. In addition, the results are biased
by the location of the station, since depending on their location they are blind to
some directions of GCR particles arrival.

Extragalactic Cosmic Rays (ExtraGCRs), which are particles accelerated
to energies up to 1021eV and are very rare since only one particle per km2 per
century is approximately measured on Earth. Not much is known about the source
that generates and/or accelerates these particles, however, it is believed that they
originate from powerful objects in our Universe such as the turbulent outskirts of
galaxy clusters, radio-galaxies, quasars etc.

Solar Cosmic Rays SCRs or Solar Energetic Particles (SEPs), as they
are mainly referred to in recent publications, not only originate from the Sun but
are also accelerated in the vicinity of the Sun due to different solar phenomena.
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Fig. 1.1: The relative abundances of galactic cosmic rays (black curve) and solar
system (red curve). Figure source: http://w3.iihe.ac.be/~aguilar/PHYS-467/
PA3.html

One example are SEPs associated with solar flare eruptions. Their energies are in
the MeV range up to ∼ 30 GeV with different abundance compared to GCRs. By
comparing the observed composition of SEPs with the GCR particles it is quite
clear that they originate from different sources. Despite the similar relative abun-
dances with SEPs, certain elements (Li, Be, B, F, Sc, Ti, V) are more abundant in
GCRs (Fig. 1.1). These elements are not of stellar origin, but instead they result
from nuclear spallations in the interstellar space by nuclei of higher atomic number
[Simpson, 1983]. Contrary, if SEPs composition is compared to that of particles
of solar wind plasma, it is clear that they have the same origin. Especially for the
low energy SEPs it suggests that they are more probably accelerated in the solar
corona where the solar wind originates as well.

Anomalous Cosmic Rays (ACRs) are mainly singly ionised helium, hydro-
gen, oxygen, nitrogen and neon [Cummings and Stone, 2007]. Their kinetic energy
ranges from ∼10 to 100 MeV/nuc. Contrary to GCRs, ACRs spectra is softer. The
ACR particle flux decreases rather fast with increasing energy [Potgieter , 2013a].
It is believed that the source of ACRs are pick up ions (see Section 2.1 for pick up
ions) accelerated by 4 orders of magnitude in energy [Fisk , 1999], thus they are
of heliospheric origin. Similar to GCRs, anomalous cosmic rays are subjected to
heliospheric modulation due to variable solar activity [McDonald et al., 2000] and
only those of high rigidity reach Earth [eg., Leske et al., 2013].

Until Voyager 1 reached the termination shock, it was believed that diffusive

http://w3.iihe.ac.be/~aguilar/PHYS-467/PA3.html
http://w3.iihe.ac.be/~aguilar/PHYS-467/PA3.html
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shock acceleration of pick up ions to ACRs takes place there. However, Voyager
observations indicated increased intensity deeper in the heliosheath, away from
the termination shock (>20 AU), that was gradually decreasing as the spacecraft
was moving further away. This indicates an ACR source deeper in the heliosheath
or at a different location at the Termination Shock (TS) [Stone, 2013]. This is a
strong indication that the source of ACRs is found in the inner heliosheath and
closer to the termination shock than the heliopause [e.g., Scherer et al., 2008].

These new findings by Voyager sparkled a series of new ideas regarding the origin
of ACRs. Schwadron and McComas [2003] proposed the existence of the so-called
“Favoured Acceleration Locations at the Termination Shock” or else FALTS. Later
McComas and Schwadron [2006], trying to interpret the Voyager 1 observations,
proposed that particles acceleration occurs at the nose of the termination shock
and thus the spacecraft observations can be interpreted as recordings of particles
that have just started accelerating. These particles may continue to gain energy
as they propagate further back along the sides of the termination shock [McComas
and Schwadron, 2006]. Models of particle acceleration by Kóta and Jokipii [2008];
Jokipii and Kòta [2008] agree with that idea. Models usually consider acceleration
taking place at the sides of the termination shock; however, Fisk and Gloeckler
[2009] model such process deeper in the heliosheath in-front of the termination
shock nose. A magnetic reconnection mechanism near the heliopause to energise
pick up ions to sufficient energies to produce ACRs is described in Drake et al.
[2010].

Magnetospheric/Planetary precipitate particles, are particles generated
inside planetary magnetosphere and have energies from a few keV up to 10 MeV
depending on the strength of the field [Dorman, 2004], but are not considered
cosmic rays.

1.3. Energy Spectrum

The spectrum of cosmic rays at Earth’s orbit can be well described by a power law
in energy for energies greater than approximately 1011eV, which can be formulated
by the expression:

I(E) ∝ E−γ [cm−2s−1sr−1GeV −1] (1.1)

where γ is the so – called spectral index. This is illustrated in Fig. 1.2, which
shows the differential energy spectrum of CRs as a function of kinetic energy per
nucleon. The non – exponential spectrum of GCR energy indicate that those parti-
cles underwent non – thermal acceleration. The acceleration mechanisms are fairly
similar for all primary GCR particles, as suggested by the similar shape of energy
spectra different GCR species have. Primary species, viz. those accelerated at
the sources, have flatter spectra compared to secondary species which are mainly
produced when the primary ones collide with nuclei of interstellar gas atoms and
molecules. The spectral index γ is variable, obtaining different values for differ-
ent energy intervals. There are two major changes in the slope of the spectrum.
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Fig. 1.2: Differential energy spectrum of CRs as a function of kinetic energy per
nucleon. Figure source: Swordy [2001]

The first one occurs at around 1015eV and another one at approximately 1018.5eV,
called the “knee” and the “ankle” of the cosmic rays spectrum respectively. Within
the energy interval 1010 – 1015eV the spectral index of the power – law spectrum is
γ ' 2.7. Particles of such energies are accelerated at shocks created by supernovae.
At the “knee” the slope becomes steeper with γ ' = 3.1. This spectral index de-
scribes well particles with energies varying within the interval 1015 – 1018.5eV. Each
point in Fig.1.2 is based on measurements of individual experiments. In general,
uncertainties that arise from the calibration processes of each experiment’s energy
scale can lead to a scattering of the points. However, based on the good statistics
achieved by the various independent experiments around the “knee” energies, it
is considered that the change in slope at the “knee”, although small, has a phys-
ical interpretation. It is believed to represent the energy beyond which particles
can more easily escape from the Galaxy. The scale of gyroradius of particles with
energies around the “knee” is comparable to that of the irregularities that act as
scattering centres of those particles [Ginzburg and Syrovatskii , 1964]. Thus with
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increasing energy particles have decreasing escape time [Hillas, 1984].
Particles of very high energies, beyond the second break in the curve, the “an-

kle”, at 1018.5eV, are described by a significantly flatter energy spectrum. The
shape of the spectrum at such energies strongly depends on the energy calibra-
tion errors and the rarity of the events. Particles with energies around 1020eV
(ultra high cosmic rays) are extremely rare (1 particle per km2 per century) and
can only be detected on the ground by the extensive air showers they produce
in the atmosphere. The origin of such particles is still unclear, and it is believed
that not much information can be deduced from their energy spectrum, because it
might have been weakened due to interactions of the CR particles with photons of
the Cosmic Microwave Background Radiation (CMBR), the so – called Greisen –
Zatsepin – Kuzmin (GZK) cutoff (see below). Nonetheless, it is accepted that they
originate from extra galactic sources. From a theoretical perspective, particles of
such energies have gyroradii that can exceed 10 times the half – thickness of the
Galactic disc. Subsequently, they can travel from their source directly to Earth
and not cluster along the Galaxy disc. The measurements of 58 events measured
with such high energies indicate a high latitudinal arrival direction where clusters
of galaxies are located, leaving an open possibility of active galactic nuclei within
these clusters or the clusters themselves to be the accelerators to such energies.
The chemical composition of the ultra high energy cosmic rays is impossible to be
determined via the air – shower detection technique. Observations indicate, with
considerable statistical significance, that the GCR flux of particles with energies
less than 1016eV is anisotropic. However, for higher energies there are strong re-
strictions in determining the anisotropy of the flux. For particles up to 1019eV
anisotropy might be related to the shorter escape times from the Galaxy [Hillas,
1984], discussed in the previous paragraph.

As mentioned in the previous paragraph, GCRs with ultra high energies interact
with photons of the CMBR producing a photo – pion or a photo – pair through the
following reactions:

γ + p→ n+ π+ (1.2)

γ + p→ p+ π0 → p+ γ + γ (1.3)

γ + p→ p+Nπ (1.4)

and loose energy. Of the pions created the charged ones will decay to muons
and muon neutrinos of very high energies that can be detected on ground by large
neutrino detectors. For a pion to be produced a proton of energy at least analogous
to 5 × 1019 eV is needed. Considering that the photon density of the CMBR is
5 × 108 m−3, 108 years are required for such a cosmic ray proton to loose all its
energy, thus protons that originate from sources located further than 30 Mpc from
our Galaxy could not reach Earth. This energy is called the GZK cutoff and acts
as an upper limit in the energy of cosmic rays arriving from sources faraway from
Earth. It depends on the Lorentz factor of the cosmic ray proton. In the case of
the photo pair production the energy cut – off is lowered down to 1018 eV.
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Fig. 1.3: Top: Variable GCR intensity as recorded by the Oulu neutron moni-
tor station. Bottom: The earlier version of the sunspot number, still available at
http://www.sidc.be/silso/datafiles . The anti – correlation between the solar ac-
tivity and the GCR intensity is apparent. The sketch of Sun represents a negative
polarity solar magnetic field epoch (heliographic poles are shown). Figure source:
Heber et al. [2009].

Temporal variations of the spectrum due to solar activity occur for energies
less than 10 GeV, and thus the energy spectrum of primary particles can not be
measured directly. Below energies of 1 GeV per nucleon, the energy spectra no
longer follows the power law high energies do [Longair , 2011]. That cut – off relative
to the power law exhibits a variable nature that depends on the solar cycle. Periods
of high solar activity result in decreases of the flux, while the opposite occurs over
periods of low solar activity. This effect is called solar/heliospheric modulation of
cosmic rays and will be discussed in depth in Chapter 3.

1.4. Cosmic Ray Variability

Cosmic Rays intensity is of variable nature. Different time scales caused by differ-
ent processes can be divided into two categories, those caused by extra – terrestrial
effects, meaning they take place beyond Earth’s magnetosphere, and those by phe-
nomena of terrestrial origin. Within those groups there exist variations with well
defined periodic nature, as well as, those of irregular nature.

The most prominent periodic variation in the Cosmic rays intensity of extra –
terrestrial origin is that of 11 yr period due to solar modulation of GCRs in the
heliosphere. The GCR intensity is in anti – correlation with the solar activity, as
can be seen in Fig. 1.3. A small time delay exists between the two time series, with
variations in solar activity preceding that in cosmic rays. The source of this time
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delay is the large size of the heliosphere, the solar wind speed and the diffusion
speed of GCR particles. The solar modulation process is also source of a 22 yr
period variation in the GCR intensity, expressed in the time series of the GCR
intensity as the different shape of the curve between two consecutive maxima. In
addition, the time lag is also different. This variation is related to changes in the
polarity of the solar magnetic field, which leads to different drift effects during
periods of minimum solar activity.

A 27 days period related to solar rotation variation is also present in the GCR
intensity. The source of this variation is either due to long – lived strong sunspot
groups, forming active regions, or due to continuous fast solar wind streams coming
from longitudinally asymmetric coronal holes.

Diurnal periodic variations of extra – terrestrial origin are also present in the
GCR intensity having a shape similar to sinusoidal with amplitude variation within
1 to 2%. The source of this variability is the anisotropic nature of the GCR flux,
and is dependent on variable particle drifts and diffusion, intensity gradients in
the latitudinal direction and variable solar wind characteristics.

To sporadic variations due to extra – terrestrial sources belong the Forbush De-
creases (FD) and the Ground – level Enhancements (GLE). The FDs are sudden
decreases in the GCR flux, that can be up to 30% within a few hours, accompanied
by a gradual recovery phase that can last from several days to even a few weeks.
Interplanetary shocks are the primary instigators of this phenomenon. In their
passage beyond Earth such shocks drag compressed, and subsequently intensive,
magnetic fields and act as barriers propagating in space deflecting cosmic ray par-
ticles of extra – solar origin. From the moment the shock started to develop at
its source, the Sun, and throughout its propagation in the interplanetary space
it collects particles ahead of it that undergo shock acceleration processes. These
particles arrive at Earth before the shock and often a sharp but short peak in the
GCR intensity right before the FDs.

GLEs are atmospheric cascades caused by enhanced fluxes of SEPs that have
been accelerated to high energies, either in the solar corona or in the interplanetary
space, in environments such as flares and coronal mass ejections. The nucleonic
component is registered in detectors established on the ground and are reflected
in increases in the cosmic rays intensity [Shea and Smart , 2000; Andriopoulou
et al., 2011]. Such events were firstly identified by Forbush [Forbush, 1946] but
it was in the early 1970s that they were given the name GLE. From 1942 up to
this day as many as 71 GLE have been recorded at neutron monitor stations at
different locations and are archived at the International GLE database (hhtp:
//gle.oulu.fi) [Usoskin et al., 2015], where the time profile of percentage of
increase in the Neutron Monitors (NM) count rate is given for all the stations who
recorded the event.

Since GLE were first detected, scientists have been trying to find the best for-
mula to describe their energy/rigidity spectra. Although, the first part of a GLE
spectra can be described by an exponent in rigidity, a concept initially proposed
by Freier and Webber [1963], this formula fails to describe the high energy part
of the spectra, which in the case of strong GLE is characterised by a significant
proton flux with larger than 10 GV rigidity. This part of the spectrum can be more

hhtp://gle.oulu.fi
hhtp://gle.oulu.fi
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adequately described by a power law in rigidity with an exponential roll – off, a
formula that works well for rigidity lower than 10 GV as well [Shea and Smart ,
2012]. The Band – function [Band et al., 1993] is a suitable parametrization used to
compute event-integrated fluence. According to this formula GLE energy/rigidity
spectra can be described by a double power law in rigidity with a smooth roll over
in-between. Tylka and Dietrich [2009] performed a Band fit for 59 GLE, excluding
those that were either too small or the ones for which only few NM data were
provided. The Band – function formula is:

J(> R) =

{
Jo ·R−γ1exp(−R/Ro) for R ≤ (γ2 − γ1)Ro

Jo · [(γ2 − γ1)Ro]
(γ2−γ1) exp(γ1 − γ2)R−γ2 for R > (γ2 − γ1)Ro

(1.5)
where the rigidity is given as R =

√
(T 2 + 2ToT ) and To = 0.938GeV is proton’s

rest-mass energy. The spectral index γ2 parametrises the high energy tail of the
spectrum and therefore it is considered when identifying hard spectra.

Periodic and sporadic variations of terrestrial origin can also be found in the
GCR intensity. The periodic ones are seasonal variations due to seasonal depen-
dent atmospheric structure. Less significant diurnal variations can be caused by
variations in the geomagnetic cut – off rigidity as result of the asymmetric shape
of Earth’s magnetosphere.



2. Heliosphere

Before discussing about the heliospheric modulation of cosmic rays it is impor-
tant to understand the space within which it takes place, the heliosphere. The
heliosphere is the region within which the Sun is the dominant body, both from
a dynamical and a magnetohydrodynamical point of view. It is filled up with
energetic plasma and neutral particles, as well as magnetic fields. Due to the
solar variability (variable solar wind, global merged interaction regions etc.) it is
best described as a dynamical, non-stationary, space [Zank and Müller , 2003]. The
presence of the Interstellar Magnetic Field (ISMF) inside the heliosphere affects its
structure as well. Although not yet explored to its full extent, it is believed, from
a theoretical point of view, that the shape of this region is asymmetric (Fig. 2.1),
resembling an elongated sphere (droplet), similarly to a planetary magnetosphere.
Its most prominent features are the north-south asymmetry and east – west longi-
tudinal (or else referred to as upwind – to – downwind) asymmetry [Opher et al.,
2010]. Particularly, from the data collected by Voyager 1 and 2, it is indicated that
the heliosphere is wider along the equatorial plane than the latitudinal direction
[Richardson et al., 2009], a hypothesis to be examined based on the data col-
lected by the Interstellar Boundary Explorer (IBEX) [Pogorelov et al., 2008]. The
so called nose of the heliosphere points towards the direction of the Sun’s motion
through the interstellar medium. This direction is known as the solar apex. To the
opposite direction lies the tail of the heliosphere. Magnetohydrodynamic (MHD)
models indicate that the distance of the tail from the Sun is almost 2 times that
of the nose. The asymmetric shape of the heliosphere is expected to be even more
apparent towards the periods of solar minima, conforming to theoretical models,
such as Ferreira and Scherer [2006].

As the Sun moves in the direction of the solar apex through the interstellar
medium, the solar plasma, carried away from the Sun by the Solar Wind (SW),
interacts with interstellar plasma forming the Bow Shock (BS), or Bow Wave (BW)
as it is often mentioned in the bibliography [Potgieter , 2013a], at the nose of the
heliosphere [Potgieter , 2010]. After the BS, towards the Sun, the Heliopause (HP)
lies, and further inward the Termination Shock (TS). Between the BS and the HP
lies the outer heliosheath, while the region between the HP and TS is the inner
heliosheath, regions of subsonic plasma flow [Fahr , 2004; Potgieter , 2010]. It is
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Fig. 2.1: Illustration of the shape and anatomy of the heliosphere. In the direc-
tion of motion of the solar system through the interstellar medium a bow wave
can be formed. Although quoted as bow shock in this figure latest observations
suggest it to be a bow wave. Following, in the direction towards the Sun lies the
Heliopause and then the Termination shock. Within the area surrounded by the
termination shocks lies our solar system, although bodies with orbits exceeding
the TS exist. The termination shock is shown here to represent a perfect sphere,
however observations indicate that its shape is asymmetric as discussed in Section
2.4. In the same illustration the orbits of the two Voyager Interstellar Mission are
shown. (source: http://voyager.jpl.nasa.gov/mission/interstellar.html

believed that the heliospheric boundaries change in time and space due to the in-
fluence of large shocks driven by Merged Interaction Regions (MIR) and variations
of the solar wind pressure in accordance to the solar cycle [Richardson et al., 2009].
However, such changes are smaller than the thickness of the heliosheath.

2.1. Solar Wind

In the corona, the outmost solar layer, coronal gases are accelerated to supersonic
velocities and can escape from the gravitational field of the Sun in the form of
what we call the Solar Wind [Owens and Forsyth, 2013]. The first to realise, from
a theoretical perspective, the existence of the solar wind was Parker [1958a]. His
theory was later confirmed by solar wind measurements in the early 1960s.

http://voyager.jpl.nasa.gov/mission/interstellar.html
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Because of the gas heating taking place in the corona the momentum of the
solar wind flow grows equivalent to the magnetic pressure, already within a few
radii inside the corona, resulting in “frozen in” coronal magnetic field lines in the
solar wind outflow [Owens and Forsyth, 2013]. As it expands outwards filling the
heliosphere, the magnetic field ”frozen in” forms what we call the Heliospheric or
Interplanetary Magnetic Field [Owens and Forsyth, 2013] which will be discussed
in more detail in Section 2.2.

During its outward expansion the solar wind is under a constant evolution due
to interplay with itself (interaction between slow and fast solar wind) and the inter-
stellar medium [Richardson and Stone, 2009]. The expanding solar wind weakens,
in terms of velocity, as it occupies an increasingly large volume, to the extent that
it no longer repels the local interstellar medium which exerts an inward pressure.
Under such circumstances a spheroidal termination shock is created (see Section
2.4) beyond which the previously supersonic flow has become subsonic [Jokipii ,
2013]. There the solar wind is also bounced off and dispersed towards the heliotail
[Richardson and Stone, 2009]. Along the termination shock and the heliopause the
solar wind speed profile varies significantly based on Voyager Interstellar Mission
(VIM) observations [see Potgieter , 2013a, and references therein].

The solar wind retains, on average, a constant speed up to a distance of 30 AU
from the Sun. Beyond that distance its speed gradually decreases toward subsonic
levels due to pickup of interstellar neutrals. As they leak in the heliosphere, these
neutral atoms become ionised as they fuse with the solar wind, slowing the latter
down up to 20%, and become what we call the Pick Up Ions (PUIs) [Richardson
and Stone, 2009; McComas et al., 2012]. The decrease of the solar wind speed is a
precursor of approaching the termination shock and it was confirmed by the VIM
observations. Due to thermal plasma heating by PUIs an increase in the solar
wind temperature takes place beyond the distance of approximately 20 to 30 AU
[Richardson and Stone, 2009].

Since the solar wind is produced on the Sun it strongly depends on solar vari-
ability and within one solar cycle it shows strong variability in space and time,
which is subsequently imprinted in the global structure of the heliosphere [Zank
and Müller , 2003]. During solar cycle minimum conditions the magnetic field of
the corona is nearly bipolar and a belt of bright streamers is formed around the
magnetic equator. At the same time high latitudes are dominated by dark polar
coronal holes. This results in solar wind exhibiting different characteristic on dif-
ferent heliolatitudes. A continuous fast solar wind flow, of speed approximately
700 km/sec, is located at high latitudes where the coronal holes lie. On the con-
trary a slow turbulent solar wind, with speeds around 300 – 400 km/sec, is formed
along the ecliptic plane. The picture is different during the solar maxima where
a more uniform latitudinal distribution of slow solar wind is present [Owens and
Forsyth, 2013]. This is depicted in Fig. 2.2 where on the left is an image based on
the Ulysses observations during period of minimum solar activity and on the right
an image representing the solar wind behaviour during solar maximum activity.
The solar cyclicity also affects the solar wind pressure which in the course of a
solar cycle can vary by a factor of 2 [Richardson and Stone, 2009].

The solar wind structure also depicts variations inside the interplanetary space
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Fig. 2.2: This image depicts the solar wind and interplanetary magnetic field be-
haviour as measured by Ulysses during two different periods of solar activity: the
solar minimum period on the left and the solar maximum on the right. One can
see that during solar minima fast solar wind flows from the solar poles where
big coronal holes are located, while slow solar wind flows from equatorial regions.
Contrary, during maxima solar activity periods the slow solar wind flow is dis-
tributed more uniformly, in terms of latitude, along the solar surface. This image
was obtained from Ofman [2010] who adopted it from [McComas et al., 2003].

due to different solar activity within one solar cycle. During the solar maxima
the flows of fast and slow solar wind streaming outward through the interplane-
tary space can catch up with each other. The result is the formation of a region
where solar wind is compressed. These regions are called Stream Interaction Re-
gions (SIR) [Gosling et al., 2001] and in the ideal quasi – steady state case they
corotate with the Sun organising what is called Corotating Interaction Regions
(CIR), Merged Interaction Regions (MIR), and Global MIR (GMIR) [e.g., Owens
and Forsyth, 2013, and references therein]. The left panel of Fig. 2.3 depicts the
formation of a SIR. In addition, Interplanetary Coronal Mass Ejections (ICMEs),
illustrated in the right sketch of Fig. 2.3, and their manifestations, the magnetic
clouds [see Burlaga et al., 1982, for details on the relation between Coronal Mass
Ejections (CMEs) and magnetic clouds], occurring near solar maximum conditions
also affect the solar wind structure.
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Fig. 2.3: An illustration of the fast and slow solar wind interaction towards the
formation of corotating interaction region (left hand panel) and a propagating
CME (right hand panel). The images are adopted by Owens and Forsyth [2013]
and Zurbuchen and Richardson [2006] respectively.

2.2. Interplanetary/heliospheric magnetic field

Due to high conductivity of coronal plasma, the magnetic field lines are “frozen
in” the plasma and are dragged in the chromosphere, where they form closed chro-
mospheric loops. A significant percentage of these loops remain close to the Sun,
within 1.8 to 2.5 solar radii (Rs), and form what we call “closed” solar magnetic
flux. However, between 5%, during solar maximum, to 50%, during solar mini-
mum, of these loops are dragged by the solar wind beyond that distance forming
the “Open” Solar Magnetic Flux (OSMF) [Wang et al., 2000; Arge et al., 2002],
which subsequently fills the heliosphere forming the Heliospheric Magnetic Field
(HMF). The surface beyond which the magnetic loops are considered as OSMF is
called source surface and according to space observations is located approximately
between 1.8 – 2.5Rs [Lee et al., 2011]. The OSMF is regarded as a parameter
describing the global HMF and therefore is a key parameter in modelling global
effects of the HMF such as the heliospheric modulation of galactic cosmic rays.

2.2.1. Parker’s model: Theory versus reality

Eugene Parker, already 60 yr ago, had predicted that the HMF must exhibit a
spiral structure [Parker , 1958a]. In the ideal steady – state case, the solar wind is
considered to be radially expanding away from the Sun with constant speed. The
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(a) (b)

Fig. 2.4: Panel (a) depicts a view of the heliospheric equatorial plane within 1AU
(dashed line), depicting the spiral structure of the HMF. The source surface is
shown as a dark circle surrounding the Sun. Within this surface the field lines
related to open solar magnetic flux are moving upwards super – radially because
the magnetic field pressure dominates over the plasma flow. However, beyond this
surface the expansion is radial since the solar wind is the dominant driver. Panel
(b) is an illustration of the ideal Parker spiral of the HMF between 0 to 25 AU
and at different heliolatitudes (0◦ – black, 30◦ – blue and 60◦ – red) for the case of
solar wind with speed equal to 450 km/sec. Both images are adopted from Owens
and Forsyth [2013].

magnetic field line “frozen in” the solar wind, while radially dragged along with it,
has its footpoints fixed in the solar photosphere. At the same time the Sun rotates,
so the footpoints rotate along with it. Therefore, the HMF is rotated away from
the Sun in the form of the Archimedean spiral, which for historical reasons when
referring to the HMF is called Parker spiral and is expressed as:

r −Rs = − u0
Ωssinθ

(φ(r)− φs) (2.1)

where Rs is the solar radius, u0 is constant value of the solar wind velocity, Ωs is
the angular velocity of the Sun’s rotation and φs is the initial azimuthal angle at
the solar surface where the field line originates.

Fig. 2.4a shows an illustration of the spiral structure of the HMF. Another
characteristic of the HMF structure, resulted from Parker’s theory, is the latitu-
dinal dependence of the spiral’s tightness. Although along the ecliptic plane, the
Parker spiral is flat and tightly wounded, the magnetic field lines become progres-
sively less winding with increasing latitude to the extent that a field line with its
footpoints on the pole is purely radial. An example of this effect is given in Fig.
2.4b where the Parker spiral structure of the HMF at three different heliolatitudes
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0, 30, and 60 degrees is given, for solar wind with speed of 450 km/sec. The
tightness of the winding of the Parker spiral is described by the angle between the
magnetic field line and the radial direction. This angle is affected by the solar
wind speed in a way that when the latter is increasing this angle declines. This
has been confirmed by the OMNI (Operating Missions as Nodes on the Internet)
data [Owens and Forsyth, 2013].

Deviations from the typical Parker spiral structure are present through the solar
cycle, as indicated by observations and one can view the structure of the HMF as an
ideal – Parker spiral with a significant amount of small – scale irregularities born
by coronal and/or interplanetary instabilities. Measurements of the azimuthal
and radial magnetic field components obtained by Pioneer 10 and 11 missions
within refraction regions associated with CIRs, described in Section 2.1, suggest
a spiral angle different from what would be expected for an ideal Parker spiral
structure of the HMF. In addition, CIRs are considered as sites where particles
undergo shock acceleration processes. Since CIRs are found to be located within
40◦ around the solar equator it was expected that particles associated with CIRs
would be observed within that region; however, they were also observed by Ulysses
at higher latitudes as well [Roelof et al., 1997]. It has been suggested that of
those particles the more energetic ones can be scattered by magnetic waves and
inhomogeneities produced in such regions and therefore diffuse across the field
lines [Kòta and Jokipii , 1995]. But that might be equally explained if magnetic
field lines from high latitudes are connected with CIRs located at low latitudes but
large heliocentric distances. [Fisk , 1996]. This idea is based on the concept of an
interplay between the differential rotation of the footpoints of the field line in the
photosphere and their non-radial expansion with the solar wind, making the field
line follow large latitudinal excursions in the heliosphere, a concept proposed by
Fisk [1996] and is known as random walk of field lines [Owens and Forsyth, 2013].

2.2.2. Interplanetary coronal mass ejections impact on
HMF

Huge eruptions of solar plasma, dragging magnetic field along with it, take place
sometimes on the Sun especially during periods of high solar activity. These erup-
tions are called CMEs and when they expand outward in the heliosphere they are
referred to as ICMEs. Their dynamic nature significantly alters the HMF along
their passage. For a number of ICMEs recorded, part of their formation are mag-
netic clouds, which are regions where the magnetic field lines form an extended
loop that rotates changing the direction of the magnetic field and forming flux
ropes. The density of the field is higher in the magnetic cloud and variations of
small scales are declined [see Owens and Forsyth, 2013, and references therein].
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Fig. 2.5: An illustration of the wavy heliospheric current sheet. Source: http:

//lepmfi.gsfc.nasa.gov/mfi/hcs/hcs_shape.html.

2.3. Heliospheric Current Sheet

The heliospheric current sheet (HCS) is a thin shear layer, formed around the
heliomagnetic equator, where solar magnetic field regions with opposite polarities
interact. This results in the HCS being located within the slow solar wind and thus
linked to helmet streamers. Within one solar cycle its latitudinal extent can vary
from 10◦ – 15◦ around the heliographic equator, during the solar minimum, and up
to 70◦ or more, during the solar maximum, exhibiting a wavy shape, as illustrated
in Fig. 2.5, due to the tilted magnetic axis and the rotation of the Sun [Suess et al.,
1993]. The waviness of the HCS is parameterized by the tilt angle, α, [Hoeksema,
1992] which traces the evolution of the large scale magnetic field [Cliver and Ling ,
2001] in the action of the solar dynamo. This makes the HCS an important
feature in describing the structure of the heliospheric magnetic field. Near solar
minimum, when a typical dipolar solar magnetic field exists and thus fast solar
wind are accumulated over the solar poles the HCS is located close to the solar
equator. This results into a sector structure of consecutive polarity field regions
along the ecliptic plane. As the solar cycle progresses the quadrupole component
of the solar field takes over the HCS and the sector structures are more complex.
This four – sector structure rotates with a period of 27 days, one day faster than
the rotational period of the two – sector structure which is approximately 28 days
[Owens and Forsyth, 2013].

The tilt of the HCS is also an important factor in heliospheric modulation of
galactic cosmic rays (e.g., Jokipii and Thomas [1981]; Kòta and Jokipii [1983])
and its variability is of great interest. Wilcox Solar Observatory (WSO) monitors
the HCS tilt angle continuously since 1976, and its calculated values for the last 40
years exhibit a clear cyclic behaviour that depends solely on the phase of the solar

http://lepmfi.gsfc.nasa.gov/mfi/hcs/hcs_shape.html
http://lepmfi.gsfc.nasa.gov/mfi/hcs/hcs_shape.html
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Fig. 2.6: Temporal variability of the HCS tilt angle as estimated by photospheric
magnetic field observations at WSO using two different models, the classical Po-
lar Field Source Surface (PFSS) model (solid line) and the radial model which
computes the tilt angle for the case of a source surface radius at 3.25 (dashed
line). The observations have been performed since 1976 covering four solar cycles.
Source: http://wso.stanford.edu/gifs/Tilts.gifl.

cycle. Using photospheric magnetic field observations, WSO follows two different
approaches to estimate the tilt angle values. The first one is the “classic” model
which applies line – of – sight boundary conditions to the photosphere. Because of
that polar field corrections are necessary to improve the estimates. The second
model is a newer approach called the radial model which applies radial conditions
and higher source surface radius to estimate the tilt angle and thus does not require
corrections as the classical one does. However, by using higher source surface radius
the current sheet appears flatter thus having lower maximum extent. The WSO
tilt angle estimates over time are given in Fig. 2.6. Various studies attempt to
reconstruct the HCS tilt for previous years or even to make future predictions. A
widely applied method to derive the evolution of the HCS was the use of coronal
brightness distributions [see Cliver , 1993, and references therein]. Cliver [1993]
derived a linear relation to calculate the tilt angle using the Deep River neutron
monitor count rate, applying least squares fitting between the Deep River neutron
monitor count rate and the tilt angle values since 1976. The method was only
applied for tilt angle values less than 50◦ under the implication that for values
greater than that convective-diffusive processes are the main contributors to cosmic

http://wso.stanford.edu/gifs/Tilts.gifl
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rays modulation and thus the neutron monitor count rate would not reflect tilt
angle variations [Lopate and Simpson, 1991; Potgieter and Le Roux , 1992; Cliver
et al., 2013]. However, the cosmic ray intensity does not vary linearly with solar
or heliospheric parameters [Mursula et al., 2003]. Moreover, such an approach
implies that either the tilt angle is the sole (main) parameter affecting the cosmic
ray intensity or that all the heliospheric parameters vary simultaneously, which is
not veracious [Alanko-Huotari et al., 2007a].

The maximum latitude of the HCS defines the so-called envelope. In order to
estimate the Ulysses spacecraft passing the envelope, Suess et al. [1993] tried to
predict the tilt angle by comparing the tilt obtained during the 22nd solar cycle
to that for the previous cycles, as calculated by Hoeksema [1991] using the WSO
observations of the photospheric magnetic field. Suess et al. [1993] also compared
the computed tilt angle with the sunspot number. An important outcome of their
analysis is that the tilt angle varies depending only on the solar cycle phase but
not on the cycle’s magnitude, contrary to the sunspot number. Accordingly, the
tilt angle can be reconstructed or predicted by only knowing the solar cycle phase
for each date in question.

Pishkalo [2006] did a correlation analysis of the monthly sunspot numbers and
the HCS tilt angle values for the solar cycles 21 to 23, from which he deduced that
the two are well correlated. Based on this analysis, he then reconstructed the tilt
angle for years 1749 to 1976 and compared his results with values reconstructed by
observations of bright coronal streamers’ angular position observed during total
solar eclipses from 1870 until 2002. The results appear to show a good agreement,
especially during the solar minima. However, the tilt angle values, obtained from
bright coronal streamers’ angular position, carry great uncertainties, considering
that they are projections of a three dimensional feature in two dimensions and
therefore they loose both spatial and time information [Alanko-Huotari et al.,
2007a]. Nevertheless, the Pishkalo [2006] model shows that the tilt angle exhibits
a cyclic behaviour on the long-time scale, as already suggested by Suess et al.
[1993].

The idea of a cyclic behaviour of the tilt angle was adopted by Alanko-Huotari
et al. [2007a], who developed an empirical model to reconstruct the tilt angle
values in the past, using the computed tilt angle by the WSO observations of the
photospheric magnetic field until 2005.

Considering that most of these attempts are based on semi – empirical modelling
there is room left for improvement in reconstructing the tilt angle over long time
intervals. Such an attempt was made in the work related to this thesis (Paper II),
where the model by Alanko-Huotari et al. [2007a] was revisited based on extended
observations by WSO.

2.4. Termination shock

The termination shock is best described as an extensive wave of spheroidal shape
[Jokipii , 2013]. In astrophysics a shock wave is a thin transition region where
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plasmas of different velocities and densities interact and particle acceleration takes
place. The TS plays that role in terms of supersonic solar wind abruptly switching
to the slower flow found in the heliosheath, due to the presence of a pressure exerted
inward by the interstellar medium [Jokipii , 2013]. It is also an accelerator for low
energy particles, as observed by Voyager 1, which are called Termination Shock
Particles (TSPs) [Potgieter , 2013a]. This is the first boundary GCRs penetrate
in their journey towards the inner heliosphere. Based on hydrodynamic (HD)
modelling the TS was estimated to lie approximately between 85 AU to 105 AU
[Potgieter , 2010, and references therein]. The VIM aimed to explore the outer
heliosphere and beyond. Travelling at entirely different orbits separated with about
60 deg in respect to the heliocentric polar angle, Voyager 1, travelling northward,
crossed the TS in December 2004 [Stone et al., 2005; Decker et al., 2005] while
Voyager 2, travelling southward, crossed the TS in August 2007 [Stone et al., 2008].
The arrival of Voyager 1 to the termination shock was foreshadowed by increases of
the ion intensities [McDonald et al., 2003]. Observations from the two spacecraft
gave estimation of the distance of the TS from the Sun to be at 94.01 AU and 83.7
AU respectively, which confirm the HD models.

The difference in the orbits of the two Voyagers in combination with the dif-
ference in TS crossing times gave indications for the unique features of the shape
of the TS. In the upwind direction, namely the direction of flow of the interstellar
plasma, it is “flatter than a sphere” as indicated by in situ (VIM measurements
of suprathermal ions) and remote observations (i.e. studies of radiation that has
been backscattered by neutral atoms of the interstellar medium) [Jokipii , 2013].
Another characteristic of the shape of the TS is its asymmetric nature with respect
to the direction of the flow of interstellar plasma towards the Sun [Jokipii , 2013].
Zank [1999] had already modelled a global structure of the TS that was flaring
outward at the sides and was crossed by a heliospheric magnetic field line multi-
ple times. This shape of the termination shock can be explained in terms of the
Bernoulli effect on the subsonic plasma found in the heliosheath. This subsonic
plasma becomes accelerated as it flows around the sides of the heliosphere, reduc-
ing subsequently the gas pressure [Jokipii , 2013]. The Voyager crossings of the TS
differ approximately by 10 AU, with the Voyager 2 crossing being closer to the
Sun, indicating that in the southern hemisphere the TS is probably forced closer
to the Sun and the heliosheath is thinner in the direction Voyager 2 is propagating
[Potgieter , 2013a]. This effect is called north – south asymmetry. Contrary to the
upwind – to – downwind asymmetry that is related to the solar cycle activity, the
north – south asymmetry is most probably due to stronger pressure applied by the
local interstellar magnetic field to the heliosphere, making the latter becoming
tilted [Potgieter , 2013a].

The data collected by Voyager 2 indicate that the spacecraft made multiple
crossings of the termination shock [Burlaga et al., 2009, and references therein].
This result came to confirm the belief that the TS has not only a variable structure
but also position, dependent on the solar cycle [Potgieter , 2010; 2013a], and rep-
resenting an oscillatory behaviour. This behaviour of the TS is expected to vary
between 3 to 5 AU in the nose direction, and be even larger in the tail direction
[Pogorelov et al., 2008, and references therein], resulting in asymmetric movement,
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as suggested by hydrodynamic models [Zank and Müller , 2003]. Models indicate
that a collision of a global merged interaction region with the termination shock
will cause the latter to oscillate with such amplitude multiple times. Estimations
of the TS oscillation velocity vary from 67±41 km/s, as estimated based on Voy-
ager measurements, up to 100 km/s, meaning that it can move several AU per
year [see Jokipii , 2013, and references therein]. Longer period movements of ∼8 to
9 years are also possible to exist due to oscillations of the heliopause in accordance
to ones of the termination shock [Zank and Müller , 2003]

2.5. Heliopause

An important feature of the heliosphere regarding GCRs modulation is the he-
liopause. It is considered as a boundary between solar and interstellar space within
which heliospheric modulation takes place, and has been estimated to lie between
40 AU to 50 AU further than the TS. Already since Parker [1961], the shape of the
heliopause due to the local interstellar medium was investigated. Little knowledge
we have regarding the local interstellar medium, thus different MHD models give
different pictures of the HP structure. Parker [1961] considered a strong interstel-
lar magnetic field concluding that under its influence the HP shape will flare into
the surrounding LISM in a significant distance away from the Sun. By consider-
ing a subsonic LISM, Fahr and Neutsch [1983] predicted a closed HP where the
solar wind plasma escapes via diffusion [see Pogorelov et al., 2008, and references
therein].

Voyager 1 is believed to have already crossed the HP in August 2012, when it
was at a distance of 121.7AU from the Sun [Webber and McDonald , 2013; Stone
et al., 2013], and thus it is expected to be currently moving in the Interstellar
Medium. However, this belief is questioned by a part of the scientific community
[Gloeckler and Fisk , 2015]. Voyager 1 observed radio emissions while traversing
the outer heliosheath and perhaps the heliopause. These observations might as
well be described by the continuous presence of weak shocks discussed in Section
2.6.

2.6. Heliosheath

The existence of the heliosheath was already predicted in the early solar wind the-
ories [Parker , 1958b;a]. It is a thick layer characterised by an outward subsonic
plasma flow. It acts as a deflector of the “post-shock” solar plasma. The TS
oscillations can influence the magnetic field inside the heliosheath to the extent
that the sector structure (see description in Section 2.3) is significantly altered
from what it was in the heliosphere upstream from the TS. In other words, the
time intervals for two consecutive crossings of the heliospheric current sheet by an
“observer” in the heliosheath and the TS upstream are different [Jokipii , 2005; Gi-
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acalone and Jokipii , 2006]. Irregular fluctuations of large-amplitude are present in
the heliosheath [Burlaga et al., 2005]. Voyagers observations of termination shock
particles indicate that the heliosheath at distances >113 AU is quasi-stagnant with
almost zero radial speed of plasma [Stone, 2013]. Inside the heliosheath termina-
tion shock particles and anomalous cosmic rays are significantly more abundant
than galactic cosmic rays in comparison with the region outside the heliosheath
[Stone, 2013]. A gradual increase of GCRs has been observed by Voyager 1, after
its crossing of the TS, heading towards values, already predicted by Webber and
Higbie [2009], as representative of the local interstellar medium.

The heliosheath is not yet explored to all its extend (inner and outer heliosheath)
and as it stands at the moment it is debated whether the Voyager 1 has even
crossed the heliopause. Therefore, most of the understanding about it comes from
hydrodynamic and magnetohydrodynamic modelling. According to HD modelling,
pressure waves are driven inside the heliosheath as well as the heliotail, by the
motion of the TS. These waves become gradually steeper as they move forward
in the heliosheath thus evolving into weak shocks. Such waves are transmitted
eventually into the interstellar medium after they collided with the heliopause. In
the nose direction they finally merge with the bow shock, if a two shock model is
considered, reinforcing it and forcing it to move outward. Another case is that of
one-shock HD models according to which these waves continue to propagate into
the local interstellar medium that is still subsonic and unaffected by any shock
[see Zank and Müller , 2003; Pogorelov et al., 2008, and references therein]. The
presence of such waves either in the heliosheath or the local interstellar medium
is important because they induce plasma heating.

2.7. Bow Shock or Bow Wave?

The Bow Shock is the region that separates the heliosphere from the interstellar
plasma. The idea of its existence was first introduced in 1971 [see McComas et al.,
2012, and references therein], already a decade after Parker developed the theory of
the solar wind and its interaction with the local interstellar medium. Although the
presence of a Bow Shock has been questioned in the past [Fahr , 1986], the general
belief was that it still exists and it was incorporated in HD and MHD models of
the heliosphere. The source of these opposing ideas is our lack of knowledge on
whether the interstellar medium flow is subsonic or supersonic [Richardson and
Stone, 2009]. Under the assumption of a supersonic interstellar flow the presence
of a bow shock is expected, while in the case of a subsonic flow such shock cannot
exist. Using IBEX measurements McComas et al. [2012] assessed the possibility of
existence of a bow shock ahead of the heliosphere. Although, Gloeckler et al. [1997]
had concluded based on their MHD model that for a weak interstellar magnetic
field of strength <3 µG a bow shock will inevitably exist, McComas et al. [2012]
dropped that limit to 2.2 µG based on an analytical model solving the Rankine-
Hugoniot conditions (a set of equations that describe the relationship between the
upstream and the downstream of a shock conditions). McComas et al. [2012] note
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that even if such condition is met the bow shock will be relatively weak. However,
IBEX remote sensing and VIM in – situ measurements indicate a strong ISMF (3
µG). Therefore, it is now concluded that a bow wave instead of a bow shock exists
ahead of the heliosphere.



3. Heliospheric Modulation of Cosmic Rays

On their journey through the heliosphere galactic cosmic rays are exposed to the
heliospheric magnetic field embedded in the solar wind, defined by its turbulent
nature, and a wavy heliospheric current sheet. With all three being highly variable
in space and time, due to volatile solar magnetic activity, GCR particles are subject
to a series of processes that result in spatial and temporal variations of their energy
and intensity [Potgieter , 2013a]. This is called heliospheric modulation of GCRs
and it is present for cosmic ray particles with energies less than 100 GeV. For more
energetic particles no modulation process takes place and the heliosphere is nearly
transparent to them.

The first description of the cosmic ray modulation in the heliosphere is the
Parker’s transport theory [Parker , 1965]. The theory is substantiated through the
Parker’s Transport Equation (PTE), firstly proposed by Parker in early 1960s, after
taking into consideration how charged particles move inside fluctuating/varying
magnetic fields. In the years that followed Dolginov and Toptygin [1967]; Toptygin
[1983] made an analytical derivation of the transport equation and Gleeson and
Axford [1967] derived the same equation following a more scrupulous approach to
the theory than Parker.

The PTE is written taking into consideration the assumption of an isotropic
cosmic ray flux at the outmost boundaries of the heliosphere. It contains all
transport effects and its typical form is written as:

∂f

∂t
= −(V + 〈vd〉)∇f +∇ · (Ks · ∇f) +

1

3
(∇ ·V)

∂f

∂lnP
(3.1)

where f(r, P, t) is the distribution function of cosmic rays and is dependent on
time (t), rigidity (P ), and position in a 3-dimensional space, (r). The position is
usually described by spherical coordinates r, θ, φ defined in the heliocentric spher-
ical coordinate system. Even though the heliosphere is not of a perfect spherical
shape, it very closely resembles a sphere making it reasonable to consider the po-
sition in spherical coordinates. In the heliocentric system the equatorial plane is
considered to lie at a polar angle of θ = 90◦. V in equation 3.1 is the solar wind
velocity, 〈vd〉 the averaged drift velocity of the particles being modulated, and Ks

the symmetrical part of the diffusion tensor.
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(a) (b)

Fig. 3.1: Panel (a) depicts the drift motion of a proton and an elec-
tron in the presence of a non – uniform magnetic field (figure adopted from
http://www-spof.gsfc.nasa.gov/Education/wdrift.html). Panel (b) de-
picts the drift of particles due to curvature of magnetic field line (im-
age source https://www.tcd.ie/Physics/people/Peter.Gallagher/lectures/
PlasmaPhysics/Lecture4_single_particle.pdf).

The term on the left hand side of equation 3.1 describes the temporal variations
of the distribution function. This term is often considered to be zero leading to a
steady state case of the PTE. This case does not account for modulation effects
that have periods less than one solar rotation (< 27 days) which are often referred
to as short – term modulation effects. To include such short – term effects a full 3D
solution is necessary; however, for longer period effects 1D or 2D models can be
used and then average the solution longitudinally and latitudinally to get the global
case. During periods of solar maximum activity such short – term phenomena are
frequent and the steady state is not valid, yet for periods of solar minimum activity
these events are scarcely present and thus the steady state assumption is sufficient
to describe the heliospheric modulation. Each term on the right hand side of
equation 3.1 represent a different modulation process inside the heliosphere.

The solar wind, as already described in Section 2.1, is plasma flowing radially
outwards with velocity V. When flux of cosmic ray particles come across the solar
wind a process of energy transfer will be generated out of cosmic rays due to the
physical movement of the surrounding solar wind plasma. This is included in the
PTE through the term −V∇f .

The heliospheric magnetic field is not homogeneous throughout the heliosphere.
Instead there are regions where its strength B is intense and regions where it is
weak, thus there are regions with dense or skimpy magnetic field respectively.
In addition, there is a radial gradient in the magnetic field component. This is
expressed with a gradient ∇B that is positive in the direction of stronger field.

http://www-spof.gsfc.nasa.gov/Education/wdrift.html
https://www.tcd.ie/Physics/people/Peter.Gallagher/lectures/PlasmaPhysics/Lecture4_single_particle.pdf)
https://www.tcd.ie/Physics/people/Peter.Gallagher/lectures/PlasmaPhysics/Lecture4_single_particle.pdf)


40

This gradient in B will cause the particle’s gyroradius to be larger in the region
where the field is weak and smaller where the field is stronger and thus the cosmic
ray particles drift perpendicular to both B and ∇B. Particles of different charge
will respond differently to this effect (see for example Fig. 3.1a). In addition to
variations in the field strength, there is also curvature of magnetic field. This
curvature has also an effect to the motion of cosmic ray particles inside the he-
liosphere resulting in the so – called curvature drift. More precisely a centrifugal
force perpendicular to the magnetic field is exerted on the particles causing them
to drift away from the centre of curvature (see Fig. 3.1b). The gradient – curvature
effect is introduced into the PTE via the term −〈vd〉∇f .

Due to the above mentioned irregularities in the heliospheric magnetic field and
their effect on cosmic rays it is regarded that the particles are randomly scattered
inside the heliosphere. Thus they are considered to diffuse inside the heliosphere
from the point they entered. This diffusion is described by a diffusion coefficient,
the symmetric part of the diffusion tensor, Ks. In PTE diffusion is expressed with
the term ∇ · (Ks · ∇f).

The last term on the right hand side of PTE describes adiabatic changes of
particles energy, one of the primary modulation mechanism. For a positive gradient
of the solar wind velocity (∇V > 0) this term describes adiabatic energy losses.

It is thus clear that it is the geometry, strength, polarity, and turbulent nature
of the heliospheric magnetic field as well as the solar wind velocity that controls
the modulation of galactic cosmic rays in the heliosphere. Although equation
3.1 describes adequately cosmic ray modulation, it only represents the standard
case and has to be adjusted accordingly for different regions of the heliosphere, or
different type of particles as described in Kòta [2013].

3.1. Effect of drifts on solar modulation

One of the most important modulation effects on cosmic rays is that of drifts,
which dominates the large – scale motions of GCR particles [Kòta and Jokipii ,
1983]. As described in Section 2.3, magnetic fields with opposite polarities meet
at the equatorial plane and the HCS is created. Taking the HCS into consideration
the drifting cosmic ray particles can be divided into two categories, the ones that
never cross the current sheet and experience only the curvature – gradient drift due
to inhomogeneities of the HMF, and the ones that follow trajectories that cross
the current sheet [Burger and Potgieter , 1989]. The latter will experience a drift
along the neutral sheet with possibly multiple crossings due to the magnetic field
gradients along it, in conjunction with the reversing polarity directly above and
below it.

Although the charge sign of particles is important in the drift effects [see Pot-
gieter , 2013a, and references therein], in the context of this work only ions are
considered as cosmic rays and thus only the drift effects on positively charged
particles are explained in further detail.

Particle drifting direction strongly depends on the polarity of the HMF. In ad-
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Fig. 3.2: Illustration of the modulation pattern during two phases of the helio-
spheric conditions: A – 7 to 8 years around sunspot maxima when the mod-
ulation is dominated by the HCS and B – 3 to 4 years around sunspot minima
when propagating transient disturbances dominate (figure source [Jokipii and Wib-
berenz , 1998]).

dition to that, there is a dependence on the waviness of the HCS, and hence on
its tilt, that can affect the strength of the modulation during different polarity
epochs. In the case of a flat current sheet, typical condition around periods of
solar minimum activity, during epochs of negative HMF polarity (A < 0), a pos-
itively charged particle drifts inward along the HCS, and poleward due to the
gradient – curvature drift. Under similar HCS conditions but for positive polarity
epochs (A > 0) a positively charged particle drifts from polar regions towards
the equatorial region due to gradient – curvature drift and then outward along the
current sheet due to HCS drift. The opposite holds true for negatively charged
particles. This pattern follows a 22 year periodicity in accordance to the polarity
reversal.

If we consider now a wavy current sheet the drifting patterns of CR particles
are altered. The effect of the HCS waviness is more significant for negative than
positive polarity epochs and that is impacted on the strength of the modulation
[Kòta, 1979; Jokipii and Thomas, 1981], which is larger for A < 0 than for A > 0.
This is simple to understand if one considers the available routes particles can
follow during A < 0 and A > 0 periods. In the first case particles drift along
the HCS inwards. If the waviness of the latter increases then the available path
for the GCR particle becomes longer. However, for A > 0 periods, as already
discussed in the previous paragraph, the particles will reach the inner heliosphere
from the heliospheric polar regions, without confronting the HCS [Jokipii and
Thomas, 1981] (see Fig. 3.2).

Despite the fact that the modulation of cosmic rays is intensified by the waviness
of the HCS during negative polarity periods, there is an upper limit to how much
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Fig. 3.3: Time profile of the cosmic rays intensity as recorded by the Oulu Cos-
mic Ray station since 1964 showing the 11 – year and 22 – year cycles in the CR
modulation. The years of polarity reversal are 1968, 1980, 1990, 2000 and 2013
(solid black lines). However, the change of polarity is not abrupt; instead, it
may take place in the course of one or two years. Image initially created at
https://cosmicrays.oulu.fi/ using the “online query” tool and adopted here
to include the lines that denote the year of polarity reversal.

the modulation is enhanced. So when HCS becomes very wavy, or more precisely
its tilt angle exceeds 30◦ to 40◦, the particles enter a non-drift mode [Jokipii
and Thomas, 1981; Alanko-Huotari et al., 2007c]. For positive polarity periods,
however, the wavier the HCS evolves the lesser the modulation effect on GCRs
becomes.

Although the importance of drifts on cosmic rays modulation begun as a the-
oretical idea and has been incorporated in numerical models [e.g., Jokipii and
Kopriva, 1979; Jokipii and Thomas, 1981; Alanko-Huotari et al., 2007c; Strauss
et al., 2012] , observations, such as the neutron monitor recordings, proved it to
be a fact. All the above described characteristics are summarised in the intensity
time – profile of galactic cosmic rays (Fig. 3.3). A prominent feature in this figure
is the alternate pattern of peaks and plateaus in the GCR intensity which is in
accordance with the 11 and 22 year cycles of solar activity, and reflects the effect of
the polarity of HMF and the waviness of HCS on particle drifts and subsequently
the modulation strength.

https://cosmicrays.oulu.fi/
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3.2. Diffusion complexity

Diffusion parallel to background magnetic field is sufficiently described by the
Quasi-Linear Theory (QLT) for the case of high rigidities based on the assumption
of weak magnetic field fluctuations. On the other hand, at low rigidities the
scattering of CR particles is better described by the dynamical theory [Potgieter ,
2013a]. In the case of perpendicular transport a Non – Linear Guiding – Center
theory (NLGC) may explain the phenomenon better [Giacalone, 2011]. There is
still a lot of work to be done before having a theory to fully describe the diffusion
of CR particles incorporating also turbulent effects [Potgieter , 2013a].

3.3. Solving the Parker Transport Equation

Although the physical understanding of the modulation is quiet well comprehended
and included in Parker transport equation, the realisation of each term included
is a challenge. It is hardly possible to solve the PTE, which is a Fokker – Plank
equation, analytically for a general case. Therefore, different approximations to
the problem had been introduced that can be analytically solved. In particular
the convection – diffusion and the force – field approximations.

The convection – diffusion formalism is the lowest-order approximation to PTE.
According to this approximation the heliosphere is spherically symmetric and GCR
particles diffuse radially inward by scattering on HMF irregularities. The solution
to this approximation includes a modulation parameter that interprets the he-
liospheric modulation as a function of the size of the heliosphere, the speed of
the solar wind and a phenomenological diffusion coefficient. The latter is a func-
tion of particle’s momentum and heliocentric distances. The physical content of
the solution to this approximation is reduced since only the integral effect of the
parameters involved is known [Moraal , 2013].

When Gleeson and Axford [1967] derived the same transport equation as Parker
[1965], but starting from Boltzmann equation, they also provided an approximation
to the PTE, called the force – field approximation [Gleeson and Axford , 1968a;b].
This mathematical formalism is commonly used to quantify solar modulation. Its
key characteristic is that it contains a single parameter to describe the modulation
of GCR particles inside the heliosphere. This parameter is called the modulation
potential, φ and parametrises the rigidity loss and thus the energy or momentum
loss of GCR particles [Caballero-Lopez and Moraal , 2004; Usoskin et al., 2005;
Moraal , 2013].

Under the assumptions of steady case and spherical symmetry equation 3.1 can
be written as:
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where f is a function of the heliocentric distance r and the particle’s kinetic energy
T , and represents the number density of CR per unit interval of T . V is the solar
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wind speed, κ the diffusion coefficient and α = (T + 2Tr)/(T + Tr), with Tr being
the proton’s rest mass energy. The diffusion coefficient is often written as [Usoskin
et al., 2002]:

κ = κ0
ν

c
P, forP > Pb

κ = κ0
ν

c
Pb, forP < Pb

where ν and P are the velocity and rigidity of a single CR particle and pb=1 GV.
Under some simplifying assumptions equation 3.2 becomes:

∂f

∂r
+
V P

3κ

∂f

∂P
= 0 (3.3)

which is a first – order partial differential equation whose solution is constant along
the characteristic curves in (r,p) space defined by the equation

dP/dr = PV/3κ (3.4)

Considering equations 3.3 and 3.4 the solution to 3.3 is:∫ D

rE

V

3κo
dr =

(D − rE)V

3κo
= φ (3.5)

where rE= 1 AU and D is the heliospheric boundary.
The force – field approximation describes well the weak heliospheric modulation,

however, it is not successful in describing periods of strong modulation, overesti-
mating the flux of CR particles with low energy [Usoskin et al., 2002]. This is due
to the violation of the condition under which force – field is valid [Fisk and Axford ,
1969], which can be written as:

r

f

∂f

∂r
� 1 (3.6)

Although, the term in PTE describing adiabatic energy changes is not con-
sidered in the force – field approximation, its product, the modulation potential,
defines energy losses [Moraal , 2013].

3.4. Modelling heliospheric modulation

With the development of computers numerical models became the best tool to
approach the problem. Since Parker firstly introduced PTE in the late 50s un-
til today a great deal of sophisticated 2D and 3D models have been developed
[e.g., Jokipii and Thomas, 1981; Hattingh and Burger , 1995; Potgieter et al., 2001;
Alanko-Huotari et al., 2007c, to name some]. Because our knowledge and/or un-
derstanding of all the physical processes taking place in the heliosphere is limited,
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due to the shortage of observations, a key aspect in numerical models is the con-
sideration of assumptions, aiming to simplify the problem. Still the assumptions
need to reflect realistic processes and can be confirmed by observations for such a
model to be successful.

Apart from a suitable transport theory, numerical modelling of galactic cosmic
ray modulation strongly depends on the choice of boundary conditions, the input
local interstellar spectra, transport parameters, as well as representative temporal
and spatial variations of the solar wind and the HMF.

The first numerical solution to PTE was developed by Fisk [1971]. It was
computed based on a one dimensional (1D) model of the steady state spherically
symmetric PTE that involves only the radial component. The 2D axisymmetric
case was later on built by including dependence on the polar angle [Fisk , 1976].
To take into consideration the effects of gradient and curvature drifts Jokipii and
Kopriva [1979]; Gleeson et al. [1979] constructed independently 2D steady – state
models. The effects of a wavy heliospheric current sheet was later on included
in 2D models by Potgieter and Moraal [1985]; Burger and Potgieter [1989]. In
parallel 3D steady – state models that include both gradient – curvature drifts and
current sheet drifts were developed [e.g., Jokipii and Thomas, 1981; Kòta and
Jokipii , 1983; Burger and Hattingh, 1995].

Considering that cosmic ray particles undergo acceleration at the termination
shock various 2D steady – state and time – dependent models have been developed
that comprise diffusive shock acceleration [Jokipii , 1986; Potgieter and Moraal ,
1988; Potgieter , 1989] . The key to success in such models is the choice of bound-
ary conditions, for example the use of a more realistic non – spherical boundary
condition [Haasbroek and Potgieter , 1998]. The continuity/discontinuity of the
transition phase of the solar wind velocity at the TS has also been included in
2D models for the case of ACRs [some examples are Steenberg and Moraal , 1996;
le Roux et al., 1996; Langner and Potgieter , 2004a;b]

Although the steady state models are easy to construct they are not realistic,
especially if one considers the short – term variations. The first time – dependent
model was developed by Perko and Fisk [1983] and depends only on one spatial
dimension. From that simple model an extension in the 2D space that accounts
for drifts as well as GMIRs effects was developed [Le Roux and Potgieter , 1990;
Potgieter et al., 1993]. So far a 3D time dependent model has been developed for
the electron component of the cosmic rays [Fichtner et al., 2000; Florinski and
Pogorelov , 2009; Dröge et al., 2010; Strauss et al., 2011].

So far the models mentioned have been developed based on a finite difference
method such as the Crank – Nicolson and the Alternating Direction Implicit (ADI)
schemes. Such kind of method is the most straightforward way of solving differ-
ential equations. Contrary to the finite difference methods that cannot deal with
singularities and shocks, the Stochastic Differential Equations (SDEs) not only
considers that but in addition it provides the benefit of turning on and off dif-
ferent processes considered in the modulation model, as well as tracing particles
backward in time. It has, therefore, grown in popularity in the field of GCR
modulation for solving the PTE. From its first application to its most sophisti-
cated versions this approach has been advantageous concerning two aspects, its
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numerical stability and its independence on the spatial grid size [Zank et al., 1998;
Gervasi et al., 1999; Alanko-Huotari et al., 2007b; Bobik et al., 2012; Potgieter ,
2014].

Although, theoretical modelling has clearly undergone essential progress over
the years it still has some weak points. For instance, the diffusion tensor, an im-
portant parameter of PTE cannot be directly measured. The same holds true for
the magnetic field inhomogeneities related to solar wind turbulence. Incorporat-
ing parameters that cannot be measured and ad – hoc parametrizations already
weakens the realistic aspect of the solution.

Alternatively, efforts have been made to link the temporal variability of cosmic
rays to observable solar and heliospheric parameters. Such parameters are the
heliospheric current sheet tilt angle [e.g., Cliver , 1993; Alanko-Huotari et al., 2006;
Cliver and Ling , 2001], the sunspot number [e.g., Cliver and Ling , 2001; Stozhkov
et al., 2004; Ahluwalia, 2015], open solar magnetic flux [e.g., Cliver and Ling , 2001;
Alanko-Huotari et al., 2006] and thus the global HMF [e.g., Belov et al., 2006, and
references therein], the HMF polarity [Alanko-Huotari et al., 2006], as well as, the
size of the heliosphere [see Belov , 2000, and references therein] and coronal mass
injections [Cliver and Ling , 2001].

However, despite the advantage of using observable parameters, such empirical
models are not free of weaknesses, limiting their efficiency. For instance, they
use the cosmic ray intensity at a fixed energy and therefore do not consider the
solar variability effects on the overall spectrum. Other studies consider neutron
monitor recordings from a single station. As a result they do not account for
geomagnetic cut – off rigidity effect on cosmic ray flux (see Section 4.2). Another
problem often encountered in empirical models is that they are not built on obser-
vations of long – term solar variability. Consequently they do not consider cycles
with different periodicities and levels of activity and are unsuitable for long – term
prediction purposes. And yet such models have been developed and used both for
prediction and forecasting of solar variability. In all aspects, there is still room for
improvement in empirical modelling as well.

It is important to comment that with the constantly increasing length of obser-
vational databases and the improvement of data quality it is expected that such
empirical models will improve in better describing both short – and long – term
modulation cycles.

3.5. Importance of LIS in modelling modulation

As described in Section 3.3 the force – field is a first order approximation to Parker’s
equation for the transport of GCRs in the heliosphere. This approximation in-
cludes only one parameter the modulation potential, φ, which depends on the
choice of LIS (see Section 1.2 for definition of LIS). Although direct measurements
of the LIS exist, they are poorly known for energies below several GeV [Potgieter ,
2013b]. This is due to the heliospheric modulation effect. Low energy particles
are strongly affected by the solar activity contrary to high energy particles, which
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can more easily transverse the heliosphere. Most of our knowledge of the high
energy spectra is based on in situ measurements at 1 AU by AMS (Alpha Mag-
netic Spectrometer) and PAMELA (Payload for Antimatter Matter Exploration
and Light-nuclei Astrophysics) satellite missions. Voyager mission provides good
measurements at lower energies. By combining both high and low energy mea-
surements Webber [2015], presented an interstellar spectrum for GCR nuclei (H
up to Fe) within the energy interval 10 MeV/nuc – 100GeV/nuc. With Voyager
I having crossed, as believed, the heliopause Cummings et al. [2015] provided a
LIS. With all this progress being very recent but the need of a representative
LIS for studying the modulation effects existing for decades now different models
of the LIS parametrisation have been proposed, such as those of Garcia-Munoz
et al. [1975]; Langner et al. [2003]; Webber and Higbie [2003]; Usoskin et al. [2005];
Webber and Higbie [2009]. All these LIS models do not exactly agree with each
other for energies below 10 GeV, but for each different LIS a modulation potential
describing well the observed GCR flux at 1AU can be calculated. Usoskin et al.
[2005] and later on Herbst et al. [2010] performed an analysis showing that the φ
defined by each LIS model can very easily be reduced to any of the other φ. It is
thus clear that when modelling the heliospheric modulation, and the long – term
solar variability through it, it is important to firstly fix the LIS and then determine
the modulation potential.



4. Cosmic rays in the magnetosphere and
atmosphere

4.1. Geomagnetic Shielding

Being charged particles cosmic rays are also affected by Earth’s magnetic field in
a process called geomagnetic shielding. The geomagnetic field is well described
by a dipole with a 11.5◦ inclination (present day value) with respect to Earth’s
rotational axis. The orientation of the magnetic poles is opposite to that of the
geographical ones. It has been indicated from paleomagnetic studies that the
geomagnetic field configuration is variable, including magnetic dipole reversals
and pole wandering. Therefore, the view we have today on the geomagnetic field
and its effect on cosmic rays is only representative for the current era and does
not necessarily reflect the past.

The geomagnetic field exerts on cosmic rays a Lorentz force changing essentially
their trajectories so that the direction of entrance in the atmosphere is not the one

Fig. 4.1: Illustration of a sample trajectory a CR particle would follow within
Earth’s magnetosphere due to geomagnetic shielding. Image adopted from Dor-
man [2009].
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(a) (b)

Fig. 4.2: Panel (a) shows the allowed and forbidden trajectories of cosmic ray
particles. The forbidden cone defined by Størmer and the allowed cone proposed by
Lemaitre and Vallarta [1936] are illustrated. A region called penumbra, where both
allowed and forbidden trajectories can be found, is also shown. Panel (b) shows
possible trajectories of cosmic ray particles for different rigidity cases, beginning
with that of the highest rigidity, trajectory line 1, up to the lowest rigidity case,
trajectory line 15. Both images obtained from Smart and Shea [2005].

it had outside of it (i.e., as in Fig. 4.1). The original direction of a CR parti-
cle is called the asymptotic direction. The location within the magnetosphere at
which a cosmic ray particle will arrive is defined by a combination of the particle
rigidity and the asymptotic direction for a particular geomagnetic field configura-
tion. When considering the positively charged CR component, whose curvature
due to Lorentz force is left – handed, that particular location is slightly to the west
of the asymptotic direction. Moreover, the asymptotic direction of low – energy
particles is more to the south – east direction comparing to the high – energy ones
which have larger rigidity and therefore travel more straightforwardly towards the
ground.

In the 1930s Størmer begun to approach numerically the problem of particles
motion inside the geomagnetic field by assuming it to be an ideal dipole. He found
that under the ideal dipole configuration there are trajectories that are allowed
and trajectories that are forbidden [Størmer , 1955]. The reason for the existence of
those forbidden trajectories is the presence of solid Earth [Smart and Shea, 2005]
within the magnetic field. As mentioned above there is a rigidity dependence of
the trajectories, with the latter becoming more complex and twisting to loops (see
Fig. 4.2b) as the rigidity decreases. In the case of intersection of these loops with
Earth the trajectory is no longer possible to be trailed by a particle and is thus
called forbidden [Smart and Shea, 2005]. Størmer identified that the forbidden
trajectories are confined within a cone called Størmer or forbidden cone, and is
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illustrated in Fig. 4.2a. This cone has an axis pointing eastwards and thus account
for the east – west effect. This effect describes a difference in the flux of particles
coming from east comparing to those coming from west, which results from a
sign – dependent drift of CR particles [Dorman, 2009].

Geomagnetic shielding can be expressed in terms of cut – off rigidity, Pc. This
parameter represents the minimum rigidity a CR particle should have to penetrate
at a given place and time [Cooke et al., 1991]. A commonly used simple approx-
imation describing the vertical geomagnetic cut – off rigidity Pc is the Störmer’s
equation:

Pc ≈ 1.9M

(
Ro
R

)2

cos4λ[GV ] (4.1)

where Ro, R, λ and M are Earth’s mean radius, the distance from a given location
to the dipole centre, the geomagnetic latitude of that location and the magnetic
dipole moment in 1025 gauss· cm3 (1022 A· m2), respectively. However, this equa-
tion does not account for the East – West asymmetry and for non – dipole magnetic
momenta.

A more detailed estimation of Pc that includes all the above commented effects
of the geomagnetic field is the effective cutoff which for the modern epoch is given
by the following empirical formula:

Pc(γ, λ) = 60

(
1−

√
1− cosγcos3λ)

cosγcosλ

)2

[GV ] (4.2)

where λ is as before the geomagnetic latitude of a particular location for which Pc
is computed and γ is the angle between the direction of geomagnetic east and the
velocity of the incoming particle.

The East – West asymmetry is included in equation 4.2 since for γ > 90◦, viz.
CR particles arriving from east, the cut – off rigidity will take smaller value com-
paring to that of particles that come from west (γ < 90◦), and thus eastern CRs
approach Earth’s surface easier. In the particular case of γ=90◦ equation 4.2
becomes:

Pc(90◦, λ) = 15 · cos4λ[GV ] (4.3)

This is the vertical geomagnetic cut – off rigidity for the modern value of M ∼
8 · 1025gauss · cm3. Starting from the geomagnetic equator, where the effect of
geomagnetic shielding is the strongest, Pc(90◦, λ) decreases when moving towards
the geomagnetic poles, where there is almost insignificant effect (Fig. 4.3).

4.2. Atmospheric Cascade

Besides the geomagnetic obstacle cosmic rays encounter on the journey towards
Earth’s surface they also face the atmosphere. The thickness of the atmosphere
and its density in terms of nuclei of atmospheric gasses make it impossible for the
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Fig. 4.3: Isolines of effective vertical cut – off rigidity for the 20.04.2004 at 12:00
UTC (Image source: http://www.geomagsphere.org/).

primary cosmic ray particle to reach the ground. Instead they will undergo a series
of collisions and interactions producing what is called atmospheric cascade, also
known as air shower (Fig. 4.4).

The atmospheric cascade consist of three main components, the electromagnetic
(soft) component, the muon (hard) component and the nucleonic component. The
first one consists of photons, electrons and positrons, while the later consists mainly
of suprathermal neutrons, and a smaller fraction of protons. These protons have
high energy, and their concentration is roughly equal to that of neutrons of the
same energy. The absence of low energy protons from the neucleonic component is
due to the fact that they participate in ionization processes and loose their energy.
The muon (hard) component consists as its name suggests only from muons which
are produced instantaneously due to the immediate decay of pions. The flux of
muons on the ground depends on the altitude where the cascade was first initiated.
Due to their short lifetime the higher the cascade is initiated the smaller the muon
flux on the ground would be. In addition, the variable height of the atmosphere
depicts seasonal and daily variations which are imprinted in the muon flux. As can
be seen in Fig. 4.4 pions are also produced in the cascade but they very quickly
decay into muons or into two photons, which later on produce the electromagnetic
and the muon component.

An air shower has a specific total width, dependent on the energy and type of
the incoming particle flux, and each of the components has a different horizontal
width with respect to each other, with the muon component being the most widely
spread. Another characteristic of an air shower is the energy spectra of the different
components. In the energy range less than 100 MeV the spectrum is dominated
by the nucleonic component, while the high – energy tail is dominated by muons.

http://www.geomagsphere.org/
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Fig. 4.4: Schematic presentation of the atmospheric cascade known as air shower
as well (Image adopted from Simpson et al. [1953]).



5. Solar variability

5.1. Indices of solar variability

Contrary to what was previously believed, the Sun is a highly variable star. Its
variable nature is expressed through a series of non – stationary eruptive processes
that all together form what is called solar activity. The later is imprinted in various
indices, often related to each other. Such indices are divided into physical, which
assess the physical features and effects of the solar activity, and synthetic, which are
composed by a prescribed algorithm based on observations of certain phenomena.
Examples of physical indices are the radio flux, the total solar irradiance, magnetic
field measurements, while synthetic ones are for example the sunspot number, the
modulation potential or geomagnetic indices. Apart from the physical/synthetic
categorisation, solar activity indices are also divided into direct, which describe
direct manifestations of the solar activity, and indirect, which describe the effects
of solar activity.

The sunspot number series are the longest direct index of solar activity, and
yet it only spans over the last approximately 400 years. However, indirect indices,
stored in natural archives and describing terrestrial effects of the solar – magnetic
activity, extend in millennial scales and are a great tool for tracing solar activity
in the past. One of these indirect indices are the cosmogenic isotopes which can
be produced in Earth’s environment and are called terrestrial radionuclides, such
as 10Be stored in ice and 14C stored in tree rings, or can be produced in an
extraterrestrial environment such as 44Ti produced on meteorite’s body.

5.1.1. Sunspot number

The most commonly used direct index of solar activity is the sunspot number.
Sunspots are dark areas on the solar photosphere where magnetic field rises through
the solar surface from the solar interior in the form of loops. The magnetic field
located in sunspots is strong, and as a result sunspots appear darker than their sur-
rounding area. They can be easily observed from Earth and have been monitored
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Fig. 5.1: Sunspot close up where the different characteristics of a sunspot, um-
bra and penumbra, as well as the early stages of the transport formation, the
pores, are visible. Source: http://starchild.gsfc.nasa.gov/docs/StarChild/
questions/question17.html.

regularly for nearly 400 years by various observers. Sunspots are generated by the
constantly changing toroidal magnetic field. More precisely, as the Sun undergoes
a differential rotation, magnetic field lines in the interior wrap up, creating flux
ropes of high intensity magnetic field where density of solar matter is lower than
its surroundings. As a result these flux ropes are subject to buoyancy that forces
them to move upward towards the solar surface. When they first appear on the
photosphere they represent significantly small, in comparison to sunspots, dark
spots called pores; within hours or days a fraction of these pores can develop into
active regions where one or more sunspots are located. A fully developed sunspot
is characterised by a very dark centre, the umbra, surrounded by a slightly brighter
region called penumbra (Fig. 5.1). It is often observed that the same penumbra
may circle many umbrae. Due to their generation mechanism, which is governed
by the dynamic nature of the Sun, changes in their number and size is an indicator
of solar variability.

Sunspot groups are usually characterised by a magnetic bi – polar nature. It is
rather common that a group has two primary spots with roughly an east – west
orientation. The western spot is the leading one and the first to develop and to
disappear, it usually lies closer to the equator, it is often larger and has stronger
magnetic field strength compared to the eastern (i.e. following) spot [Howard ,
1992; Shi and Xie, 2015].

The solar differential rotation and the expansion of the magnetic flux loops

http://starchild.gsfc.nasa.gov/docs/StarChild/questions/question17.html
http://starchild.gsfc.nasa.gov/docs/StarChild/questions/question17.html
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result in a progressive widening of the distances between the spots within one
group. For instance the leading spot which lies closer to the equator rotates faster
than the following one.

The sunspot number is not a direct result of sunspot counting, it is rather a
result of a formula based on actual sunspots and sunspot groups counting. It is
thus a synthetic index. Counting sunspot groups is of key interest, especially when
analysing drawings of the early observers. The reason for that is that even though
an individual sunspot might be too small or faint to be visible a group of sunspots
is always visible and therefore accounts for such observational obstacles. However,
there is a problem to be considered when counting groups as well, and that is
the actual definition of a sunspot group. At the early years this definition was
very subjective and thus different observers might record different group numbers.
Nowadays a classification of sunspots exists and certain criteria must be followed by
all scientists counting sunspot groups; this criteria is provided by Solar Influences
Data Center (SIDC) – http://sidc.oma.be/educational/classification.php.
Visibility problems related to location, instrument and time of observation can also
affect the observation of both individual sunspots and also sunspot groups.

Telescopic observations of sunspots go back to over 400 years, making the
sunspot number the longest direct index of solar activity. Because of its length it
is a highly used index for studying the solar variability. Rudolf Wolf was the first
who attempted uniting a large number of individual, independent observations
into one record. Due to the nature of these observations, constructing a uniform
and unambiguous record is a hard task. The original sunspot lists are subjective
and fragmentary, and based on a number of different processing techniques. As
a result quite a significant number of sunspot number series are being constantly
reconstructed [i.e., Hoyt and Schatten, 1998; Clette et al., 2014; Svalgaard and
Schatten, 2016; Usoskin et al., 2016b; Cliver and Ling , 2016]

One can divide the efforts of producing a single sunspot number series into
two categories: International Sunspot Number (ISN) and Group Sunspot Number
(GSN) series. One of the first to put together all the sunspot observations in one
series was Rudolf Wolf and his series is known as Wolf sunspot number (WSN).
His principle in producing the series was to use primary observers (listed in table
5.1) solely for each day. In the case of the primary observer being unavailable
a secondary, tertiary etc. observer was considered. Although, this would result
into a more homogeneous series, it also results in ignoring a significant number of
observations [Usoskin, 2013].

The formula Wolf developed to calculate the relative, as is called, sunspot num-
ber is:

RZ = k(10G+N) (5.1)

where G is the number of sunspot groups and N the number of individual spots.
It is therefore apparent that although the WSN counts for an individual sunspot
number series, in reality it is not. It is rather a hybrid of G and N , where G
is a weighted parameter. The factor k is an individual correction factor. It was
introduced in the formula to account for different instruments and techniques
different observers used and is thus a normalization factor unique for each observer.
This k factor is the fraction between the observations by the primary observer and

http://sidc.oma.be/educational/classification.php
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Observer Period of Observation
Staudacher 1749 – 1787
Flaugergues 1788 – 1825

Schwabe 1826 – 1847
Wolf 1848 – 1893

Wolfer 1893 – 1928
Brunner 1929 – 1944

Waldmeir 1945 – 1980
Koeckelenbergh 1980 – 1991

Table 5.1: List of primary observers used for the construction of the WSN series.

those by Wolf. When a secondary or tertiary observer was used the scale factor
k was determined by ratioing them to the primary observer instead of Wolf [Hoyt
and Schatten, 1998].

A drawback of that series, besides the use of only one primary observer, is that
the process was not properly documented. It is known that an interpolation tech-
nique and/or proxy data were used to fill the data gaps related to days where no
sunspot observations were available [Hoyt and Schatten, 1998]. Unfortunately the
dates of the days without sunspot observations were not documented, so even to-
day, where a significant number of records from secondary observers are recovered,
reproducing/correcting the Wolf series is a difficult process. In addition to the
above problem, for the earlier parts of the series geomagnetic observations were
used by Wolf to fill data gaps enhancing the inhomogeneity of the series [Wilson,
1998; Letfus, 1999; Svalgaard , 2012; Usoskin, 2013; Clette et al., 2014]. During the
process of data collection, Wolf only communicated via post for the collection of
observations and did not see the original ones himself [Hoyt and Schatten, 1998].
As a result the uniformity of the series is affected by an individuals interpretation
of a group sunspot definition [Hoyt and Schatten, 1995b; 1998] After Wolfer, the
Zürich Observatory continued to produce the WSN series until 1980. Although it
followed the same technique, the weighting procedure apparently changed resulting
in an offset of the record around 1945 – 1946 [Svalgaard , 2012]. In 1982 the Royal
Observatory of Belgium (ROB) assumed responsibility, and it is still producing
the ISN at the SIDC, where multiple observers are used. The earlier part of the
series had not been addressed up until very recently [Clette et al., 2014].

To compensate for the low quality of ISN/WSN series before the 1850s and es-
pecially before the 1750s, Hoyt and Schatten [1992]; Hoyt et al. [1994] introduced
the first group sunspot number series. Aiming to overcome the less robustly in-
dividual sunspot counting they excluded the number of individual sunspots from
their formula. By considering the sunspot observations by the Royal Greenwich
Observatory (RGO) over the period 1874 – 1976 as the most reliable, they used
RGO as a ”standard observer” for normalising the earlier observers to its level.
For observers who have a period of observation that overlaps with RGO, the nor-
malisation factor (k

′
) is taken to be the ratio of the number of groups observed
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by RGO to the number of groups observed by that observer for the overlapping
days. Then group counts of that particular observer are multiplied by that factor.
In the case of an observer with no period of overlap with RGO one or more in-
termediate observers were considered. In that case the normalisation factor is the
ratio between the number of groups observed by the non – overlapping observer
over the already normalised group counts of the intermediate observer. However,
no intermediate observers with k

′
less than 0.6 or more than 1.4 were used, to

avoid utilising less active or not good enough observers. When a secondary, ter-
tiary etc. intermediate observers were considered to normalise a non – overlapping
observer, their k

′
factor were weighted based on the quality of their observations,

providing a mean k
′

and its standard deviation. This process of building the series
is called daisy – chaining. As described in their work, [Hoyt et al., 1994] brought
all observers since 1749 to the RGO scale by using as less as possible intermediate
observers, but taking advantage of all the possible paths of comparison to ensure
that the k

′
factor, unique for each observer, is the best possibly obtained.

For the production of this series they revised all available archives and took
into consideration more observations than the ones used for the WSN, successfully
extending the series back to 1610, improving it over the period of Maunder Min-
imum [Hoyt et al., 1994; Hoyt and Schatten, 1996], the Dalton Minimum [Hoyt
and Schatten, 1992; 1995b] and the period in between [Hoyt and Schatten, 1995a].
The sunspot index they defined [Hoyt and Schatten, 1998] is given by the formula:

RG =
12.08

n

∑
i

k
′

iGi (5.2)

where n is the number of observers, and can vary from day to day, k
′

i is the indi-
vidual correction factor for each observer to the RGO level and Gi the number of
sunspot groups recorded by the i – th observer. The factor 12.08 is a normalisation
factor introduced in the formula in order for RG to be identical to RZ over the
period 1874 – 1976, when RGO was making sunspot observations. Contrary to the
ISN formula that depends both on sunspot group and individual sunspot counting,
GSN is calculated solely based on group counts. This is advantageous, especially
considering that sunspot groups are more easily distinguished, as discussed ear-
lier. However, the different approach on grouping individual sunspots by earlier
observers comparing to the present procedure [Clette et al., 2014] might have an
impact on both ISN and GSN series.

Despite the effort of combining a homogeneous and free of uncertainties series
it is now known that this has not been successful. As with the WSN, the GSN
was also constructed using the daisy chain method, so that observers are joined
in the series based on the overlapping period between them and the series so
far. This method leads to error accumulation and bias towards which observer
is considered good enough for calibrating others [Usoskin et al., 2016b; Cliver ,
2016]. Being highly uncertain, calibrating the visual capability of each observer
is a major issue in producing a sunspot series, but not the only one. The choice
of observations used for producing a series was strongly affected by the personal
choices of researchers working on the subject, i.e. Wolf strongly believed that
spotless days/years did not exist before approximately 1700s. He attributed that
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to observers not keeping good records. Another example was the choice of data of
the RGO by Hoyt and Schatten [1998]. These data are known to be inhomogeneous
in the late 1800s [Cliver and Ling , 2016]. Although, the later is a controversial
issue with many researchers proposing different periods of inhomogeneous data [see
for example Sarychev and Roshchina, 2009; Clette et al., 2014; Cliver and Ling ,
2016; Lockwood et al., 2016] and others finding no inhomogeneities at all [Aparicio
et al., 2014; Obridko and Badalyan, 2014].

The flaws the older records carried, in conjunction with a series of archival
research taking place the last decades that has successfully recover several long
lost, unknown, unused or un – digitised sunspot observations [Vaquero et al., 2005;
2007; Arlt , 2008; Aparicio et al., 2014; Carrasco et al., 2014; Diercke et al., 2015;
Neuhuser et al., 2015, i.e.], sparked the production of a series of new sunspot
number time – series.

One of these new series is the one produced by Svalgaard and Schatten [2016].
They use a technique call the “backbone” normalisation method, according which
certain standard observers, the “backbones” (Staudacher, 1731 – 1799, Schwabe,
1749 – 1883, Wolfer 1841 – 1944, Koyama, 1920 – 1996 and Locarno, 1950 – 2015),
are selected to calibrate all others. These backbones are selected based on having
long periods of observations and thus being representative for a certain period.
The k – factors of each non – standard observer is estimated by comparison of their
annual averaged group counts to those of the backbone for the period they overlap.
A linear fit forced through zero is applied and the group counts of the secondary
observers are scaled according to the slope of that linear fit. Of all the backbones
the Wolfer was used as the base to normalise the entire sunspot record. Between
Schwabe and Wolfer a combined backbone was built, normalised to Wolfer scale,
which was subsequently used to normalise to the same scale another combined
backbone, that of Koyama and Locarno.

The aim of choosing Wolfer as the base scale to all others was to reduce error
accumulation of a “daisy – chaining” process, and yet this technique also carries
that effect, especially when normalisation of Staudacher is considered. Because
observations are more sparse over the period where Staudacher is the backbone
the series is determined with significant uncertainties. An additional problem
this series has, besides the ones already discussed and are related to the daisy –
chaining and the inadequate length of overlapping periods for some observers in
the 18th century, is the use of annual averaged data to estimate the k – factors.
Such heavily smoothed data can lead to strong bias on the result [Usoskin et al.,
2016b; Lockwood et al., 2016]. It is worth mentioning that the choice of forcing
a linear fit though zero also has a negative effect on the robustness of the series,
since the observers are not necessary linearly related [Usoskin et al., 2016b].

A different approach to produce a sunspot record was followed by Usoskin et al.
[2016b] which is based on calibrating an observer according to a comparative sta-
tistical analysis between the Active – Day Fraction (ADF) of that particular ob-
server and a set of pre – calculated calibration curves developed using a reference
dataset, which for this record had been the RGO sunspot observations over the
period 1900 – 1976. This period was selected as reference to avoid inhomogeneities
of the earlier RGO series. They consider that the RGO is a single relatively ideal,
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comparing to the early observers, observer reporting sunspot groups of even the
smallest size. The quality of each of the individual observers is evaluated based on
the size of sunspots they can see and report. Therefore, an observational threshold
area, SS , is defined for each individual according to which the specific observer
can not observe sunspots with area smaller than that threshold, but will report
all sunspots greater than that. To build the pre – calculated calibration curves,
the number of sunspots in the reference data set exceeding a given sunspot area
threshold was calculated for each day along with a monthly active – day fraction
index, A (A=number of days with activity/ number of days in the month with
observations, 0 ≤ A ≤ 1). Using the sunspot area from the RGO observations
and for various threshold SS they defined an artificial observer. Subsequently, a
series of cumulative probability functions, P (A,SS , f), of the ADF for the differ-
ent artificial thresholds were created, considering also that real observers will most
probably not observe every day but only for a fraction f ≤ 1 of days throughout
their observational period. Following, each real observer was treated separately,
and based on his daily observational coverage fraction f the ADF and P(A,f) were
derived. The latter was fitted to the calibration curves to estimate the SS for that
particular observer and use it to calibrate his observations to the reference data
set.

The novelty of this approach is that it deals with each observer independently,
based on just the reference data set. No daisy chaining had been necessary, apart
from one case, that of Staudacher. This is advantageous since in the case of an
erroneous calibration of a particular observer the calibration of the other observers
will not be affected. Thus there is no error propagation which had been one of the
major issues of the daisy – chaining approach.

Cliver and Ling [2016] worked on correcting errors in the normalisation process
of the original group sunspot number series by Hoyt and Schatten [1998] developing
from zero a new series that goes back to 1840s. They attributed those errors to
an inhomogeneity in the sunspot record of RGO and the fact that for certain
observers, who although overlapped with RGO, the k – factors were not obtained
by direct comparison to RGO but by using intermediate observers who had been
normalised to RGO. After correcting for these problems they published a corrected
RG for the period 1841 – 1980. Similarly Clette et al. [2014] had revised the ISN
series correcting flaws.

5.1.2. Cosmogenic Radionuclides

5.1.2.1. Terrestrial Radionuclides

Cosmogenic radionuclides, such as 14C and 10Be are produced by CR particles
interacting with nuclei of atmospheric gasses inside Earth’s atmosphere [Beer et al.,
2012]. The amount of radionuclides produced depends proportionally on the flux
of cosmic rays. However, over the last decades anthropogenic activity contributed
to the radionuclide reservoir. Cosmogenic isotope production is mainly focused in
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the upper troposphere and stratosphere. Different radionuclides follow different
transport and deposition processes, affected by both climate and geomagnetic field
variations, and are stored in natural archives such as polar ice, trees, sediments
etc. The variable solar activity is imprinted on them through cosmic rays. A
constant, in relatively short time scales, cosmic rays flux arrives at the solar system
neighbourhood. Inside the heliosphere it undergoes modulation processes due to
the heliospheric magnetic field and the solar wind (see Chapter 3). During period
of strong solar activity, i.e. the maximum phase of the 11 year solar cycle, cosmic
rays flux arriving at Earth’s vicinity is reduced, while the opposite holds true over
periods of low solar activity, i.e. solar cycle minima. Subsequently, cosmogenic
radionuclide production is anti – correlated to solar activity.

Using cosmogenic radionuclides to study solar activity in the past has many
advantages. Firstly, they are naturally stored in the archives and in the same
way throughout the years. Secondly, they can be measured in laboratories and
those measurements can be repeated with advancing techniques to improve the
statistics and construct a homogeneous data set. This is an advantage over the
sunspot observations, which cannot be repeated and thus the improvement of the
sunspot record is limited, making the radionuclides a good index of long – term
solar activity studies.

Not precisely known local and global processes related to climate can affect
radionuclide redistribution and archiving making it difficult to extract information
regarding the solar activity. Considering, however, that the solar signal would be
common in all radionuclide records and only signals related to terrestrial effects
will differ, it is possible to distinguish among the different signals via a combined
study among the different radionuclides.

Radiocarbon, 14C, is an unstable isotope of carbon commonly used for dating
processes. Its half – life, T1/2, is approximately 5730 years. The production of
radiocarbon is due to capture of a thermal neutron by atmospheric nitrogen,

14N + n→14 C + p (5.3)

These neutrons are produced during atmospheric cascades initiated by cosmic rays
interactions with nuclei of atmospheric gasses (see Chapter 4). Once radiocarbon
is produced it quickly gets oxidised to carbon dioxide CO2 and enters the regular
carbon cycle, which involves exchange of carbon between atmosphere, biosphere
and ocean (see Fig. 5.2) through a series of complicated processes known as the
carbon cycle. The radiocarbon is globally well mixed in the atmosphere due to
its long residence time there. Part of the CO2 returns from the ocean to the
atmosphere either directly from the upper ocean layers or indirectly from the deep
ocean. From the deep ocean CO2 is exchanged with the upper oceanic layer and
from there to the atmosphere. Trees absorb CO2 from the atmosphere and store
a part of it. After the industrial revolution human activity started contributing
to the carbon cycle. The anthropogenic input into the carbon cycle, primarily via
fossil fuel burning (Suess effect), even though not directly producing 14C, makes
the radiocarbon record difficult for studies of solar variability over the last century.
To that problem one needs to add atmospheric nuclear bomb testing during 1960s,
that although in one sense helped to calibrate models computing the radiocarbon
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Fig. 5.2: Illustration of the carbon cycle including all the different naturally and
human driven carbon exchange processes. Image credit: NASA Earth Observatory.

production rate, on the other hand the addition of 14C in the atmosphere via those
tests affected the use of the record for solar activity studies.

A radiocarbon record is constructed based on measurements in tree rings dated
in a dendrochronological scale. Initially, the 14C activity, A, is measured in the
dated sample, and is, subsequently, corrected for age. Following, the relative
deviation from the standard activity of oxalic acid is estimated. The sample is also
corrected for isotope fractionating of the stable carbon isotope 13C to account for
fluctuations in the carbon isotope ratios that can be caused by natural biochemical
processes that are dependent on the isotopes atomic mass [Hoefs, 2009].

The IntCal13 collaboration produced one such record that spans over the entire
Holocene and even extends back to over 50000 years before present [Reimer et al.,
2013], and is thus extremely useful for solar variability studies in multi – millenial
time – scales.

Modelling the radiocarbon production rate is a complicated process due to the
complexity of the carbon cycle. The production rate, Q, of the isotope is strongly
dependent on the flux of cosmic rays and thus the solar variability. However,
on geological time – scale it will reflect changes in the neighbouring galactic space
and in shorter time – scales, such as millennial, it shows variations due to climate
and/or due to changes in the geomagnetic field. Numerical models compute Q as
a function of the modulation potential φ and the geomagnetic dipole moment for
a particular moment in time.
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The dependence of Q at a particular location with geomagnetic latitude λG and
cut – off rigidity Pc, on the cosmic rays flux is expressed as:

Q =

∫ ∞
Pc(λG)

S(P, φ)Y (P )dP (5.4)

with Y(P) being the differential yield function of cosmogenic isotope production
and S(P,φ) the differential energy spectrum of cosmic rays. Integration of equa-
tion 5.4 over all longitudes is important so that Q accounts for the global ra-
diocarbon cycle and its attenuation time. The yield function can be calculated
via a Monte – Carlo simulation of the atmospheric cascade induced by cosmic ray
particles [Kovaltsov et al., 2012].

One approach to interpret the carbon cycle is the so called box model. In that
concept each box/reservoir is treated separately and exchange of CO2 between each
reservoir is considered. A variety of such models exist with different complexity.
In a simple box model the atmosphere, the biosphere and the ocean are considered
as the reservoirs with the ocean being divided into two sub – boxes, those of the
deep sea and the upper mixed layer. A more complicated system is that of a 12
box model where the atmosphere and the ocean boxes are divided in more separate
systems to account for circulation among the oceans and for exchange among the
different layers of the atmosphere. The oceans are not only considered in depth
layers but also separately into four systems that of north and south Atlantic,
indo – pacific and southern ocean and the atmosphere is divided into two boxes,
one representing the stratosphere and one the troposphere. Models incorporating
diffusion processes are more realistic and they are useful for studying short – term
variations. However, simple models are adequate in longer time – scales since it can
be assumed that the only variable is the production rate. This applies for example
for studies over the Holocene but not beyond due to the dramatic changes in the
ocean volume during periods such as the glacial periods and the deglaciation that
followed them.

The cosmogenic isotope 10Be is primarily produced in the stratosphere with
a smaller percentage produced in the troposphere via spallation of atmospheric
nitrogen and oxygen by the nucleonic component of the atmospheric cascade pro-
duced by the incoming cosmic rays flux. The isotope production peaks at lower
energy ranges of cosmic rays and is thus more sensitive to solar energetic parti-
cle events. Provided that a good model of the atmospheric cascade is available,
the production of 10Be can be easily computed. Once produced it attaches on
atmospheric aerosol. Its residence time in the atmosphere is therefore variable de-
pending on seasonal exchange processes between the stratosphere and troposphere
and/or mixing within the troposphere. Typically in the stratosphere the residence
time can vary from one to two years contrary to a few weeks residence time in
the troposphere. This implies that the amount of isotope produced in the strato-
sphere can become well mixed before depositing in comparison to the more locally
deposited isotope produced in the troposphere. This indicate the dependence of
the measured 10Be on the climatic effects. The large uncertainty of the residence
time and the unknown level of global mixing make it difficult to translating the
measured isotope concentration in ice to production.
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There are three mechanisms of removal of 10Be from the atmosphere and the
deposition on ice, the wet deposition, the dry deposition and the gravitational
settling. For wet deposition we refer to any process that involves water, as for
example droplets, snowflakes and hail. This deposition mechanism is the most
efficient in removing the isotope from the atmosphere. Dry deposition is considered
as the process according to which an airborne particle adheres when it touches any
surface. Finally, gravitational settling can occur when particles grow large enough
and thus settle on ice.

With half life approximately 1.5×106 it is difficult to measure the concentration
of the isotope in the ice via decay rate. Instead a known concentration of 9Be is
injected in the sample and the ratio of 10Be/9Be is measured with accelerator
mass spectrometry. Since 9Be is found only in dust grains and not in water,
and thus it is not expected to pre – exist in the ice core sample, the amount of
10Be can be precisely measured. After possible necessary corrections for decay
and snow precipitation the isotope flux, in terms of atoms per cm2per second, is
extracted. Currently such records have been constructed by ice cores extracted
from Greenland and Antarctica and can be employed for studying the long term
variability of the solar activity.

More information on these isotopes and references can be found in Beer et al.
[2012] and Usoskin [2013].

5.1.2.2. Extraterrestrial Radionuclides

Contrary to terrestrial radionuclides which are prone to climatic influences on
transport and deposition, extraterrestrial radionuclides are free of such effects and
probably more suitable for direct studies of the solar variability. One example of
extraterrestrial radionuclide is 44Ti produced directly on a meteorite’s body and
measured in fallen meteorites [Bonino et al., 1995; Ahmad et al., 1998; Taricco
et al., 2006]. This radioisotope has a half – life of approximately 60 years and is
thus a good tool to estimate the centennial variability of solar activity in the past.
However, one disadvantage is that it depicts the cosmic ray flux over a time period
equivalent to a few life – times of the isotope before the meteorite falls. This is
because the production and decay of the isotope are balanced inside the body of
the meteorite.

5.2. Solar variability

Cycles of different periodicities are imprinted in various indices of solar activity.
The most prominent cycle is the so called solar cycle, an 11 year variation of the
solar magnetic field, firstly hinted by the Danish astronomer Christian Horrebow
in the 1770s but forgotten until 1844 when Hienrich Schwabe reported the presence
of the cycle after analysing sunspot observations he collected over the course of 18
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Fig. 5.3: The Maunder butterfly diagram of position and area of sunspots over
time for strips of equal heliolatitude (top panel). Averaged daily sunspot area in
percentage of visible hemisphere (bottom panel). Image source: Hathaway [2015].

years [Usoskin, 2013]. In the bibliography this cycle is often referred as Schwabe
cycle in honour of its discoverer. Even thought its cyclicity is prominent it is
neither of stable amplitude or period. Strong variations occur with periods and
amplitudes in the sunspot record varying between 8 to 14 years and from below
5 up to 200 in terms of sunspot number respectively. Beyond that, it is also
known that each cycle has its own characteristics and although some cycles may
share some of the characteristics, they should, however, be treated individually
[Hathaway , 2015]. It is nowadays understood that the mechanism producing this
cyclicity is the solar – dynamo process. The 11 year solar cycle has been monitored
with sunspot observations and is apparent in related indices such as the sunspot
number and the sunspot area (see Fig. 5.3).

A 22 year magnetic polarity cycle, underlying the 11 – year solar cycle, was
discovered by Hale, who noticed that the polarity of the magnetic fields in sunspots
located both in the northern and southern hemispheres changes with the onset of
a new 11 – year cycle [Usoskin, 2013; Hathaway , 2015]. Known as the Hale cycle it
reflects the reversal of the global solar magnetic field having a period of 22 years.

Long periods of suppressed solar activity, known as the grand minima, are
superimposed onto the regular 11 year variability. They are present in indices
of solar variability and some known to us are the Spörer Minimum, 1450 – 1550,
the Wolf Minimum in the 14th century and the most famous of all the Maunder
Minimum, 1645 – 1715. They reflect a peculiar state of the solar dynamo. A period
of reduced solar activity took place around 1790 – 1820, and is called the Dalton
Minimum. This particular minimum is a rather special case since, contrary to the
other grand minima where the solar activity was reduced, the sunspot activity
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Fig. 5.4: Time profile of the sunspot number, index of solar activity, over the entire
Holocene, reconstructed based on 14C and geomagnetic data. The red and blue
colours indicate periods of grand maxima and minima respectively. Image source:
Usoskin [2013].

during the Dalton Minimum was not totally repressed, with 11 – year cycle being
still present in the sunspot record. Therefore, although often included in the list
of grand minima, it has also been thought to be either another intermediate state
of the solar dynamo lying between normal activity and grand minima or possibly a
failed attempt of the Sun to shift to a grand minimum [Frick et al., 1997; Schussler
et al., 1997; Sokoloff , 2004]. Another interesting feature of this minimum is the
possibility of a cycle at the end of the 18th century that was lost because of
such a small duration and so poorly observed [Usoskin et al., 2001; Zolotova and
Ponyavin, 2007; Usoskin et al., 2009].

These grand minima periods are part of a long – term trend in solar activity
known as the secular Gleissberg cycle [Gleissberg , 1939], with a varying period of
60 – 120 years. This cycle is a long term variation in the amplitudes of the 11 – year
solar cycle [Ogurtsov et al., 2002] observed through indirect indices [Feynman and
Gabriel , 1990; Peristykh and Damon, 2003; Feynman and Ruzmaikin, 2011]. There
appears to be a clustering of ground minima (Fig. 5.4) indicating the possibility
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of them being a result of non – periodic variability but of a process of stochastic
nature.

Periods of extremely high solar activity have been distinguished in indirect solar
activity proxies such as the radionuclide records. They are termed grand maxima
with the latest being the so called “modern” grand maximum that lasted from the
1940s till the end of the 20th century. Such events are infrequent and have variable
duration from as little as 20 years up to 190 years (see table 2 in Usoskin [2013]).
Similar to grand minima their occurrence is most probably due to stochastic rather
than cyclic variations.

Cosmogenic isotope data indicate the presence of cycles with significantly longer
periods such as the de Vries or else known as the Suess cycle with a 205 – 210 years
periodicity, and the Hallstatt cycle with period within the interval of 2000 – 2400
years [Usoskin et al., 2016a]. The possible mechanisms generating such cycles, the
physics they imply regarding the solar activity and even their solar or non – solar
origin are still in question [Usoskin, 2013].



6. Conclusions

In this study the heliospheric modulation of cosmic rays and the long – term solar
activity have been studied.

The primary focus of Paper I was to evaluate the level of solar activity during
1645 – 1715, a period known as the Maunder Minimum, using all the available di-
rect and indirect indices of the solar activity. The trigger to this study was the
still debatable level of solar activity at that time. Since the seminal work by Eddy
[1976] the Maunder Minimum was one of the periods of exceptionally low solar ac-
tivity levels known as grand minima. However, this has been questioned, with some
scientists suggesting an average solar activity or still higher than the relatively low
solar cycle 24 [i.e., Cullen, 1980; Ogurtsov et al., 2003; Volobuev , 2004; Zolotova
and Ponyavin, 2015; Nagovitsyn et al., 2016; Svalgaard and Schatten, 2016]. For
this study two scenarios of the solar activity level were considered, the low activity
“L” scenario and the high activity “H” scenario. The two scenarios were investi-
gated based on the sunspot number, a direct solar activity index, considering both
naked eye and telescopic observations. In addition, indirect solar activity indices
were considered such as sights of aurora and cosmogenic radionuclides. Taking into
thorough account all the available databases the main conclusion drawn is that the
Maunder Minimum was indeed a period of highly suppressed solar activity. An
uncertainty regarding the exact activity level exists but there is no room for doubt
that it was lower than the Dalton minimum and subsequently than the solar cycle
24.

The scope of Paper II was to develop a semi – empirical model that would relate
the modulation potential, a parameter describing the heliospheric modulation of
cosmic rays, to those heliospheric parameters that play a major role in long term
modulation effects. The heliospheric parameters considered are the open solar
magnetic flux, the tilt angle of the heliospheric current sheet and the polarity of
the large scale solar magnetic field. To achieve that, an empirical model estimating
the tilt angle of the heliospheric current sheet was first developed by taking into
consideration the cyclic behaviour of this parameter and its dependence on the
phase of the solar cycle. To fit the parameters in this model the computed tilt
angle from observations of the Wilcox Solar Observatory was used. Once that
model was established the tilt angle over the last approximately 400 years was
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estimated and used for the parameter fitting of the semi – empirical modulation
model. The basis of this modulation model is set by the force – field approximation
to Parker’s transport equation. Terrestrial radionuclide records were used to test
the model. The radionuclides selected were 14C stored in tree rings and 10Be in
ice cores, both known for carrying information of the incoming cosmic rays flux in
Earth’s atmosphere through their production signal. Both the tilt angle and the
modulation models show good agreement with the observations over the past few
decades but also to the extended radionuclide records.

Paper III is a direct application of the modulation model developed in Paper
II aiming to assess the five of the different sunspot number series existing cur-
rently [Hoyt and Schatten, 1998; Clette et al., 2014; Svalgaard and Schatten, 2016;
Usoskin et al., 2016b] based on how well they reproduce the observed produc-
tion signals of the radionuclides. Each of these series was used to compute the
open solar flux, then the modulation potential and finally the expected produc-
tion of the following three radionuclides, the 14C and 10Be produced in Earth’s
atmosphere as well as the 44Ti produced in meteorite’s bodies and measured in
fallen meteorites. From this analysis the main conclusion drawn is that the group
sunspot number series by Svalgaard and Schatten [2016] does not correspond to
the radionuclide records well, overestimating the solar activity during the Maunder
Minimum. Contrary, to the series by Hoyt and Schatten [1998] which based on
this study is shown to represent the records better. The other three series, namely
the one by Usoskin et al. [2016b] and the two international sunspot number series
show a good agreement to the 14C record for the length they cover.

Paper IV is the final paper to be considered for this PhD study and it is an anal-
ysis of the GLE energy spectra aiming to determine whether strong GLE events
are characterised solely by hard spectra. For this purpose the event – integrated
fluences F30 and F200, of SEP with energy above 30 MeV and 200 MeV respec-
tively, of each event was computed based on the reconstructed spectra using Band
function fits to GLE spectra. Subsequently the ratio of the two was taken as an
index of the GLEs hardness. In addition, to support the use of the Band function
fits we tested the resulted energy spectra with that measured by the satellite mis-
sion PAMELA, for GLE 71, the only event that was adequately observed by the
satellite up to higher energies. The primary results of the study is that all strong
GLE events have hard spectra while for weak events both hard and soft spectra
can be found.



References

Ahluwalia, H. S., North-south excess of hemispheric sunspot numbers and cosmic ray
asymmetric solar modulation, Advances in Space Research, 56 , 2645–2648, 2015.

Ahmad, I., G. Bonino, G. C. Castagnoli, S. M. Fischer, W. Kutschera, and M. Paul,
Three-laboratory measurement of the 44Ti Half-Life, Phys. Rev. Lett., 80 , 2550–2553,
1998.

Alanko-Huotari, K., K. Mursula, I. G. Usoskin, and G. A. Kovaltsov, Global Heliospheric
Parameters and Cosmic-Ray Modulation: An Empirical Relation for the Last Decades,
Solar Physics, 238 , 391–404, 2006.

Alanko-Huotari, K., I. G. Usoskin, K. Mursula, and G. A. Kovaltsov, Cyclic variations
of the heliospheric tilt angle and cosmic ray modulation, Advances in Space Research,
40 , 1064–1069, 2007a.

Alanko-Huotari, K., I. G. Usoskin, K. Mursula, and G. A. Kovaltsov, Stochastic simula-
tion of cosmic ray modulation including a wavy heliospheric current sheet, Journal of
Geophysical Research (Space Physics), 112 , A08,101, 2007b.

Alanko-Huotari, K., I. G. Usoskin, K. Mursula, and G. A. Kovaltsov, Stochastic simula-
tion of cosmic ray modulation including a wavy heliospheric current sheet, Journal of
Geophysical Research (Space Physics), 112 , A08,101, 2007c.

Andriopoulou, M., H. Mavromichalaki, C. Plainaki, A. Belov, and E. Eroshenko, Intense
Ground-Level Enhancements of Solar Cosmic Rays During the Last Solar Cycles, Solar
Physics, 269 , 155–168, 2011.

Aparicio, A. J. P., J. M. Vaquero, V. M. S. Carrasco, and M. C. Gallego, Sunspot
Numbers and Areas from the Madrid Astronomical Observatory (1876 - 1986), Solar
Physics, 289 , 4335–4349, 2014.

Arge, C. N., E. Hildner, V. J. Pizzo, and J. W. Harvey, Two solar cycles of nonincreasing
magnetic flux, Journal of Geophysical Research (Space Physics), 107 , 1319, 2002.

Arlt, R., Digitization of Sunspot Drawings by Staudacher in 1749 1796, Solar Physics,
247 , 399–410, 2008.

Band, D., et al., BATSE observations of gamma-ray burst spectra. I - Spectral diversity,
The Astrophysical Journal , 413 , 281–292, 1993.



70

Beer, J., K. McCracken, and R. von Steiger, Cosmogenic Radionuclides, Springer Berlin
Heidelberg, 2012.

Belov, A., Large Scale Modulation: View From the Earth, Space Science Reviews, 93 ,
79–105, 2000.

Belov, A. V., R. T. Gushchina, V. N. Obridko, B. D. Shelting, and V. G. Yanke, Long-
term variations of galactic cosmic rays in the past and future from observations of
various solar activity characteristics, Journal of Atmospheric and Solar-Terrestrial
Physics, 68 , 1161–1166, 2006.

Bobik, P., et al., Systematic Investigation of Solar Modulation of Galactic Protons for So-
lar Cycle 23 Using a Monte Carlo Approach with Particle Drift Effects and Latitudinal
Dependence, The Astrophysical Journal , 745 , 132, 2012.

Bonino, G., G. Castagnoli, N. Bhandari, and C. Taricco, Behavior of the heliosphere
over prolonged solar quiet periods by 44ti measurements in meteorites, Science, 270 ,
1648–1650, 1995.

Burger, R. A., and M. Hattingh, Steady-State Drift-Dominated Modulation Models for
Galactic Cosmic Rays, Astrophysics and Space Science, 230 , 375–382, 1995.

Burger, R. A., and M. S. Potgieter, The calculation of neutral sheet drift in two-
dimensional cosmic-ray modulation models, The Astrophysical Journal , 339 , 501–511,
1989.

Burlaga, L. F., L. Klein, N. R. Sheeley, Jr., D. J. Michels, R. A. Howard, M. J. Koomen,
R. Schwenn, and H. Rosenbauer, A magnetic cloud and a coronal mass ejection, Geo-
physical Research Letters, 9 , 1317–1320, 1982.

Burlaga, L. F., N. F. Ness, M. H. Acuña, R. P. Lepping, J. E. P. Connerney, E. C. Stone,
and F. B. McDonald, Crossing the Termination Shock into the Heliosheath: Magnetic
Fields, Science, 309 , 2027–2029, 2005.

Burlaga, L. F., N. F. Ness, M. H. Acuña, J. D. Richardson, E. Stone, and F. B. McDon-
ald, Observations of the Heliosheath and Solar Wind Near the Termination Shock by
Voyager 2, The Astrophysical Journal , 692 , 1125–1130, 2009.

Caballero-Lopez, R. A., and H. Moraal, Limitations of the force field equation to de-
scribe cosmic ray modulation, Journal of Geophysical Research (Space Physics), 109 ,
A01,101, 2004.

Carrasco, V. M. S., J. M. Vaquero, A. J. P. Aparicio, and M. C. Gallego, Sunspot
Catalogue of the Valencia Observatory (1920 - 1928), Solar Physics, 289 , 4351–4364,
2014.

Clette, F., L. Svalgaard, J. M. Vaquero, and E. W. Cliver, Revisiting the Sunspot Num-
ber. A 400-Year Perspective on the Solar Cycle, Space Science Reviews, 186 , 35–103,
2014.

Cline, G., On the penetrating radiation at the surface of the earth, Phys. Rev., 30 , 35–52,
1910.

Cliver, E. W., The shapes of galactic cosmic ray intensity maxima and the evolution of
the heliospheric current sheet, Journal of Geophysical Research, 98 , 17,435–17,442,
1993.

Cliver, E. W., Comparison of New and Old Sunspot Number Time Series, Solar Physics,
2016.



71

Cliver, E. W., and A. G. Ling, 22 Year Patterns in the Relationship of Sunspot Number
and Tilt Angle to Cosmic-Ray Intensity, The Astrophysical Journal Letters, 551 , L189–
L192, 2001.

Cliver, E. W., and A. G. Ling, The Discontinuity Circa 1885 in the Group Sunspot
Number, Solar Physics, 2016.

Cliver, E. W., I. G. Richardson, and A. G. Ling, Solar Drivers of 11-yr and Long-Term
Cosmic Ray Modulation, Space Science Reviews, 176 , 3–19, 2013.

Cooke, D. J., J. E. Humble, M. A. Shea, D. F. Smart, and N. Lund, On cosmic-ray cut-off
terminology, Nuovo Cimento C Geophysics Space Physics C , 14 , 213–234, 1991.

Cullen, C., Was there a Maunder Minimum?, Nature, 283 , 427–428, 1980.

Cummings, A. C., and E. C. Stone, Composition of Anomalous Cosmic Rays, Space
Science Reviews, 130 , 389–399, 2007.

Cummings, A. C., E. C. Stone, B. C. Heikkila, N. Lal, W. R. Webber, G. Johannesson,
I. Moskalenko, E. Orlando, and T. Porter, Voyager 1 in the Local Interstellar Medium:
Cosmic-ray Energy Density and Ionization Rate, AGU Fall Meeting Abstracts, 52 ,
2015.
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