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ABSTRACT

Coronal mass ejections (CMEs) are clouds of plasma and magnetic field regularly
ejected from the Sun at high speeds that propagate out into interplanetary space.
These events are one of the most important space weather phenomena. Their strong
and turbulent magnetic field can cause disruptions of spacecraft electronics as well
as terrestrial infrastructure, and they can be associated with the acceleration of en-
ergetic particles, which may cause increased radiation exposure, e.g. for astronauts.
To be able to validate and consequently improve theoretical models predicting the
arrival of interplanetary CMEs (ICMEs) at Earth and other locations in the helio-
sphere, it is important to employ many different data sources measuring the var-
ious signatures of ICMEs at different locations, so that their temporal and radial
evolution can be studied. These investigations are also significantly aided by ob-
servations from remote sensing telescopes, which can directly observe the global
structure of the ICMEs and track them out to large radial distances.

The studies presented in this thesis introduce Mars into the framework of rou-
tinely available locations for the in situ observation of space weather. Here, ICMEs
can be detected using Forbush decrease measurements by the Radiation Assess-
ment Detector (RAD) onboard the Mars Science Laboratory rover Curiosity. For-
bush decreases are short-term decreases in the galactic cosmic ray flux caused by
the magnetic structure of the ICME partly shielding away the cosmic rays. The mea-
surements of these Forbush decreases are utilized in this thesis to determine ICME
arrival times for statistical studies of events seen at two planets, Earth and Mars,
or at one of the two STEREO spacecraft and Mars, during close longitudinal align-
ment. The measurements show for the first time that fast ICMEs can continue to
decelerate beyond the orbit of Earth due to their interaction with the slower ambi-
ent solar wind. Using remote sensing observations from the STEREO heliospheric
imagers, we study additional ICMEs that hit Mars and benchmark the accuracy
of different approaches for the analysis of these heliospheric imager data. Subse-
quently, the Forbush decrease data for the thereby cataloged events are further
investigated to infer not only the arrival time, but also more information about the
radial evolution of the ICME properties by comparison with analytical modeling
approaches.

Finally, two case studies are performed: First, the major space weather events
of September 2017 and their impact on Mars are examined, including the investi-
gation of the solar energetic particle events and three associated CMEs that inter-
acted and merged on their way towards Mars. Second, the first in situ observations
of an ICME at the Solar Orbiter spacecraft, which launched in February 2020, are
presented. In this study, we describe the capabilities of the Solar Orbiter’s High
Energy Telescope for high-resolution observations of Forbush decreases and use
its measurements in combination with a reverse modeling approach to show that
the expansion of the ICME was non-uniform, possibly due to interaction with a
following solar wind stream interaction region.
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ZUSAMMENFASSUNG

Koronale Massenauswtirfe (coronal mass ejections, CMEs) sind magnetisierte Plas-
mawolken, die die Sonne regelméfsig mit hoher Geschwindigkeit ausstofst und
die sich anschlieflend im interplanetaren Raum ausbreiten. Sie gehéren zu den
wichtigsten Phanomenen des sogenannten Weltraumwetters. Ihr starkes und tur-
bulentes Magnetfeld kann fiir Stérungen bei Satellitenelektronik sorgen oder so-
gar Infrastruktur auf der Erde beschddigen. Zusitzlich stehen CMEs haufig auch
im Zusammenhang mit der Beschleunigung von hochenergetischen Teilchen, die
beispielsweise bei Astronauten fiir eine erhchte Strahlendosis sorgen kénnen. Um
theoretische Modelle, die die Ankunftszeit von interplanetaren CMEs (ICMEs) an
der Erde oder anderen Orten im Sonnensystem vorhersagen, besser iiberpriifen
und daraufhin auch verbessern zu konnen, ist es wichtig, Daten von méglichst vie-
len Messinstrumenten einzubeziehen. So konnen unterschiedliche Merkmale von
ICMEs an mehreren Orten im Sonnensystem gemessen und damit deren zeitliche
und radiale Entwicklung untersucht werden. Ebenso hilfreich diir diese Untersu-
chungen sind bildgebende Teleskope, die die globale Struktur der ICMEs direkt
beobachten und sie weit hinaus in den interplanetaren Raum verfolgen kénnen.

Die in dieser Dissertation vorgestellten Forschungsarbeiten fithren den Mars als
weiteren durchgehend verfiigbaren Beobachtungspunkt im Rahmen der In-situ-
Beobachtung des Weltraumwetters ein. Hier kénnen ICMEs mithilfe von sogenann-
ten Forbush decreases detektiert werden, die in den Messungen des Radiation As-
sessment Detector (RAD) an Bord des Rovers Curiosity (Mars Science Laborato-
ry) erscheinen. Hierbei handelt es sich um kurzzeitige Abschwachungen der ga-
laktischen kosmischen Strahlung, die die magnetische Struktur der ICMEs durch
Abschirmung hervorruft. Die Messungen solcher Forbush decreases werden hier
verwendet, um die Ankunftszeiten von ICMEs, die nacheinander Erde und Mars
treffen, oder alternativ zuerst eine der STEREO-Sonden und dann den Mars, statis-
tisch zu untersuchen. Die Messungen zeigen zum ersten Mal, dass schnelle ICMEs
auch tiber die Erdbahn hinaus durch die Wechselwirkung mit dem umgebenden
langsameren Sonnenwind weiter abgebremst werden. Mithilfe der bildgebenden
Teleskope auf STEREO, den sogenannten Heliospheric Imagers, untersuchen wir
weitere ICMEs die den Mars getroffen haben und iiberpriifen damit die Genau-
igkeit verschiedener Methoden fiir die Analyse dieser Bilddaten. Anschliefiend
werden die Forbush-decrease-Messungen fiir die so katalogisierten ICMEs noch
genauer untersucht, um neben der Ankunftszeit durch den Vergleich mit analy-
tischen Modellen noch weitere Informationen iiber die radiale Entwicklung der
ICMESs zu gewinnen.

Daraufhin werden noch zwei Fallstudien vorgestellt: Zunédchst werden die star-
ken Weltraumwetter-Ereignisse im September 2017 und ihre Auswirkungen auf
dem Mars vorgestellt — hier werden neben den solaren Teilchenereignissen auch
drei dazugehorige CMEs untersucht, die zusammentreffen und sich auf dem Weg
zum Mars vereinigen. Zuletzt werden die ersten Messungen eines ICMEs mit der



Raumsonde Solar Orbiter vorgestellt, die im Februar 2020 gestartet ist. In dieser
Studie zeigen wir, wie mit dem High Energy Telescope an Bord von Solar Orbiter
Forbush decreases mit hoher Auflosung gemessen werden konnen, und rekonstru-
ieren die Daten des beobachteten Forbush decrease mit einem theoretischen Mo-
dell. Die Ergebnisse zeigen, dass der ICME ein ungleichméfiiges Expansionsver-
halten zeigt, moglicherweise durch den Einfluss einer nachfolgenden Sonnenwind-
Wechselwirkungsregion (stream interaction region).
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INTRODUCTION

1.1 PARTICLES IN THE HELIOSPHERE

Our heliosphere is a vast region in space embedded in the interstellar medium
(ISM), which encompasses all solar system planets and extends far beyond even
the Kuiper belt. It is filled with a thin plasma consisting of various populations of
particles, many of which originate from the Sun itself. These populations can be
identified in Figure 1 (based on measurements by Mewaldt et al., 2001), shown
as an energy spectrum that extends over more than 7 orders of magnitude on
the energy scale and about 20 orders of magnitude on the intensity scale. The by
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Figure 1: Typical spectra of oxygen ions in the near-Earth interplanetary space, show-
ing the contributions of different populations. Other particle species show simi-
larly shaped spectra when plotted as a function of energy per nucleon (adapted
from http://helios.gsfc.nasa.gov/ace/gallery.html, based on Mewaldt et
al., 2001).

far most abundant population is the solar wind, a steady flow of plasma that is
emitted from the Sun radially and fills the heliosphere. In the near-Earth space
at one astronomical unit (AU), the slow solar wind typically reaches speeds be-
tween 300 km/s and 500 km/s. Due to its low pressure, and therefore high plasma
B, it carries the solar magnetic field with it and creates the interplanetary magnetic
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field (IMF). As the Sun rotates, the IMF forms an Archimedian spiral, which was
named Parker spiral after Eugene N. Parker, who first developed this model of the
solar wind (Parker, 1958).

However, our Sun is an active star, and thus the flow of particles is not simply
constant. The variability is driven by the 11-year solar cycle, a recurring reversal of
the solar magnetic field that is associated with enhancements in solar activity (so-
lar maximum) due to the increased amount of magnetic stress and reconnection
processes, and low-activity periods inbetween (solar minimum). Coronal holes,
which are colder and therefore darker regions forming on the Sun, emit faster so-
lar wind streams with speeds above approximately 60okm/s. These high speed
streams (HSS), which are located right next to the (slow) solar wind in Figure 1,
then interact with the neighboring streams of slower wind due to their different
Parker spiral curvature and form a stream interaction region (SIR, e.g. Richardson,
2018), as shown in Figure 2. SIRs are flanked by interplanetary shocks on each side,

GCR
(isotropic)

shock

Figure 2: Sketch of some of the particle populations in the heliosphere: slow and fast solar
wind, SIRs, CMEs, SEPs, shocks, and GCRs.

the so-called forward and reverse shocks. If a coronal hole stays stable for a longer
time, these interaction regions can be observed recurrently in each solar rotation
(i.e., every ~27 days when observed from Earth), in which case they are called
corotating interaction regions (CIRs). Furthermore, active regions on the Sun can
occasionally produce solar flares, sudden and intense emissions of photons often
associated with the release of high-energy (~ MeV) solar energetic particles (SEPs,
e.g. Reames, 1990), as shown in the central area of Figure 1. SEPs then quickly prop-
agate out into the heliosphere from their source region, typically following the IMF
lines, as shown in Figure 2. Solar flares are believed to be powered by the recon-
nection of magnetic field lines at the Sun, which leads to the release of energy
and acceleration of particles. These events often also coincide with the eruption
of plasma from the solar corona in the form of a coronal mass ejection (CME) at
speeds up to a few thousand km/s. Just like the solar wind, CMEs carry a magnetic
field with them when they propagate away from the Sun. Due to their high speed,



an interplanetary shock can form in front of the CME, followed by a turbulent
sheath region. This shock can also be efficient at accelerating additional particles
to higher energies, similar to SEPs accelerated directly at the Sun.

The high end of the energy spectrum (Figure 1) from tens of MeV to GeV is dom-
inated by galactic cosmic rays (GCRs), charged particles originating from outside
the heliosphere produced e.g. in stellar supernovae and entering it with a relatively
constant and isotropic flux. Within the heliosphere, the flux of these high-energy
particles is modulated by various effects: On large timescales, the variation of the
IMF intensity during the 11-year solar cycle modulates the GCRs observed in the
inner solar system, so that the average GCR flux is higher at solar minimum than
at solar maximum (Fisk, 1980). In addition, there are short-term modulations of
GCR due to magnetic structures in the solar wind, such as CMEs and SIRs/CIRs.
These are the so-called Forbush decreases, which will be the main focus of this
thesis and will be further described in Section 1.4.

1.2 SPACE WEATHER EVENTS AND THEIR DETECTION

As defined by the U.S. National Space Weather Program, the term space weather
refers to “conditions on the Sun and in the solar wind, magnetosphere, iono-
sphere and thermosphere that can influence the performance and reliability of
spaceborne and ground-based technological systems and endanger human life
or health” (OFCM, 1995). The aforementioned large-scale heliospheric events,
such as SEPs, CMEs and CIRs are all relevant to space weather. For example, the
increased radiation exposure due to accelerated energetic particles can be dan-
gerous for astronauts. Additionally, the enhanced and turbulent magnetic fields
impacting spacecraft or disturbing the Earth’s magnetosphere in a so-called ge-
omagnetic storm can cause disruptions of spacecraft electronics or of electricity
grids on the ground.

Thus, space weather research is focused on enhancing the understanding of
these events in order to be able to more accurately predict their occurrence and
propagation, including the onset time at Earth (or other locations in the solar
system) and their intensity. In the past, the investigation of heliospheric events
has been mostly based on two kinds of measurements: First, remote sensing ob-
servations of the Sun and its vicinity, such as extreme ultraviolet (EUV) images,
magnetograms and white-light coronagraph images, are available from spacecraft
near Earth such as the Solar and Heliospheric Observatory (SOHO) and the Solar
Dynamics Observatory (SDO). Second, in situ observations, such as solar wind
plasma measurements and magnetometers, can also be obtained from spacecraft
located at the L; Lagrange point, including SOHO, the Advanced Composition
Explorer (ACE), Wind, and the Deep Space Climate Observatory (DSCOVR). In
the last two decades, these observations have been complemented by in situ mea-
surements from deep space heliophysics missions, such as from the two Solar
Terrestrial Relations Observatory (STEREO) spacecraft orbiting the Sun near 1 AU
as well as the recent Parker Solar Probe (PSP) and Solar Orbiter (SolO) missions,
which are starting to provide valuable data from extremely close to the Sun with
a larger variety of instruments and higher resolution than the Helios mission in



the 1970s. In addition to observing the Sun and its corona, these missions also
facilitate imaging observations of the interplanetary space using the wide field of
view of their heliospheric imagers (HIs). These can be used to directly track CMEs
all the way out to Earth (see Section 2.4).

1.3 CORONAL MASS EJECTIONS

As mentioned in Section 1.1, CMEs are large-scale eruptions of plasma from the
Sun that propagate outward into the heliosphere. They are often associated with
flares and believed to be driven by reconnection of the coronal magnetic field (see
e.g. Forbes, 2000 and Kusano et al., 2012). CMEs occur relatively frequently, on av-
erage every 4 days at solar minimum and 2.5 to 3 times per day at solar maximum
(Webb and Howard, 1994 ). The properties of CMEs have a large variability: For ex-
ample, their speeds can range between 20 km/s and 2000 km/s, where the average
is at about 400 km/s and faster CMEs are more likely to occur near solar maximum.
Also, their longitudinal extent can vary: Very narrow (5°) and very wide (120°)
cases have been observed, with the average being around 50° (Cane, 2000). A clas-
sic example of a CME observed by the C3 coronagraph of the SOHO Large Angle
and Spectrometric Coronagraph Experiment (LASCO) is shown in Figure 3a. The
black circle in the center of the coronagraph image is the occulter that covers the
solar disk, and the CME appears over the solar north pole as the source region is
located far north of the solar equator in this case (at ~ 30° latitude).
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Figure 3: Examples of CME/interplanetary coronal mass ejection (ICME) signatures in re-
mote sensing and in situ data.

When the in situ counterparts of CMEs are observed in interplanetary space, in
contrast to remote sensing observations close to the Sun, they are often referred
to as an interplanetary CMEs (ICMEs). Common ICME signatures include a low
proton temperature and density, an enhanced and often smoothly rotating mag-
netic field (magnetic cloud / flux rope), bidirectional electron streaming as well as



the modulation of some elemental abundance ratios (Richardson and Cane, 1995;
Zurbuchen and Richardson, 2006; Wimmer-Schweingruber et al., 2006). Examples
of these signatures, mainly the low temperature and density as well as the smooth
magnetic field rotation, are shown in Figure 3b as observed by the ACE spacecraft
— the ICME ejecta is located between the second and third vertical line, whose
positions are taken from the list by Richardson and Cane (2010). As a CME’s mag-
netic ejecta is often propagating at a higher velocity than the surrounding solar
wind plasma, a turbulent region of compressed plasma, called the sheath, typically
forms in front of these CMEs. While additional solar wind plasma can be accumu-
lated into the sheath from the front, causing it to grow over time, this effect can
also be counteracted by lateral flow away from the CME apex and magnetic recon-
nection with the ejecta (see e.g. Siscoe and Odstrcil, 2008; Manchester et al., 2005;
Janvier et al., 2019). When the CME exceeds the local magnetosonic speed, a shock
forms in front of the sheath, which is then observed as an abrupt change in most
of the parameters that are measured in situ, such as the magnetic field, plasma
velocity and density. This is also seen in Figure 3b, where the shock (first vertical
line) is associated with jumps in all measured quantities and the following sheath
region shows a highly compressed and turbulent plasma.

Especially since the availability of HI observations, it has become evident that the
structures observed near the Sun and in interplanetary space are directly linked.
Consequently, the lines between the terms CME and ICME have become more
blurred, and many authors have begun to use the term CME for both the remote
sensing and in situ observed phenomena.

Many efforts have been made to develop models that describe the propagation
of CMEs in the heliosphere and predict their arrival times at different locations,
taking into account the interaction with the surrounding ambient solar wind and
other interplanetary structures, such as SIRs and other CMEs. Most of these models
can be divided into two basic classes: magnetohydrodynamic (MHD) simulations
and empirical models. One of the most widely used MHD models in this field is
the Wang-Sheeley-Arge ENLIL with cone model (WSA-ENLIL+Cone) developed
by Odstrcil et al. (2004). WSA-ENLIL simulates the solar wind propagation in the
heliosphere based on magnetogram observations of the Sun and a potential field
source surface model of the coronal magnetic field (WSA model) within 21.5R,
which is then used as the inner boundary of the MHD simulation (ENLIL). CMEs
can be injected into the MHD model as dense cone-shaped hydrodynamic bub-
bles starting from the inner boundary at 21.5R. The input parameters, such as
the CME velocity, direction and size are typically derived manually from coron-
agraph observations, e.g. using the graduated cylindrical shell (GCS, Thernisien,
2011) model, which is further described in Appendix B.

As it has long been known that the strongest geomagnetic storms are typically
caused by ICMEs with a strong southward magnetic field (negative B,, see e.g.
Russell et al., 1974) and the hydrodynamic cones used in the WSA-ENLIL+Cone
are just bubbles of enhanced density with no inherent magnetic field, it became
clear that more sophisticated models are needed for predicting the in situ magnetic
field. Therefore, in the recent years, a new heliospheric MHD model named the
European Heliospheric Forecasting Information Asset (EUHFORIA, Pomoell and



Poedts, 2018) has been developed, which initially used the same cone model for
describing the CMEs, but was later adapted with a new spheromak model (Scolini et
al., 2019), which includes the magnetic field of the CME and thus has substantially
improved the predictions of the magnetic field observations at Earth.

On the other hand, there are simple empirical models of CME propagation, such
as the analytical drag-based model (DBM, Vr$nak et al., 2013). The DBM is used to
calculate the ICME arrival time at different points in space, it does not predict any
of the solar wind plasma or magnetic field properties. The model is based on the
well-known effect that due to the interaction of CMEs with the ambient solar wind,
the CME velocity v tends to approach the solar wind speed w over time, apparently
following a “drag force”. In reality, these forces are not caused by actual collision
of particles, but transported in the form of MHD waves and turbulence generated
in the plasma (see e.g. Cargill et al., 1996; Owens and Cargill, 2004, for details).
DBM describes the acceleration a of the CME in the mathematical form of a simple
aerodynamic drag equation with an empirical drag coefficient I', where the solar
wind speed w is given as a fixed input parameter:

a=-TI'(v—w)lv—w| (1)

The advantage of such a simple model is that its results are much quicker to calcu-
late (e.g., in real time prediction environments) and it requires less input param-
eters. It can also be employed in a reverse modeling approach, where the model
is fitted to the observed arrival times in order to determine the drag parameter
(Zic et al., 2015). Furthermore, the analytical form and fast computation time of
the model allow to easily propagate the uncertainties of the input parameters, ei-
ther analytically or with an ensemble modeling technique (DBEM) as proposed
by Dumbovi¢ et al. (2018b).

As has been shown in statistical studies, e.g. by Vrsnak et al. (2014) and Dum-
bovi¢ et al. (2018b) and others referenced therein, it seems that all these common
modeling approaches, both empirical and MHD, show a surprisingly similar per-
formance when it comes to the prediction of arrival times, with a mean absolute
error on the order of 10h for large representative samples of CMEs arriving at
Earth. Even other independent approaches such as recent studies that successfully
predicted arrival times using convolutional neural networks solely based on coron-
agraph images (without any manual intervention for the extraction of parameters)
(Wang et al., 2019) have not yet been able to significantly surpass this accuracy,
even though this would be desirable for space weather forecasting purposes. This
suggests that more measurements at different heliospheric locations will need to
be incorporated into such models in the future — both to provide additional input
parameters from observations close to the Sun and to create a larger sample size
of in situ data for better calibration of the models.

1.4 FORBUSH DECREASES

Forbush (1937) and Hess and Demmelmair (1937) first discovered short-term
decreases in the GCR intensity at Earth using ionization chambers, where de-
creases were detected at multiple locations simultaneously and coincided with



geomagnetic storms. These decreases, which are routinely measured today using
ground-based neutron monitors or spaceborne energetic particle detectors, were
later named Forbush decreases (FDs) in honor of their discoverer. It was found
that FDs are not caused by the geomagnetic field variations themselves (as they
are even observed in the polar regions), but rather have an interplanetary origin
(see e.g. Lockwood, 1971, and references therein). There are two types of FDs: The
so-called recurrent decreases, which are induced by CIRs and therefore reoccur
after one solar rotation (~27 days), and the non-recurrent decreases caused by
CMEs. In both cases, the turbulent magnetic field of the shocks and sheaths as-
sociated with CMEs or CIRs as well as the strong magnetic field of a CME flux
rope can shield away part of the GCRs, so that the intensity is decreased during
the passage of this structure. Especially in the case of CMEs, the decrease phase
is usually short (< 1 day), while the recovery to the previous GCR intensity (for
isolated events) can take multiple days up to about a week. The onset typically
corresponds well with the arrival of the CME or shock/sheath structure. For CMEs
that drive a shock, a two-step decrease can sometimes be observed, with the first
step caused by the shock/sheath region and the second by the magnetic ejecta —
this classical picture is illustrated by Figure 4. However, when the resolution of
the GCR measurements is not high enough, the second step may not be clearly sep-
arable for all events associated with a shock. Typical amplitudes of FDs can range
from a few percent up to more than 10 % depending on the event, but this varies
significantly depending on which GCR energies are observed: Lower energy par-
ticles are modulated more easily and thus show larger FDs (e.g. Lockwood, 1971;
Lockwood et al., 1991).

Over time, multiple models have been proposed to describe FDs caused by dif-
ferent magnetic structures, and these are often based on a diffusion equation. For
example, the propagating diffusive barrier model (PDB, Wibberenz et al., 1998)
can be used to describe a shock that acts as a barrier through which GCRs cannot
diffuse as easily as in the ambient solar wind. This creates a “shadow” within and
behind the shock in which the GCR intensity is decreased. The Forbush decrease
model for flux rope ICMEs (ForbMod) developed by Dumbovi¢ et al. (2018a)
builds on top of this approach to model FDs caused by flux rope CMEs by com-
bining the diffusion process with an expanding cylindrical flux rope structure. In
this case, the flux rope initially does not contain any GCRs close to the Sun, and
they can gradually diffuse into it (perpendicular to the magnetic field) over time.
The time evolution of the GCR density within the flux rope is determined by the
interplay of its self-similar expansion and the efficiency of the GCR diffusion. In a
following article (Dumbovi¢ et al., 2020) the model was combined with empirical
equations for the energy dependence of the diffusion process, so that FDs mea-
sured using different instruments can be modeled by taking into account their
response functions. ForbMod has been applied in two of the publications included
in this dissertation (Freiherr von Forstner et al., 2020, 2021) and further details
about its derivation are given in these publications.
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cloud pass. A location B, only a single-step Forbush decrease is observed because
only the shock is seen here. The red and pink arrows indicate selected magnetic

field lines. Source: Richardson and Cane (2011, Figure 1), reprinted by permis-
sion from Springer Nature.



1.5 MOTIVATION

To better understand the propagation of ICMEs in the heliosphere, their radial evo-
lution and impacts on Earth, it is essential to make measurements not only in situ
at Earth, but from as many locations as possible. This allows us to validate and
calibrate modeling approaches and thus improve our forecasting capabilities. The
necessary observations include both in situ measurements at different locations on
the ICME’s trajectory, e.g., as an upstream monitor on the Sun-Earth line to give
early warning of an approaching ICME, as well as remote sensing observations
from viewpoints not hit by the CME (e.g., away from the Sun-Earth line) to better
understand the global CME characteristics. Measurements at other locations also
become increasingly relevant not only for Earth, but likewise for the large amount
of operating and planned space missions (including human spaceflight to Mars in
the next decades), which are also in need of space weather forecasting for ensuring
the safety of spacecraft and astronauts.

Several spacecraft with appropriate plasma and magnetic field measurements
for these purposes are already available. However, on missions not primarily fo-
cused on heliophysics, such as planetary missions, these instruments are typically
absent or provide only limited data. Incorporating these missions into the frame-
work of space weather observations would nonetheless be interesting, so that they
could serve as additional in situ viewpoints. Especially in these cases, it is sensible
to use FDs as an alternative method for the detection of ICMEs — these can be mea-
sured with particle detectors, which are available on many additional spacecraft.
For example, the Radiation Assessment Detector (RAD) instrument on the Mars
Science Laboratory (MSL) mission, which will be introduced in Section 2.1, is the
only instrument that provides continuous measurements of space weather at Mars
through its FD observations — other missions orbiting the planet such as Mars Ex-
press (2003) and Mars Atmosphere and Volatile Evolution (MAVEN, 2014) carry
some plasma and/or magnetic field instruments, but only have limited coverage as
their orbits cross below Mars’s bow shock, so that the upstream solar wind cannot
be observed all the time.

This thesis will present the first systematical studies of Forbush decreases caused
by ICMEs at Mars using the RAD cosmic ray data. The measured CME arrival
times at Mars as well as remote sensing data from STEREO-HI will be inspected
to validate different approaches for the modeling of ICME propagation (as intro-
duced in Section 1.3). Furthermore, it will be explored whether it is possible to
derive more information about the CME evolution than just the arrival times from
the FD observations by applying the analytical models introduced in Section 1.4
in a reverse modeling approach. Furthermore, some case studies of notable space
weather events that were associated with FDs will be conducted.

In Chapter 2, a detailed overview of the most important instruments employed
in these studies and their data products will be given. The following chapters
present several peer-reviewed publications that study ICME arrival times at 1 AU
and Mars using FDs and remote sensing observations (Chapter 3) as well as ad-
ditional properties of FDs at Earth and Mars and their implications for CME ra-
dial evolution (Chapter 4). Additional articles in Chapter 5 provide a case study



of a major SEP event at Mars in September 2017 that was associated with multi-
ple ICMEs. Moreover, the recently submitted article included in Chapter 6 shows
an analysis of the first ICME observed at the Solar Orbiter spacecraft in April 2020
and the corresponding FD detected by its High Energy Telescope (HET). Chapter 7
subsequently gives a summary of the studies presented in the publications. The fol-
lowing three appendices describe certain technical aspects of these studies in more
detail, such as the derivation of response functions for the HET (Appendix A) and
the development of a new software implementation of the GCS model for the re-
construction of CMEs in remote sensing observations (Appendix B). Finally, Ap-
pendix C presents a list of all publications that I have contributed to, including
those that are not included within this dissertation as they do not directly fit into
the logical flow.
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INSTRUMENTATION

2.1 THE MSL RADIATION ASSESSMENT DETECTOR

Built in a cooperation between the University of Kiel and Southwest Research In-
stitute, the Radiation Assessment Detector (RAD, Hassler et al., 2012) instrument
onboard the Mars Science Laboratory (MSL, Grotzinger et al., 2012) mission pro-
vided the first-ever direct radiation measurements on the surface of Mars. It is de-
signed to measure both charged and neutral particles, and calculate particle spec-
tra as well as dosimetric quantities, such as the total ionizing dose (TID) rate and
linear energy transfer (LET) spectra. This aligns with its main science objectives,
which include the characterization of energetic particle spectra on the surface of
Mars (galactic cosmic rays (GCRs) and solar energetic particles (SEPs)) and the
determination of the radiation hazard for past or present life on Mars or for future
human Mars missions. Consequently, RAD has not only been continuously mea-
suring the radiation environment on the Martian surface since the Curiosity rover’s
landing on August 6, 2012, but has also been active during the most part of its 9-
month flight to Mars (the so-called cruise phase) to evaluate the radiation dose
that astronauts would be exposed to when traveling to Mars.

Figure 5: A photo of the RAD sensor head before it was mounted on the MSL space-
craft. The red protection cap was removed after installation on the rover. Source:
NASA /JPL-Caltech/SwRI

The RAD sensor head (shown in Figure 5) is mounted on the top deck of the
rover, pointing along the z axis of RAD, i.e. towards the zenith. It is composed
of three hexagonal silicon solid-state detectors (A, B, and C) with a thickness of
300 pm each, mounted in a stack to form a charged particle telescope (Figure 6)
with an opening angle of about 60°. Each detector is divided into an inner and
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an outer segment. The D detector, a cesium iodide (Csl) scintillator in the shape
of a truncated hexagonal pyramid, is situated directly below the charged particle
telescope. Its shape is designed to align with the inner segment of C and follows
the opening angle of the charged particle telescope (shown with dashed lines in
Figure 6). The E detector, a plastic scintillator which is located below D, is mainly
responsible for neutral particle detection. D and E are surrounded by another plas-
tic scintillator (F), which is used as an anticoincidence shield to reject ions that
enter D or E from the sides.

Ion
(rejected)
Ton Ton

(accepted) |(accepted)

60°

Ton

(rejected)

«
Recoil proton
y-ray E
(accepted) 1
F

Neutron (accepted)

Figure 6: Schematic diagram of the RAD sensor head. Red, green, blue and gray arrows
show possible trajectories of charged and neutral particles through the detectors.
Based on Hassler et al. (2012), Fig. 7b

For the detection of charged particles, RAD requires an energy deposit in at least
the A and B detector, which sets the lower limit for the particle’s kinetic energy to
e.g. 6 MeV for protons. Higher energy charged particles penetrate the B detector
and stop in C, D, or E, where the high stopping power of the D detector allows for
a large energy range, e.g. up to 95MeV for stopping protons. For stopping charged
particles, the charge and the total kinetic energy can be determined from the two
measured quantities, the total deposited energy E in all triggered detectors and
the LET (deposited energy per path length) dE/dx in one of the detectors. This
common principle is called the dE/dx-E method and has been in use in numerous
instruments since the IMP-1 mission in the 1960s (McDonald and Ludwig, 1964).

12



Higher energy charged particles, which penetrate the whole RAD sensor, can-
not be analyzed using this technique, as the total energy E is not measured directly
in this case. Up to a few hundred MeV per nucleon, particles can still be partially
analyzed as their LET is slightly different at the top and bottom ends of the tele-
scope. In this case, the LET ratio between the top and bottom can be used to infer
the approximate kinetic energy of the incoming particle. For even higher energy
particles, the so-called minimally ionizing particles (MIPs), there is no significant
change in the LET, so only the charge and LET can be determined, but not the
primary energy.

The D and E detectors are both, to different degrees, also sensitive to neutral
particles. Being a CslI scintillator, D can detect secondary electrons produced by
y-rays effectively, while neutrons hitting E can interact with the hydrogen atoms
in the plastic to produce recoil protons. An inversion method that takes all these
interaction processes into account is then used to derive neutral particle spectra
(Kohler et al., 2011).

Being an instrument with a rather low mass (1.6 kg) and volume, the observation
of short-term and low-amplitude GCR variations such as Forbush decreases with
RAD is only possible when measuring particles that enter the sensor head from
all directions, as the restricted opening angle of the charged particle telescope de-
creases the count rate too much. In this case, the dose rate data products of RAD
can be used, which are available for the B and E detectors. The E detector is best
suited for this purpose due to its larger volume and therefore better statistics. The
dose in a detector is calculated as

_ Edep

D=—%, (2)

i.e. the total energy deposited in the detector divided by its mass, and typically
givenin units of Gy = J/kg. The dose rate is its time derivative, soitis given in Gy/s
(or uGy/day, for the order of magnitude that is typically observed on planets).
In comparison to a simple count rate, where each detected particle increases the
counter by one, particles stopping in the detector typically contribute more to the
dose rate than penetrating particles, as the former deposit all their energy.

Because RAD is located on the surface of Mars, incoming primary GCR and SEP
particles first need to travel through the Martian atmosphere before reaching the
RAD detectors. In this process, some particles are shielded away, while others can
generate secondary particles by interacting with the particles in the atmosphere.
Thus, the radiation environment observed by RAD is a mix of primary and sec-
ondary particles, and RAD measurements cannot be directly compared to deep-
space detectors without taking into account the atmospheric response functions
(seee.g. Guoetal., 2017a, 2019). For example, SEP events need a certain minimum
energy to be observed on ground, so RAD only sees the most intense events as a
ground level enhancement (GLE).

The atmospheric pressure measured by the Rover Environmental Monitoring
Station (REMS) instrument onboard MSL shows a significant daily variation of
about +5% (Haberle et al., 2014) due to the considerable temperature changes
between day and night — for comparison, the diurnal pressure variations on Earth
are at least an order of magnitude lower (e.g. Le Blancq, 2011). These pressure
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variations also influence the RAD measurements, as they affect the column mass
of the atmosphere above MSL, and thus change the amount of secondary particles
generated in the atmosphere. A clear correlation between dose rate and pressure
was observed by Guo et al. (2017a). These diurnal variations show amplitudes up
to ~ 2.5%, and this needs to be taken into account when observing short-term
variations of the GCR, which are typically on a similar order of magnitude. The
easiest solution would be to average the dose rate measurements over one solar
day (sol) but this would significantly increase the uncertainty for the onset time
definition of events such as Forbush decreases (FDs). Instead, a spectral notch filter
can be applied to the data to filter out the 1 sol frequency and harmonics. This
method was described in detail by Guo et al. (2017b) and is also used for most RAD
data shown within this thesis. These considerations about atmospheric effects of
course do not apply to the cruise phase data, where RAD was relatively lightly
shielded by the surrounding MSL spacecraft (Zeitlin et al., 2013; Guo et al., 2015)
and no diurnal effects were observed.

2.2 THE SOLAR ORBITER HIGH ENERGY TELESCOPE

The ESA Solar Orbiter spacecraft (SolO, Miiller et al., 2020) was launched success-
fully on February 10, 2020. During its mission, it will travel as close to the Sun as
0.27 AU and provide valuable measurements of all kinds of solar events with its
comprehensive remote sensing and in situ instrument suite. The Energetic Particle
Detector investigation (EPD, Rodriguez-Pacheco et al., 2020) onboard SolO, a col-
laboration of the University of Kiel, the University of Alcala and the Johns Hopkins
University APL, is comprised of four instruments, covering the whole energetic
particle spectrum from a few keV up to several hundreds of MeV (Figure 7). The
lowest energies of electrons and protons, from a few keV (slightly above the solar
wind bulk) up to 8okeV, are measured by the Suprathermal Electrons and Pro-
tons (STEP) telescope, which is followed by the Electron Proton Telescope (EPT)
for medium energies up to ~ 6 MeV for protons and 450keV for electrons. Both
EPT and STEP mainly measure electrons and protons, but cannot distinguish be-
tween protons and heavier ion species. Hence, they are supplemented with the
Suprathermal Ion Spectrograph (SIS), a time-of-flight based instrument that mea-
sures 12 ion species from H to Fe between 14 keV/nuc and 20.5MeV/nuc. The
highest energies of electrons and all ion species are covered by the High Energy
Telescope (HET), whose measurements are, similarly to MSL/RAD (Section 2.1),
based on the dE/dx-E method.

The double-ended HET sensor head is shown in Figure 8a. Two of these sensors
are installed on the side decks of the SolO spacecraft to provide four viewing di-
rections: sunward, antisunward, north and south. The sunward and antisunward
tields of view (HET 1) are pointed 35° away from the radial direction within the
ecliptic, which corresponds to the nominal Parker spiral direction, while the north
and south fields of view (HET 2) are pointed out of the ecliptic. The HET telescopes
each consist of four silicon solid-state detectors (A1, B1, B2, A2) and a bismuth ger-
manium oxide (BiyGe3;01,, BGO) scintillator (C) in the center. This setup is similar
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Figure 7: Energy coverage of the different sensors in the SolO EPD suite for electrons and

different ion species, based on the current science data products as of October
2020. This is an updated and enhanced version of Figure 3 from Rodriguez-
Pacheco et al. (2020). In the case of the CNO and NeMgSi groups, the responses
for carbon and neon were taken as an example, the other species differ only
slightly. For simplicity, SIS protons, EPT stopping helium as well as EPT pen-
etrating data products, which overlap with other measurements, are excluded
from this plot. For the penetrating data products of HET, the highest energy bin
(as given by Elftmann, 2020, Appendix A) is not included, as its coverage extends
to infinity.
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to RAD, though there is no second plastic scintillator for the detection of neutral
particles.

Si
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(a) CAD rendering of the HET sensor head. Adapted from Rodriguez-
Pacheco et al. (2020), Fig. 31.
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(b) Schematic diagram of the HET sensor head. Exemplary particle trajectories end-
ing up in different data products are shown by the arrows: stopping in B, stop-
ping in C, penetrating, GCR channel, C single counter.

Figure 8: HET sensor head

Charged particles that enter through one of the A detectors and then stop in
B or C are measured in the HET data products for stopping particles, which are
defined using the ABnC and ABC coincidence conditions (as shown in red and
green in Figure 8b). These particles are fully analyzed using the dE/dx-E method,
i.e. their primary energy and charge can be directly determined. Ions with higher
energies (e.g. = 100 MeV/nuc for protons and helium) penetrate the whole tele-
scope (ABCBA coincidence, shown in blue in Figure 8b). In this case, as with the
penetrating particles in RAD, the particles are not fully analyzed. Still, up to a few
hundred MeV/nuc, the particle direction and primary energy can be estimated
based on the different LET at each end of the telescope (e.g. in the A1 and A2
detectors).

Similarly to RAD, these energy-resolved stopping and penetrating particle data
products are very useful for SEP events as well as to calculate longterm GCR spec-
tra, but they do not have high enough count rates to study short-term variations
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of the GCR. Alternatively, HET also produces a data product using the BCB coin-
cidence (irrespective of the A detectors, shown in turquoise in Figure 8b), which
significantly increases the opening angle at the cost of lower energy resolution and
no separation of particle species. For this data product, only a 1D histogram of the
energy deposit in C is stored. In addition, basic single detector count rates (level
1 trigger rates) without any coincidence conditions applied are available in HET"s
housekeeping data, which include particles entering HET from any direction. In
this case, the count rates for the C detector are best suited for measuring short-
term variations due to the large volume of C. The response function of this single
detector counter is derived in Appendix A.

Further details about the design of the HET instrument, the definition of its data
products and their calibration can be found in Elftmann (2020).

2.3 NEUTRON MONITOR MEASUREMENTS

First developed in the 1950s (see e.g. Simpson, 2000), ground-based neutron mon-
itors have historically been the most widely available instrument for the measure-
ment of the cosmic ray flux at Earth. Neutron monitors measure secondary neu-
trons generated by the primary GCR and SEP particles in the Earth’s atmosphere.
They are typically large and heavy instruments, as one or more large tubes of lead
are needed to achieve a sufficiently large detection efficiency for high-energy neu-
trons. Within a decade, such devices had been deployed at numerous locations
around the globe, and many of them have been producing measurements almost
continuously until the present day. Today, data from the global network of more
than 50 neutron monitors (e.g. Moraal et al., 2000) are archived at the Neutron
Monitor Database (NMDB, Steigies, 2009)", and many of these stations are also
providing realtime data through NMDB.

Similar to RAD on Mars (Section 2.1), neutron monitor measurements are in-
fluenced by the Earth’s atmosphere, but also by the magnetic field, which is negli-
gible at Mars. Thus, any cosmic ray particle needs a certain minimum energy, the
so-called cutoff energy, to be able to pass through the magnetosphere and produce
a secondary neutron in the atmosphere, which then reaches the ground and can
be detected by a neutron monitor. The atmospheric effect is mainly dependent on
the altitude as well as the atmospheric pressure, while the magnetospheric effect
depends on the geographic location, particularly the latitude. At the poles, where
the magnetic field lines are nearly vertical, the magnetic cutoff decreases to zero,
and thus the atmospheric effect is dominant in this case.

The cutoff energy is often also expressed in terms of a rigidity

pc
R==—, (3)

q
a quantity which is given in units of volts (V). p is the particle’s momentum, g its
charge and c the speed of light. The benefit of using rigidities instead of (kinetic)
energies is that particles with the same rigidity also have the same gyroradius in
the magnetic field independent of the particle species. Using relativistic relations,

1 https://www.nmdb.eu

17


https://www.nmdb.eu

R can be rewritten in terms of the particle’s charge g = Ze, rest mass 1 and kinetic
energy Ey;, as:

1
R= Z_e\/Ekin(Ekin + ZmOcz) (4)

(seee.g. Moraal, 2013, for the detailed derivation), which approaches R ~ E,;,/(Ze)
for highly relativistic particles (Ey;, > mgc?). So, for example, a 100 GeV proton
(Z =1) has arigidity of approximately 100 GV.

Magnetic cutoff rigidities and the resulting response functions for neutron mon-
itors, which take both the magnetospheric and the atmospheric effect into account,
have been calculated by e.g. Clem and Dorman (2000), Shea and Smart (2001), and
Smart and Shea (2008). The South Pole Neutron Monitor, located at the geographic
south pole (90° S) and 2820 m altitude — next to the Amundsen-Scott research
station — is the most sensitive neutron monitor station, as its magnetic cutoff is
negligible and the atmospheric cutoff is also lower than at sea level. This makes it
especially well suited for the detection of FDs, as they typically have larger ampli-
tudes at lower energies (see Section 1.4). The South Pole Neutron Monitor will be
used multiple times in this thesis to provide FD observations at Earth that can be
compared to the Mars or SolO data.

In addition to using single neutron monitors, an inversion method has also been
developed to reconstruct the variation of the GCR flux at a certain rigidity above
the atmosphere and magnetosphere from the global network of neutron monitors.
This so-called Global Survey Method (GSM) produces results that are indepen-
dent of the characteristics of a single neutron monitor station. It is described in
detail by Belov et al. (2018), and is used e.g. as a basis for the extensive catalog
of Forbush decreases at Earth compiled by the Russian Space Weather Prediction
Center (IZMIRAN)?, which is also employed in this thesis for statistical studies in
the publication by Freiherr von Forstner et al. (2020).

2.4 THE STEREO HELIOSPHERIC IMAGERS

Launched in 2006, the Solar Terrestrial Relations Observatory (STEREO, Russell,
2008) is a NASA mission that enabled a stereoscopic view of the Sun for the first
time. It consists of two largely identical spacecraft that were placed in an orbit
around the Sun at distances close to 1 AU, carrying both in situ and remote sensing
instruments. The STEREO-A (Ahead) spacecraft is placed a bit closer to the Sun
than Earth, while STEREO-B (Behind) is a bit farther away. This caused the two
spacecraft to slowly drift away from Earth, as A orbits the Sun slightly faster than
Earth, and B slightly slower. 5 years later, the spacecraft were separated by 180°
in longitude, and this made it possible to observe all sides of the Sun (except the
poles) simultaneously for the first time. In 2015, the two spacecraft reached a solar
conjunction, passing behind the Sun as seen from Earth, and are coming closer to
Earth again ever since. Their next close approach to Earth is expected in 2023, 17
years after launch.

With a planned mission duration of only 2 years, the STEREO spacecraft were
never designed to survive a solar conjunction, during which communication with

http://spaceweather.izmiran.ru/eng/dbs.html
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Earth is not possible for several months, so significant configuration changes were
necessary in the flight software. Unfortunately, while testing the new configura-
tion designed for the solar conjunction phase, communications with the STEREO-
B spacecraft were lost on October 1, 2014, so since this date, science data are only
available from STEREO-A. It is believed that this was due to a temporary failure
of the star tracker coinciding with incorrect data transmitted from one of the gy-
roscopes, causing the spacecraft to start spinning while it fired its thrusters in an
attempt to compensate for the perceived rotation (Ossing et al., 2018). In this state,
the spacecraft battery drained quickly as the solar panels were pointed toward
the Sun only for a fraction of the time. The communications link to the spacecraft
was restored for a few weeks in 2016, but the following attempt to re-stabilize the
spacecraft was unsuccessful and connection was lost again. Recovery will be re-
attempted when STEREO-B comes closer to Earth in the next few years.

Apart from three in situ experiments investigating the local solar wind plasma,
energetic particles, magnetic fields and radio waves, the scientific payload onboard
the STEREO spacecraft also includes the Sun Earth Connection Coronal and Helio-
spheric Investigation (SECCHI, Howard et al., 2008), a suite of remote sensing in-
struments consisting of five telescopes (Table 1) with different fields of view (from
the solar disk to almost 9o°) and wavelengths (extreme ultraviolet (EUV) and vis-
ible light, “white light”). The EUV imager (EUVI) observes the solar disk directly
in four different wavelength bands, while the white-light coronagraphs COR1 and
CORz2 use an occulting disk in their center to cover the solar disk and observe the
surrounding corona. Similar types of instruments have already been available from
the Earth point of view, e.g. on the Solar and Heliospheric Observatory (SOHO)
spacecraft launched in the 1990s and its predecessors. On the other hand, the helio-
spheric imagers (HI, Eyles et al., 2009) are a relatively new type of instrument that
had first been demonstrated in 2003 with the Solar Mass Ejection Imager (SMEI,
Eyles etal., 2003) onboard the Coriolis spacecraft. These white-light telescopes pro-
vide a very wide field of view between 4° and 88.7° from the Sun in the ecliptic
plane and up to +35° in the perpendicular direction. With these data, coronal mass
ejections (CMEs) can be directly tracked from near the Sun out into interplanetary
space. In contrast to the other telescopes, the HIs have rectangular fields of view
directed away from the Sun towards one side — therefore, the STEREO spacecraft
are always rotated so that the HIs can best observe the Sun-Earth line.

Telescope Description Wavelength Field of view
EUVI EUV imager 171 A, 19 5 A, 284 A, 304 A o Ry to1.7 R,
COR1 inner coronagraph white light 1.4 Ry to 4Ry
COR2 outer coronagraph white light 25R; to 15R,
HI1 heliospheric imager 1 =~ white light 4° to 24°

HI2 heliospheric imager 2 white light 18.7° to 88.7°

Table 1: Properties of the STEREO SECCHI telescopes.
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Figure 9 demonstrates the different fields of view of the SECCHI instruments.
This composite image, which was constructed using the SunPy software toolkit
(The SunPy Community etal., 2020), shows the April 15, 2020 CME (see also Chap-
ter 6 / Freiherr von Forstner et al., 2021), which has just entered the HIx field of
view at this time. In addition, signatures of four solar system planets (Venus, Earth,
Jupiter and Saturn) can be seen in the His telescopes, as well as the diagonal band
of the Milky Way in HI2. The near-vertical trails in the HI images are an instrumen-
tal artifact caused by the high relative brightness of the planets and some stars in
combination with the column-wise sensor readout and the lack of a mechanical
shutter.
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Figure 9: Composite image demonstrating the fields of view of the STEREO SECCHI tele-
scopes EUVI, COR1, COR2 (blue, green and red areas on the left side), and HI1
and HI2. HI images are shown as running difference images, while COR and
EUVI are direct images. This image features the April 15, 2020 CME, some pla-
nets as well as the Milky Way (diagonal band across the HI2 image).

CMEs appear in the HI telescopes due to Thomson scattering: Sunlight is scat-
tered by free electrons in the solar wind plasma, and regions of enhanced density,
such as CMEs and the shocks driven by them, appear as brighter structures in the
images. To make these transients more clearly visible, long exposure times on the
order of 20 minutes to 1 hour are needed, and difference images are often used to
further highlight the moving structures. In theory, the 88.7° field of view would
allow the HIs to track CMEs all the way out to Earth under most conditions. How-
ever, in practice, the CME structures become more faint during the propagation as
their density and velocity decreases. Also, CMEs not directed towards Earth are
not always covered by HI, as these may also occur on the opposite side of the Sun
(e.g. the left side of Figure 9).
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To routinely reconstruct the trajectories of CMEs in the HI observations, the 2D
images are typically transformed into so-called J-maps, a technique which was orig-
inally developed by Sheeley et al. (1999) and first applied to STEREO-HI data by
Rouillard et al. (2008) and Davies et al. (2009): After subtraction of backgrounds
and the calculation of running difference images, a 1D slice is extracted from each
HI image in the time period of interest, usually close to the ecliptic plane. For each
consecutive point in time, these slices are then rotated by 9o° and concatenated into
a new 2D plot, where time is on the x axis and the heliographic longitude, which
in this case is named the elongation angle €, is on the y axis. Moving structures, such
as CME or shock fronts, then appear as bright streaks in the J-map, which extend
from the bottom (low elongation) out to larger elongations (see Figure 10c for an
example). Depending on the CME direction and the evolution of its velocity, these
structures can often resemble a (rotated) letter J, hence the corresponding naming
of this type of plot. This is not the case in the example in Figure 10c, as this slow
CME propagates at a nearly constant speed and produces a more or less straight
line in the J-map. By tracing the structures in the J-map images, the time-elongation
profile e(t) can then easily be reconstructed.

The more challenging part is to use this measurement to calculate the actual
CME trajectory, i.e. the time profile of the radial distance r(t) from the Sun. To
solve this problem unambiguously, some assumptions need to be made, as the
Thomson-scattered HI image accumulates the electron density along the line of
sight, which contains points at different heliospheric longitudes and radial dis-
tances. This means that the geometric shape of the CME needs to be known to
derive the position of the apex from the images. Multiple techniques have been de-
veloped to address this issue in different ways, starting with single-spacecraft ap-
proaches that also need to make assumptions about the CME longitude (Howard
et al., 2006; Kahler and Webb, 2007; Lugaz et al., 2009; Davies et al., 2012), fol-
lowed by approaches that take into account the measurements from both STEREO
spacecraft at the same time to triangulate the CME location (Liu et al., 2010a,b;
Lugaz et al., 2010; Davies et al., 2013). Of course, the latter can only be used for
events observed by both spacecraft simultaneously, before the loss of connection
to STEREO-B in 2014. A detailed overview of these reconstruction methods and
the corresponding mathematical expressions was given in Section 3.3.2 of Freiherr
von Forstner (2018). The single-spacecraft reconstruction methods are also sum-
marized in Section 2.3 and Figure 2 of Freiherr von Forstner et al. (2019), which is
reprinted in Chapter 3 of this thesis.

The Heliospheric Cataloguing, Analysis and Techniques Service (HELCATS)3
has systematically cataloged and analyzed all CMEs detected by the STEREO-HI
telescopes and provides these data on their website. This database will serve as
the basis for most HI-related studies in this thesis. As an example, the images and
J-map provided by HELCATS for the April 15, 2020 CME observed by STEREO-A
are shown in Figure 10. The corresponding data and reconstruction results can be
found under the ID HCME_A_ 20200415_01 in the HELCATS catalogs.

3 https://www.helcats-fp7.eu/
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Figure 10: STEREO-A HI images of the April 15, 2020 CME generated by the HELCATS
project. In the J-map, the CME trajectory was marked with red dots.
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STUDIES OFICME ARRIVAL TIMES AT 1 AU AND MARS
USING FORBUSH DECREASES

3.1 OPPOSITION PHASES

An interesting constellation to study the propagation of interplanetary coronal
mass ejections (ICMEs) is the so-called opposition, where two planets (or space-
craft) are closely aligned in heliospheric longitude. Near these oppositions, CMEs
that are seen in situ at one of these locations are most likely to be seen at the other
as well, which allows to investigate their radial evolution.

Some previous studies, such as the model proposed by Gopalswamy et al. (2001)
— a predecessor of the drag-based model (DBM, see Section 1.3) — have stated
that the deceleration of fast coronal mass ejections (CMEs) due to their interaction
with the slower ambient solar wind ceases before 1 AU, e.g. at distances between
0.75 AU and 0.85 AU. Winslow et al. (2015) have validated this hypothesis using
measurements at Mercury and Wang et al. (2005) have shown measurements from
the Ulysses spacecraft, mostly far beyond 1 AU, that show no significant decelera-
tion. However, observations at Mars, which is located at a heliocentric distance of
~ 1.5 AU have not been included in such investigations so far.

In the case of Earth and Mars, whose orbital periods are 365 and 687 days, re-
spectively, an opposition occurs approximately every 2.1 years. Since the Curiosity
rover’s landing on Mars in August 2012, there were four such oppositions: In April
2014, May 2016, July 2018, and October 2020. The following study will present the
first statistical study of ICMEs and the associated Forbush decreases (FDs) during
the first two of these opposition periods, and during oppositions of Mars with one
of the two Solar Terrestrial Relations Observatory (STEREO) spacecraft in 2012 and
2013. The FDs were detected at the two locations using the Mars Science Laboratory
Radiation Assessment Detector (MSLs/RADs, Section 2.1), the South Pole neutron
monitor at Earth (Section 2.3) and the STEREO High Energy Telescope (HET).
These datasets were then used to derive the ICME propagation time between 1 AU
and Mars. In the study, we compare the derived transit speed between 1 AU and
Mars to the in situ measured velocity at 1 AU as well as the launch speed at the Sun
to show that fast ICMEs still decelerate beyond 1 AU. Comparisons with the WSA-
ENLIL+Cone and DBM models are also performed to investigate their accuracy
for predicting ICME arrival times at Mars.

The following article is reproduced from Freiherr von Forstner et al. (2018) with
permission from Journal of Geophysical Research: Space Physics, ©American Geo-
physical Union:

UsinGg ForBusH DecreASES TO DERIVE THE TRANSIT TIME OF ICMESs PROPAGATING FROM

1 AU to MARS
Freiherr von Forstner, J. L., J. Guo, R. F. Wimmer-Schweingruber, D. M. Hassler, M.
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Abstract The propagation of 15 interplanetary coronal mass ejections (ICMEs) from Earth’s orbit (1 AU)
to Mars (~ 1.5 AU) has been studied with their propagation speed estimated from both measurements
and simulations. The enhancement of magnetic fields related to ICMEs and their shock fronts causes the
so-called Forbush decrease, which can be detected as a reduction of galactic cosmic rays measured on
ground. We have used galactic cosmic ray (GCR) data from in situ measurements at Earth, from both STEREO
A and STEREO B as well as GCR measurements by the Radiation Assessment Detector (RAD) instrument on
board Mars Science Laboratory on the surface of Mars. A set of ICME events has been selected during the
periods when Earth (or STEREO A or STEREO B) and Mars locations were nearly aligned on the same side
of the Sun in the ecliptic plane (so-called opposition phase). Such lineups allow us to estimate the ICMEs’
transit times between 1 and 1.5 AU by estimating the delay time of the corresponding Forbush decreases
measured at each location. We investigate the evolution of their propagation speeds before and after
passing Earth’s orbit and find that the deceleration of ICMEs due to their interaction with the ambient
solar wind may continue beyond 1 AU. We also find a substantial variance of the speed evolution among
different events revealing the dynamic and diverse nature of eruptive solar events. Furthermore, the results
are compared to simulation data obtained from two CME propagation models, namely the Drag-Based
Model and ENLIL plus cone model.

Plain Language Summary Eruptions from the Sun often containing a shock front followed by

a magnetic ejecta may cause a depression in the omnipresent cosmic rays that can now be observed at
Mars thanks to the radiation assessment detector (RAD) on board the Mars Science Laboratory. When both
Earth (or other spacecraft like STEREOs that are located at Earth orbit) and Mars are closely aligned on the
same side of the Sun, we have a great opportunity to observe such eruptions passing by and affecting both
planets. Based on measurements from both Earth orbit and Mars, we have studied 15 solar events and their
properties such as the speed and its evolution from the Sun to Mars. We found that most of these eruptions
slow down considerably during their propagation from the Sun to Earth orbit and even beyond all the
way to Mars.

1. Introduction

Itis currently well accepted that coronal mass ejections (CMEs), magnetized plasma clouds expelled from the
Sun, may have severe impact on Earth, robotic missions on other planets, and spacecraft electronics. A better
understanding of the interplanetary propagation of CMEs is very important to gain a deeper understanding
of the heliosphere and the Sun itself, and to improve space weather forecasting.

ICMEs are regularly observed using both remote sensing images (coronagraph and heliospheric imaging
instruments) and in situ measurements of plasma and magnetic field quantities (e.g., Richardson & Cane,
1995; Wimmer-Schweingruber et al., 2006). Another common in situ method to detect ICMEs employs the
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observation of Forbush decreases (FD, first observed by Forbush, 1937; Hess & Demmelmair, 1937 and also
studied by, e.g. Burlaga et al., 1985; Cane, 2000; Kumar & Badruddin, 2014; Lockwood, 1971; Zhao & Zhang,
2016) in measurements of galactic cosmic rays (GCRs) caused by the magnetic field structure embedded in
the ICME passing by.

ICMEs do not necessarily consist only of the magnetized ejecta (which, depending on its geometry, can also
be called “magnetic cloud” or “flux rope”), but in many cases also drive an interplanetary shock in front of
them, separated by a turbulent sheath region. Forbush decreases can occur during the passage of the sheath
region (after the shock arrival) as well as the ejecta, which is described to be the cause of a two-step structure,
for example, by Cane (2000). However, recent studies such as Jordan et al. (2011) and Masias-Meza et al. (2016)
have found that even though the ejecta is effective at decreasing the GCR intensity, an ICME with a shock does
not necessarily produce a clear two-step structure in the FD and that the shock arrival is much more likely
to produce an abrupt drop in the GCR intensity than the ejecta. When multiple CMEs are ejected from the
Sun in a short period of time, they can interact with each other during their propagation and form complex
structures, which also affects the corresponding Forbush decrease (e.g., Marici¢ et al., 2014).

The interplanetary propagation of ICMEs is strongly influenced by the ambient solar wind. This leads to either
a deceleration or acceleration depending on the relative speed of the ICME to the ambient solar wind speed
(e.g., Gopalswamy et al., 2001; Vr$nak et al., 2004; Vrinak & Zic, 2007). As most CMEs launched from the Sun
are faster than the ambient solar wind, this more often results in deceleration rather than acceleration. With a
large amount of imaging and in situ instruments available on spacecraft especially near Earth’s orbit, extensive
studies of the evolution of CMEs during their eruption at the Sun and their propagation up to 1 AU have
been carried out. Heliospheric imaging instruments, for example, on board the two Solar Terrestrial Relations
Observatory (STEREO) spacecraft allow a continuous tracking of ICMEs up to 1 AU (e.g., Lugaz et al.,, 2012; Mostl
etal., 2014; Wood et al., 2017). Additionally, spacecraft such as Ulysses (e.g., Jian et al., 2008; Wang et al., 2005)
and Voyager (e.g., Liu et al., 2014) have provided ICME observations at locations in the outer solar system.
Based on the results from Wang et al. (2005) and their own studies of ICMEs seen at Mercury and Earth, Winslow
et al. (2015) stated that the deceleration of most ICMEs should cease at approximately 1 AU.

With the Curiosity rover of NASA's Mars Science Laboratory (MSL) mission (Grotzinger et al.,, 2012), another
device capable of registering Forbush decreases is available on the surface of Mars (at approximately 1.5 AU)
since its landing on 6 August 2012. Its Radiation Assessment Detector (RAD) instrument (Hassler et al., 2012)
has been continuously measuring GCR particles on the surface of Mars since then. MSL/RAD was already used
for observations of ICMEs through Forbush decreases, for example, by Witasse et al. (2017).

In situ observations of ICMEs at Mars are also possible using instruments on the Mars Atmosphere and Volatile
Evolution (MAVEN) spacecraft that is in orbit around Mars. But it only arrived at Mars in September 2014, so a
time period of 2 years after MSL's arrival cannot be studied using MAVEN data. For this reason, we have not yet
incorporated MAVEN data in this study, but we plan to do so in the future as the number of ICMEs observed
by MAVEN increases. A first study involving a comparison of ICME measurements at MAVEN and MSL/RAD can
be found in Guo, Lillis, et al. (2017).

At times where Mars and either Earth or the STEREO A or STEREO B spacecraft have a low separation in their
heliospheric longitudes, that is, they nearly form a straight line with the Sun, we have a better chance of
observing the same ICMEs at both 1 AU and Mars using in situ data. These times are the oppositions of Mars
observed from Earth and the STEREO spacecraft, respectively. We define an opposition phase to be the period
where the absolute value of the longitudinal separation Ag between Mars and Earth (or STEREO) is smaller
than a fixed value Ag,,,,, which for this study is set to 30°, keeping the probability that ICMEs are observed
at both locations reasonably high, but at the same time not restricting the number of ICME candidates too
much. The latitudinal separations between Earth, the STEREO spacecraft, and Mars are generally only a few
degrees at most and therefore not taken into account. Yashiro et al. (2004) found that the average angular
width of CMEs is between 47 and 61°, which supports that choosing Ag,,,, = 30° is reasonable. Figure 1
illustrates the opposition phases and the definition of Ag,,,.

These multispacecraft observations of ICMEs during the opposition phases allow us to determine ICMEs' trav-
eltimes between the radial distances of 1 AU and ~ 1.5 AU from the Sun. They can be used to compare the
resulting transit speed with measurements at 1 AU to determine the amount of deceleration or acceleration.
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To be able to derive the propagation time of an ICME between the two

\\\ observation locations, we assume that the same part of the ICME is
AN observed at both places, or alternatively that the ICME's shape has a suf-

. \\\ ficient amount of radial symmetry between the two longitudes where it
A . \ is observed. The probability that this assumption holds true is obviously
\ \ higher for smaller longitudinal separations of the two observers, which is

\ \ another reason why we chose a small angle for Ag,.,. A sophisticated
study of the ICMEs’ shapes could only in theory be done with a signifi-

+APmax

cantly higher number of observation locations or using 3-D reconstruction
techniques based on stereoscopic imaging techniques, where the for-
mer drastically reduces the amount of ICME candidates and the latter can
currently only be done up to approximately 1 AU, for example, with the
heliospheric imagers at both STEREO spacecraft (e.g., Liu et al,, 2010).

2. Methods and Data

2.1. Data

Opposition Table 1 shows the opposition periods between curiOsITY's landing in
August 2012 and the end of 2016, as defined in Figure 1. Oppositions of
Earth and Mars are included as well as those with the STEREO spacecraft.

Figure 1. The opposition phases for this study are defined by the We used the ICME list by Richardson and Cane (2010) (http://www.srl.

longitudinal separation of Earth (or STEREO) and Mars being between
—A@max and +A@p,,,. The bold diagonal line marks the opposition itself.

caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm) as a basis for finding
the ICME-caused Forbush decreases at Earth and a similar list by Jian et al.
(2013) for ICMEs at STEREO A and STEREO B.

Communication with the STEREO B spacecraft was lost on 1 October 2014 and a recovery attempt in summer
2016 was not successful. Therefore, data from its 2015 opposition with Mars are not available. Additionally,
because of the solar conjunctionin 2015, the Plasma and Suprathermal lon Composition (PLASTIC) instrument
on board STEREO A was turned off and there is no plasma data for the second STEREO A and Mars opposition
phase. For these reasons, we excluded the two 2015 opposition phases, leaving us with the four opposition
periods to investigate in this study.

For the two oppositions of Earth and Mars, we retrieved count rate data from the Neutron Monitor Database
(http://nmdb.eu). We chose the South Pole neutron monitor, which has a low cutoff rigidity (with an effective
vertical cutoff rigidity of 0.1 GV) due to its geographic location. This was then used together with the RAD
dose rate data to apply the cross-correlation method, which will be described in section 2.3.

For the STEREO oppositions, we replaced the neutron monitor count rates with measurements from the High
Energy Telescope (HET) instruments available on both STEREO spacecraft (von Rosenvinge et al., 2008), which
measure the flux of high-energy charged particles. While in situ observations of ICMEs at the STEREO space-
craft are also possible using magnetometer and plasma data (as has been used to identify ICMEs in the lists
employed in our study), Forbush decreases in the HET data allow for a more direct comparison to the RAD
data at Mars.

The publicly available HET data include measurements of protons with kinetic energies between 13.6 and
100 MeV and electrons between 0.7 and 4.0 MeV, with each of these ranges subdivided into multiple

Table 1
Opposition Periods Considered for This Study

Date
Opposition type Start Opposition End
STEREO B and Mars 2012-8-22 2012-11-28 2013-2-5
STEREO A and Mars 2013-5-21 2013-7-19 2013-9-12
Earth and Mars 2014-2-13 2014-4-8 2014-6-10
Earth and Mars 2016-3-20 2016-5-22 2016-8-5

Note. The start and end dates of the +30° periods and the actual date of the
opposition are given. Dates are formatted as year/month/day.
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energy bins. We chose the 23.8 and 100 MeV proton range, which appeared to show the Forbush decreases
reasonably well for this study. In some cases (event numbers 1, 2, 4, 5, 7, and 9), we chose to only use the
highest-energy channel (60 and 100 MeV) instead because there were solar energetic particles (SEP) coin-
ciding with the ICME arrival at STEREO, resulting in a much higher particle flux instead of FDs in the lower
HET channels.

2.2. RAD Data and Compensating for the Diurnal Variations

RAD/MSL is an energetic particle detector, and it has been carrying out radiation measurements on the sur-
face of Mars since the landing of MSL in August 2012 (Ehresmann et al., 2014; Guo et al.,, 2015; Guo, Slaba,
et al., 2017; Hassler et al., 2014; Kohler et al., 2014; Rafkin et al., 2014; Wimmer-Schweingruber et al., 2015).
On the surface of Mars, RAD measures a mix of primary GCRs or SEPs and secondary particles generated in
the atmosphere including both charged and neutral particles. Due to the shielding of the atmosphere, such
particles are mostly equivalent to primary GCR/SEP with energies larger than ~ 100 MeV/nuc. The radiation
dose rates contributed by surface particles are measured in two detectors—a silicon detector and a plastic
scintillator—and the latter has better statistics due to a larger geometric factor and is a very good proxy for
studying GCR fluence and its temporal variations.

RAD’s GCR dose rate measurements on the surface of Mars show a considerable amount of periodic variation
(about +5%) with a frequency of 1 sol and its harmonics, which is caused by the variation of temperature and
therefore atmospheric pressure during the course of the Martian day. This effect was analyzed by Rafkin et al.
(2014), and its intensity varies for different fluxes of primary and secondary GCR particles.

Guo, Slaba, et al. (2017) found that the magnitude of this diurnal effect is not constant but rather influ-
enced by the solar modulation of the primary GCRs; direct subtracting of the pressure effect during an FD
event is therefore not feasible. To reliably detect Forbush decreases in this data, we process the data using a
notch filter (Parks & Burrus, 1987) that significantly reduces the diurnal variations in the data but keeps other
influences—such as Forbush decreases—intact. A more detailed description of the implementation of this
method is shown in Guo, Lillis, et al. (2017).

2.3. Cross-Correlation Analysis

We assume that the traveltime of the ICMEs between 1 AU and Mars corresponds to the delay time between
the onset of Forbush decreases detected at these two locations. To determine this delay, we use a method
based on the cross-correlation function (CCF), assuming that Forbush decreases at 1 AU and Mars from the
same ICME should have similar characteristics, such as being a one- or two-step decrease. An advantage of
this method is that it allows to determine the traveltime without needing to define exact onset times at both
Earth and Mars, which can be difficult when the Forbush decrease is weak and/or rather complex.

For the analysis, a +1 sol window (a sol is a solar day on Mars, 1 sol & 24 h 40 m) around the given ICME onset
time at 1 AU t, 5 is selected from the GCR data at 1 AU, which includes a Forbush decrease at this time. The
rather small window makes sure that we only compare the actual decrease, so that a difference in the following
recovery period should not affect the results. The normalized cross-correlation function of the 1 AU data with
the filtered RAD dose rate data (see details in section 2.2) is then calculated in this window. It is a measure for
the correlation between the two data sets when one is shifted in time by a lag 7. For discrete measurements
flm] and g[m], the normalized cross-correlation function is defined as

mmax
1

2 f'lmlg’'[m+ n], (1

min m=mn

(Fxgim=———

where the lag 7 is represented by a number of data points n, the range [m ., M.« is the aforementioned
+1 sol window, and the normalized functions f’ and g’ are defined as

i = 21
Of
5 @
i = 9 =3
(o}

9
where o; and o, are standard deviations of f[m] and g[m] in the range [My,, My, respectively.

The value of 7 where (f * g) assumes its maximum in a reasonable range = € [0, At,,.,] is considered to be
the ICME's traveltime T between 1 AU and Mars. We fit the cross-correlation function’s peak with a Gaussian
distribution to estimate the error of T.
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Figure 2. Example of an application of the cross-correlation method. (top) The count rate data from the South Pole
neutron monitor with the ICME disturbance time from the Richardson and Cane ICME list marked by the green bar.

In the same panel, the RAD dose rate data (filtered using the method described in section 2.2 and shifted back in time
by the best fitted CCF lag time) are shown, together with the onset time calculated using the Drag-Based Model (DBM)
(red bar). (bottom) The cross-correlation function (CCF) of the two data sets plotted over the time lag 7, fitted with a
Gaussian function to obtain the estimated traveltime T and its uncertainty. The window used for calculating the CCF is
displayed in Figure 2 (top) with a light gray color. In this example, the resulting ICME traveltime is 2.14+0.37 days, which
is slightly shorter than the 2.6 days calculated using the DBM (explained later in section 3.3).

Figure 2 shows an example of an application of the cross-correlation method applied to the ICME that arrived
at Earth on 15 February 2014. The implication of these results will be discussed in section 3.1.

The GCR data in Figure 2 is scaled so that the correlation between the two data sets is more clearly shown.
Specifically, we subtract the mean value in the shown time range from the measurements and then divide
the results by their standard deviations. For some events at the STEREO spacecraft, we adjusted the scaling of
the HET flux rate data manually as the calculation of the mean and standard deviation was affected by strong
increases in the data related to SEP events shortly before or after the ICME arrival. This was done by calculating
the mean and standard deviation in a smaller +16 h period around t; », instead of the whole range of the plot.
Additionally, in one case (event 1) we needed to decrease the size of the window in which the correlation is
calculated to +0.75 sol instead of +1 sol to make sure that the SEP event does not influence the result of the
cross-correlation analysis.

Note that we are not comparing the magnitude of the Forbush decreases at 1 AU and Mars, which would
be an interesting study in the future. However, it needs to be considered that both the neutron monitor
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measurements and RAD dose rate are influenced by the atmosphere and/or magnetosphere of two different
planets, which makes the comparison more complicated than simply assessing the relative drop ratios in the
two data sets.

3. Results and Discussion

3.1. Results

In total, 43 ICMEs were observed during the four opposition periods, according to the Richardson/Cane
(Richardson & Cane, 2010) and Jian (Jian et al., 2013) lists. However, not all of them caused visible Forbush
decreases in our data sets at 1 AU and/or Mars—probably because (a) FDs can be very weak in comparison
to the background oscillations, for example, due to low ICME speeds and/or magnetic field strengths; (b) the
ICME missed one of the observation points, for example, due to (1) the angular width of the ICME is not cov-
ering the longitudinal separation of 1 AU and Mars observers (up to +30°) and/or (2) a significant deviation of
the propagation direction; (c) a gap occurring in the data at one of the observation locations; or (d) a strong
solar energetic particle (SEP) event seen at STEREO does not allow us to see the FD even when selecting only
the highest-energy channels.

Additionally, a considerable amount of ICMEs were ejected from the Sun in quick succession and possibly
interacted or merged with each other during their propagation, which makes the cross-correlation analysis
very difficult. One example for this is a series of five events in early February 2014 at Earth, where only the first
event could be analyzed sufficiently well using the cross-correlation method as its distance to the others was
larger and it had the strongest FD.

We therefore only kept the events in the study where the onset time from the list corresponded to a clear FD
at 1 AU and where a convincing correspondence to a FD at Mars could be found using the cross-correlation
analysis. For the 15 remaining events, we are most confident that the cross-correlation method picked up the
Forbush decreases corresponding to the same ICME in the data sets at both locations.

In total, 14 events had no or only weak Forbush decreases at at least one of the observation locations causing a
high uncertainty in the cross-correlation method results; 10 events were dropped due to a merging of multiple
ICMEs, 3 FDs at STEREO could not be seen due to a coinciding SEP event; and one event could not be analyzed
due to a gap in the RAD data. A comparison of the speeds v, listed in the Richardson and Cane/Jian lists of
the full set of 43 events to our selection of 15 events shows that both nearly have the same average value of
476 km s~' and 475 km s7', respectively, so it seems that we did not select a set of particularly fast ICMEs.

The Richardson/Cane and Jian lists include arrival times for multiple ICME features: The disturbance arrival
time (which refers to the arrival of a shock), the ICME plasma arrival time, and the ICME end time. For the ICMEs
where the disturbance arrival time was listed, we used it as the basis for the cross-correlation method because
as explained in section 1, the shock is most likely to cause the FD. For the remaining events, we used the ICME
plasma arrival time.

In fact, the choice of the onset time used at Earth hardly affects our study of the propagation time as it is
only used to determine the position of the +1 sol window (which is sufficiently large in comparison to the
onset time precision) in which the cross-correlation function is calculated. Nevertheless, in a few cases (events
11-13) the onset times were manually corrected “by eye” by amounts of up to a few hours to better reflect
the beginning of the Forbush decrease in the in situ data at Earth, which is not necessarily equal to the start
of the disturbance or ICME start given in the lists.

Table 2 shows the basic data and the results of the cross-correlation method for all the ICMEs in this study.
Figures A1-AS5 in Appendix A include the corresponding plots of the in situ data and CCF.

As explained in section 2.3, due to the uncertainties in the data, the CCF was fitted with a Gaussian distribution
to both enhance the detection of the maximum and obtain an estimation of the error. This method works
reasonably well most of the time, but in some cases (e.g. events 9 and 14), the CCF shows a relatively wide peak,
overlaid by one or multiple narrow peaks. Especially in these cases, the error might have been overestimated
by the fit, which generally follows the wide peak.

For each ICME, the ratio v /v, 5, was calculated and shown Table 2, where v, », is the measured maximum
speed of the ICME at 1 AU, obtained from the Richardson/Cane and Jian lists (v,,,, column—maximum solar
wind speed during the passing of the ICME and shock/sheath), which presumably corresponds to the propa-
gation speed of the shock (if present) or the ejecta; and ¥ is the average speed of the ICME between 1 AU and
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Table 2

Table of All the ICMEs Examined in This Study

Observations

Cross-correlation

method results

ti au V1 au Ar Vlaunch Vsw Tcorrel tMars = t1au + Tcorrel v B

ICME Obs S/C (UTC) /kms™! /AU /kms™! /km s~ /days (UTC) /kms~! V1‘;U

1 STB 2012-9-25 16:26 740.0 0.407 1056 389+12 1.24+0.23 2012-9-26 22:13 567+103 0.77+0.14
2 STB 2012-10-17 06:57 365.0 0.369 960 295+5 2.05+0.33 2012-10-1908:16 311+51 0.85+0.14
3 STB 2012-10-2519:10 435.0 0.357 380 297+5 2.31+0.66 2012-10-28 02:39 267+76 0.61+0.17
4 STB 2012-11-1113:36 512.0 0.334 710 333422 1.33+0.46 2012-11-12 21:27 436+150 0.85+0.29
5 STB 2012-11-19 09:50 505.0 0.326 643 344+6 1.50+0.54 2012-11-20 21:47 377+137 0.75+0.27
6 STB 2012-11-28 03:36 347.0 0318 440 33147 1.46+0.27 2012-11-29 14:32 378+71 1.09+0.20
7 STA 2013-5-29 12:20 480.0 0.516 879 398+20 2.53+0.37 2013-6-1 00:57 354451 0.74+0.11
8 STA 2013-6-27 16:17 397.0 0.551 732 343+20 2.53+0.48 2013-6-30 04:54 37772 0.95+0.18
9 STA 2013-7-25 06:12 545.0 0.584 1000 325+23 2.57+0.56 2013-7-27 19:50 393+85 0.72+0.16
10 STA 2013-8-10 15:00 453.0 0.603 375 367+15 2.57+0.24 2013-8-13 04:38 407+38 0.90+0.08
1 EARTH 2014-2-1513:45 450 0.669 620 342+10 2.14+0.37 2014-2-17 17:07 541493 1.20+0.21
12 EARTH 2014-4-5 19:00 500 0.624 450 419422 1.84+0.72 2014-4-7 15:10 587+230 1.17+0.46
13 EARTH 2014-4-18 19:00 500 0.609 396 366+30 2.40+0.71 2014-4-21 04:32 440+131 0.88+0.26
14 EARTH 2016-3-20 07:00 430 0.602 432+19 3.00+0.61 2016-3-23 06:55 348+71 0.81+0.16
15 EARTH 2016-8-2 14:00 460 0.418 350 350+18 2.40+0.53 2016-8-4 23:32 302+66 0.66+0.14
Average 475 0.486 642 355+4 2.12+0.13 406+27 0.86+0.06

Note. The second column shows the spacecraft or planet at 1 AU where the ICME was observed (STEREO A, STEREO B, or Earth), and the third column contains
the ICME arrival time t; 5 at this location according to the Richardson/Cane or Jian list (disturbance start time if available, otherwise ICME start time). The fourth
column states the speed v, 5, also taken from the Richardson/Cane and Jian lists (v,,,). Ar is the radial distance between Earth and Mars or the STEREO spacecraft
and Mars, respectively, at the time t; 5. The next two columns include the CME launch speed vj,ncp, Used for simulation purposes and the average ambient solar
wind speed v, in 3 days before the ICME arrival at 1 AU. T, is the estimated traveltime obtained from the cross-correlation method. The arrival time at Mars
tyars Was calculated under the assumption that t; 5y is correct, and ¥ is the average ICME speed between Earth orbit and Mars calculated from T e and Ar. The
final column shows the ratio ¥/v; ay. The last row shows the average values (if applicable) for all events together.

Mars calculated from the traveltime obtained from the cross-correlation method and the radial distance Ar
between Earth (or the STEREO spacecraft) and Mars:

Ar 3)

V=

T

correl

Additionally, if we assume that the acceleration a of the ICME between 1 AU and Mars is constant, we can
calculate it from the traveltime T, and the measured speed at 1 AU using the following considerations:

With v(t) = v, 5y + at, the mean speed ¥ (as given in equation (3) can also be expressed as

TCOUE
__ Joevndt 1
v= T =Viat EaTcorrel'

correl

Equating this expression with the one from equation (3) and solving for a give

Ar v
a1 AU, Mars = 2 <T2 - T1 . > . 4
correl correl

This value was also calculated for all events and included in Table 2. Similarly, the mean acceleration between
a radial distance of 21.5 R, from the Sun and the arrival at 1 AU, as,,, 1 oy, Was calculated using the speed at
21.5 R, obtained from the Database of Notifications, Knowledge, Information (DONKI) database (section 3.3)
and the traveltime between those locations. In the case of ICME 2, the launch speed of 480 km s~' from the
DONKI database was changed to the more reasonable value of 960 km s~ reported in the SOHO/LASCO CME
catalog for the calculation of the acceleration. The DONKI value of 480 km s~ led to a negative, unphysical
result for the drag parameter I' calculated in section 3.4. For the other events, the difference between the
DONKI and SOHO/LASCO catalogs was much less significant.
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V/viAu mean and standard deviation of v, 5, of our 15 events to be 466.9 km s~

Figure 3. Histogram of ICME speed changes between 1 AU and Mars.
Plotted is the ratio of the calculated mean speed between 1 AU and Mars

over the measured speed at 1 AU.

3.2. Statistical Analysis
In Figure 3, we show a histogram of the ratio /v, 4, for the 15 ICMEs. On
average, we get a value of

<L> =0.86 + 0.06,
Viau

which indicates that the average ICME in our sample decelerates slightly
during its propagation between 1 and 1.5 AU.

Considering the calculated standard deviations o of the v/v, ,, values
(included in Table 2) and using a 16 confidence interval, we can say that
eight ICMEs (53% of our sample of ICMEs) decelerated (V/v, oy + 0 < 1)
and no ICME accelerated (v/v; 5y —o > 1) while the seven remaining events
showed neither a clear deceleration nor acceleration. We calculated the

and 84.5 km s7', respectively, while the mean and standard deviation of
v; au Of all ICMEs in the Richardson and Cane list from 2012 until 2016 (123
events) are 489.2 km s~! and 114.2 km s~'. Despite of the small sample of
our events, the v, 5, measurements seem to suggest that they are good
in representing the average ICME speeds at 1 AU. However, we still note that our derived probabilities of the
changing of ICME speeds should be applied with caution because (a) our accuracy is not high enough to find
out the exact speed change of the remaining seven events, and (b) the geometry of the ICME may affect our
results, which will be discussed in more detail later (see also Figures 5 and 6).

As the deceleration of ICMEs is believed to be related to the ambient solar wind speed, we also compared
the ¥/v, 5y values to the solar wind speed vy, in Figure 4, using data from the Solar Wind Electron, Proton,
and Alpha Monitor (SWEPAM) instrument (McComas et al., 1998) on the Advanced Composition Explorer (ACE)
spacecraft (Stone et al., 1998) located at the L1 point near Earth and the Plasma and Suprathermal lon Com-
position (PLASTIC) (Galvin et al.,, 2008) instruments on the two STEREO spacecraft. The value we used for v,
is the average value of the solar wind speed measurements in a 1 day window before the ICME/disturbance
arrival time at 1 AU, and its standard deviation was used for the error bars.

Most ICME speeds at 1 AU are larger than the ambient solar wind speed, which can be seen on the x axis in
Figure 4. Slightly different from previous findings, ¥ (the average transit speed between 1 AU and Mars) is
generally smaller than v, », (which corresponds to a deceleration of the ICME), as visible on the y axis, apart
from 3 cases where the error bars are also very large. Our results tend to show that lower ambient solar wind
speeds compared to the ICME speed generally result in more deceleration
even beyond 1 AU, as expected.

1o ;zqg’_g% 700 However, there is a considerable amount of variance in the data points,

’ I 650 which is reflected by the Pearson correlation coefficient r = 0.37 in

= Figure 4 not being very high. This variance can possibly be due to the

- 1.0 600 'g determined speed ¥ being influenced by the geometry of the ICME: In
< 550 2 general, the propagation of different parts of the ICME can be affected dif-
§ 0.8 - T \D ferently by ambient solar wind conditions and the interaction with other
kA 500 < structures, such as stream interaction regions (SIRs)/corotating interaction

l 450 = regions (CIRs) and other ICMEs, potentially resulting in a variation of the

0.6 7 1 ICMEs’ geometric shape. This could lead to a radial asymmetry of the ICME
400 resulting in larger uncertainties in our analysis especially when the two

0.4 1 i i . i 350 observers have a bigger longitudinal separation. A demonstration of this
300 200 ~100 0 influence is also shown as a cartoon in Figure 5, together with an exam-

Vew —viay / kms!

Figure 4. Comparison of the ratio ¥/v; ay to vy, — v ay, Where vg,, is the
ambient solar wind speed measured at ACE. The colors show the initial
speed of the ICME at v; . The Pearson correlation coefficient r and the

ple of the ENLIL model result in Figure 6 (explained later in section 3.3)
for ICME 11 where we suspect that this effect led to the ratio V/v, 5y
being 1.20+0.21. Another example is visible in Figure 9, where ICME 12 is
merging with an SIR structure, possibly leading to a slight “acceleration,”

probability p that such a data set was produced by an uncorrelated system V/Viay = 1.17 £ 0.46. Similar effects have been observed previously by

are displayed in the plot.

Prise et al. (2015) and Winslow et al. (2016).
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Ar

Figure 5. Cartoon illustration of the possible influence of the ICME shape on
the measured speeds when the two observation locations are not perfectly
aligned in their heliospheric longitudes. In this case, the inclined shape
causes a perceived “speedup” of the ICME between Earth and Mars even if
the actual speed of the ICME stays constant.

2014-02—-16T12:00

Another comparison can be made to the mean acceleration values that we
calculated for the travel between 21.5 R and 1 AU (ds,,, ; ay) @and between
1 AU and Mars (a; gy, mars) @s shown in Figure 7. The acceleration was cal-
culated using equation (4), which depends on Tczonel, amplifying the error
bars. The big variations of a shown in the figure indicate that ICMEs are very
dynamic and their propagation depends on various properties, such as the
different ambient solar wind conditions at different parts of the ICME and
the interaction with other heliospheric structures. Our results suggest that
the dynamics of the propagation continue to evolve beyond 1 AU and that,
although the acceleration values up to and after 1 AU tend to be related
(supported by a Pearson correlation coefficient of r = 0.29), the accelera-
tionis hardly a constant value. This is because (a) the ambient environment
that the ICME travels through fluctuates due to the time-varying structures
of the heliosphere (as shown, e.g., by Temmer et al., 2011) and (b) the ambi-
ent solar wind conditions vary throughout the heliosphere, thus diversely
affecting the same ICME at different locations.

We have also marked the four quadrants in the plot, showing which ICMEs
kept decelerating before and after 1 AU (lower left quadrant) and which
changed from acceleration to deceleration (lower right) or the other way
round (upper left). There are no ICMEs that accelerated before and after
1 AU (upper right quadrant), and two cases that “accelerated” between
1 AU and Mars were addressed above (events 11 and 12). There are also
two ICMEs that seem to have accelerated between the Sun and 1 AU, that
is, event numbers 10 and 15, which have very low launch speeds reported
(below 400 km s~" in the DONKI list, as well as even lower values in the
SOHO/LASCO and CACTus (Computer Aided CME Tracking) databases).
These could of course be physical but might also be due to the projection
effect used in the image-based remote sensing analysis used to derive the
launch speed. As the current paper is not focusing on the launch properties
of the CMEs we did not pursue this matter further.

2014-02-12T00 +4.50 days

O Earth @ Mars O Mercury @ Venus <OMaven O Spitzer B Stereo_A M Sterec_B
W Ulysses
Ecliptic Plane 2089021 LAT = —6.8° Ecliptic Plane 2089021 LAT = —6.9°
19 . 22 19 - 22
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Figure 6. ENLIL simulation for the 15 February 2014 ICME, showing the same effect that was illustrated in Figure 5
(left, arrival at Earth; right, arrival at Mars). The CME front was emphasized manually using a black line.
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N In Figure 8, we correlated the acceleration between the Sun and 1 AU with
14 r=029 _ /// 600 the launch speed (left) and the acceleration between 1 AU and Mars with
p=3L4% + 7 ~ the speed at 1 AU (right). Both plots show that a stronger deceleration is
T0 AL 500 ‘; correlated with higher ICME speeds, which is supported by high Pearson
g I § 400 = correlation coefficients of r = —0.94 and —0.64 and low correspond-
\E -19 T 1z xe \; ing probabilities p = 0.0% and 1.5% for uncorrelated data, respectively.
= 1 - 7 300 Tv Again, the error bars in Figure 8 (right) are large due to the dependence
fg —27 . 7 e of aon T2 . Comparing our results for the acceleration with the val-
g // 200 E ues that Richardson (2014) obtained for ICMEs propagating from Earth
=31 //’ 100 s to the Ulysses spacecraft (shown in their Figure 22 in a similar manner
] e | as our Figure 8), which was at a distance of between 3.74 and 5.41 AU
T T T T T 0 from the Sun at that time, we find that our average deceleration value
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Figure 7. Comparison of the acceleration as,, 1 ay between 21.5 R, and
the arrival at 1 AU and a; py, mars between the arrival at 1 AU and the arrival

of (0.81+0.33) m s~2 is much larger than their values of up to 0.1 m s=2.
This suggests that the deceleration becomes weaker at a larger radial dis-
tance beyond Mars, thus resulting in a lower average value between Earth
and Ulysses.

at Mars. The Pearson correlation coefficient r and the probability p that such

a data set was produced by an uncorrelated system are displayed in the
plot. The diagonal line marks where the accelerations would be equal, and
the gray lines divide the four quadrants of the plot.

3.3. WSA-ENLIL+Cone Model

The Wang-Sheeley-Arge (WSA) ENLIL model (Odstrcil et al., 2004) is a
widely used tool to predict solar wind propagation in the heliosphere. It is
based on an MHD simulation and can be combined with a cone model to
describe the propagation of ICMEs. Using the Space Weather Database of Notifications, Knowledge, Information
(DONKI, https://kauai.ccmc.gsfc.nasa.gov/DONKI/), which is based on coronagraph observations of CMEs
close to their launch from the Sun, we matched most of the ICMEs in our study to WSA-ENLIL+Cone model
simulation results provided by the Community Coordinated Modeling Center (CCMC) (https://ccmc.gsfc.
nasa.gov/missionsupport/). In some cases, there are multiple ENLIL results for the same ICME (using slightly
different input parameters)—in that situation, we chose the one that gave the best 1 AU arrival time com-
pared to the observations from the Richardson and Cane or Jian lists, respectively. In one case (ICME 14 in
Table 3), we did not find any event output in the DONKI database that would possibly match the observed
arrival time at 1 AU. Figure 9 shows a graphical representation of an ENLIL simulation result, specifically the
ICME arriving at Earth on 5 April 2014 and at Mars on 7 April 2014, respectively (ICME 12 in Table 3).

To compare our measured ICME traveltimes to the ENLIL model results, we applied the cross-correlation
method described in section 2.3 to the plasma number density n at Earth (or STEREO) and Mars obtained from
the model. This gives us another time lag value, which is considered to be the traveltime that the ENLIL model
predicts. In most cases, due to the smooth nature of the simulated data, the uncertainty of the traveltime is
smaller than for the one obtained from measured Forbush decreases.

0 " r=-0.94 44 r=-0.64
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Figure 8. Comparison of the (right) acceleration a; y, mars between the arrival at 1 AU and the arrival at Mars with the
speed v; y and the (left) acceleration ag, 1 ay between 21.5 R, and the arrival at 1 AU with the speed vj, ¢ Of the
ICME at 21.5 Rg,. The Pearson correlation coefficients r and the probabilities p that such data sets were produced by an
uncorrelated system are displayed in the plots.
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Table 3
Table of All the ICMEs Examined in This Study
Repetition from Table 2 Acceleration Model input and results

t1 AU Teorrel a1 AU, Mars Asun, 1 AU B15R, Tenui Togm Fo-1au
ICME Obs S/C (UTQ) /days /ms—2 /ms~2 (UTQ) /days /days /1077 km™!
1 STB 2012-9-25 16:26 1.24+0.23 —3.2+13 -2.13 2012-9-23 18:58 1.03+0.14 1.0 0.082+0.004
2 STB 2012-10-17 06:57 2.05+0.33 —0.60+0.47 -3.03 2012-10-14 08:45 1.54+0.26 2.1 0.224+0.006
3 STB 2012-10-2519:10 2.31+0.66 —1.68+0.28 —0.07 2012-10-21 03:59 1.28+0.34 25 0.058+0.006
4 STB 2012-11-11 13:36 1.33+0.46 —-1.3+2.2 -1.33 2012-11-8 07:21 1.33+0.23 1.8 0.17+0.03
5 STB 2012-11-19 09:50 1.50+0.54 -2.0+14 -0.73 2012-11-16 06:32 0.94+0.19 1.7 0.138+0.007
6 STB 2012-11-28 03:36 1.46+0.27 0.5+1.2 —-0.29 2012-11-2317:17 1.46+0.28 1.6 0.7+0.2
7 STA 2013-5-29 12:20 2.53+0.37 -1.16+0.30 —2.68 2013-05-26 22:58 1.37+0.25 1.9 0.34+0.05
8 STA 2013-6-27 16:17 2.53+0.48 —0.18+0.63 -1.97 2013-6-24 08:08 1.97+0.41 2.6 0.40+0.07
9 STA 2013-7-25 06:12 2.57+0.56 —1.37+£0.47 -3.85 2013-7-22 09:55 1.97+0.44 2.1 0.19+0.02
10 STA 2013-8-10 15:00 2.57+0.24 —0.42+0.30 0.35 2013-8-7 02:53 2.57+0.26 24 —2+1
11 EARTH 2014-2-1513:45 2.14+0.37 1.0+1.2 —0.57 2014-2-1218:51 2.01+0.32 26 0.15+0.02
12 EARTH 2014-4-5 19:00 1.84+0.72 1.1+33 -0.23 2014-4-200:19 2.53+0.30 24 0.7+0.6
13 EARTH 2014-4-18 19:00 2.40+0.71 —0.6+1.1 —0.01 2014-4-1419:44 2.35+0.23 2.2 0.01+0.01
14 EARTH 2016-3-20 07:00 3.00+0.61 —0.63+0.42 3.0
15 EARTH 2016-8-2 14:00 2.40+0.53 —1.53+0.30 0.14 2016-7-29 08:50 2.31+0.24 3.1 —0.5+0.3
Average 2.12+0.13 —0.81+0.33 —1.17 1.76+0.08 22 0.13

c=111 =129

Note. This table supplements the data from Table 2 with the average acceleration values calculated using equation (4), the time t,; 5 Ro used for the ENLIL simu-
lations, the traveltime Tgyy . calculated from the ENLIL model results and the traveltime Tpg)y calculated using DBM by propagating the ICME from 1 AU to Mars
(section 3.3) using a drag parameter of I' = 0.1 x 10~7 km~". The last column shows an estimation of the actual drag parameter for this event between the Sun and
1 AU calculated using the observation values as described at the end of section 3.4, where the average displayed in the bottom row is weighted using the inverse
errors. The acceleration values of events 10 and 15 are very small with absolute errors similar to the others, which makes the errors of I large. However, due to the
weighted mean calculation, these two values only have a very small influence on the mean I value for all events shown in the last row. I" values for the propaga-
tion between 1 AU and Mars are not shown; their uncertainties are so large that the values are not meaningful. For Event 15, there is a negative I value because
the speed at 1 AU is larger than the launch speed, which is very low both in the DONKI and CACTUS ICME catalogs. Dates are formatted as year/month/day.

In Figure 10 (top left), we compare the traveltimes calculated by the ENLIL model with the ones obtained from
the in situ data in this work. Both traveltimes are also listed in Tables 2 and 3. For many events, ENLIL seems
to predict a slightly faster propagation. Results for faster ICMEs (e.g., the 28 November 2012 ICME at STEREO
B—ICME 6 in Tables 2 and 3) seem to agree quite well, while the slower events show larger differences. This
might be the result of slower ICMEs being exposed to the disturbances in the interplanetary space for a longer
time, thus accumulating a larger amount of possible uncertainties in the model. However, a more system-
atic statistical study based on more events should be carried out in the future to draw a solid statement on
this matter.

We also calculated the mean difference between the results

(Tenue = Teonel? = =7 =11 h

and the average absolute difference

<|TENLIL - Tcorre||> ~ 10 h.

The error given here is the standard error of the mean, not the standard deviation.

3.4. Drag-Based Model

A simpler model for the propagation of ICMEs is the Drag-Based Model (DBM), described in Vr$nak et al.
(2013) and Zic et al. (2015). The DBM is based on the assumption that beyond a distance of approximately
20 R, the dominating influence on ICMEs is an “aerodynamic” drag force with an empirically determined drag
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Figure 9. Example of an ENLIL simulation result for the 5 April 2014 ICME (left, arrival at Earth; right, arrival at Mars).

parameter I'. The main difference between DBM and ENLIL is that the former does not employ numerical MHD
simulations—the drag equations can be solved analytically. Therefore, the simulation is computationally
inexpensive.

Vrsnak et al. (2014) already compared results from DBM and ENLIL simulations and found that the ICME arrival
times at Earth predicted by the two models generally agree quite well with average absolute-value difference
of below 8 h. For these results, drag parameter values betweenT" = 0.1 x 1077 and 0.2 x 1077 km~" and solar
wind speeds between w = 400 and 500 km s~' were used as an input for the DBM.

We apply the DBM model in such a way that the propagation of ICMEs is simulated starting from 1 AU, where
the in situ measurement of the ICME is used as input, thus avoiding the uncertainty of the propagation from
the Sun up to 1 AU. As the input for DBM, we used the local ICME speed (v, 5,) and the ambient solar wind
speed for each event measured at ACE or STEREO as described in section 3.1. The drag parameter I was chosen
to be 0.1 x 1077 km~", which is a low value that is commonly used for describing the propagation of the
interplanetary shock associated with an ICME. We chose this value because the shock is related to the first
step of the Forbush decrease (e.g., Cane, 2000). Assuming that the ICME propagates outward radially, the
ICMEs’ half widths and the heliospheric longitudes of their propagation directions were taken from the DONKI
database entries, as previously done for the ENLIL model (as such information is not available at 1 AU).

The arrival times at Mars predicted by DBM are marked in Figure 2 as well as Figures A1-A5 in Appendix A.
Additionally, Figure 10 (top right) compares the traveltimes predicted by DBM to the results of the correlation
method, and Figure 10 (top left) compares the two models, ENLIL and DBM.

The mean difference and mean absolute difference between the results are the following:

(Togm = Teorrer? = (1 £ 9 h
<|TDBM - correl|> ~(7)h
(Togm = Tenu) = (9 £ 10) h
<|TDBM - TENLIL|> ~11h.
On average, DBM gives slightly better results than ENLIL for these events, even though the amount of variance

is similar. Probably, this is primarily due to the fact that we could use DBM for propagation from 1 AU to Mars
instead of from the Sun.
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Figure 10. Plots comparing the ICME traveltimes between 1 AU and Mars determined using the cross-correlation
method and calculated by ENLIL or DBM. The diagonal line marks where the traveltimes would be equal. The Pearson
correlation coefficient r is noted in the top left corner.

The agreement between the DBM and ENLIL models is similar to the one of ENLIL, and the correlation method
results with an average absolute-value difference slightly above the value of 8 h determined by Vrsnak et al.
(2014) for the propagation up to 1 AU. This difference seems reasonable as the propagation from the Sun out
to Mars (~ 1.5 AU) takes a longer time and can therefore introduce a larger amount of error.

Under the assumption that the acceleration a of an ICME stays constant between the Sun and 1 AU and
between 1 AU and Mars and with a simplified, one-dimensional version of DBM (disregarding the influence
of the geometric shape of the ICME), we also tried to derive the actual values of the drag parameter I" based
on the observations and our calculated a values by solving the following equation (cf. VrSnak et al., 2013,
equation (1))

a = -T(Vicwe = Vew) IVieme — Vow &)
forT.

Using the average speed Vicye = (Vigunch + V1 au)/2 and @ = dgy, 5 oy (from Table 2), we get an estimation of
I' between the Sun and 1 AU, which is given in Table 3. By calculating a weighted average using the inverse
errors of these I values, we obtain a result of 0.09 x 10~7 km~', which shows that our assumption of I" = 0.1 x
1077 km~" was reasonable. Nonetheless, we note that the variance of I for different events is considerable,
which reflects the dynamic and variant nature of ICMEs and suggests that the approximated constant value of
I" in DBM may result in uncertainties in the modelling procedure. The same I values could also be calculated
between 1 AU and Mars using vicye = Vand d = a, p wars; however, the results have propagated uncertainties
that are too large to be meaningful.

4. Conclusion

We have described a method to determine the traveltime of ICMEs between two heliospheric locations using
the cross-correlation function of two in situ data sets and applied it to 15 ICMEs and their Forbush decreases
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observed at Earth or the STEREO spacecraft and Mars close to their oppositions between 2012 and 2016. The
method gives meaningful results in most cases apart from periods when ICMEs interact with each otherand/or
with SIRs/CIRs.

The results were used as the basis for this first statistical study of ICME-caused FDs observed at both 1 AU and
1.5 AU. It was found that the average ICME in our sample slightly decelerated during its propagation between
1 AU and 1.5 AU. Additionally, the results support that slower ambient solar wind speeds in comparison to
the maximum ICME speed lead to a larger amount of deceleration. More studies based on a higher number
of events in the future would help to better quantify these results.

The traveltimes between 1 AU and Mars obtained for the 15 events were compared with results from the
ENLIL and DBM models. To derive traveltimes from the interplanetary plasma number density data output by
ENLIL for different locations, the same cross-correlation method was used. On average, ENLIL predicts a faster
propagation from 1 AU to Mars, but the ENLIL results seem to be less accurate for slower ICMEs in the study,
which might be an effect of accumulation of uncertainties during the longer traveltime.

Additionally, the observations were compared to results from the Drag-Based Model. Unlike ENLIL, we could
use the observations at 1 AU as the basis for DBM and simulate the propagation from 1 AU to Mars. Avoid-
ing the uncertainties of the propagation close to the Sun, this led to a slightly better agreement with the
observations at Mars.

This highlights the importance of space weather modeling taking into account not only information about
the launch of CMEs at the Sun but also the in situ measurements farther away, for example, at 1 AU, to improve
forecasts for space weather hazards for robotic missions positioned beyond 1 AU. With future missions, such
as Solar Orbiter and the Parker Solar Probe, we will have more measurements available at solar distances of
less than 0.3 AU, which should be exploited as an input for modeling of space weather scenarios.

Appendix A: Cross-Correlation Analysis Plots for Each Event

The results based on the cross-correlation method for all the ICMEs in this study are presented in this appendix.
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Figure A1. Plots showing the application of the cross-correlation method to every single ICME in the study. These are Events 1 to 3 (all observed at STEREO B and
Mars). The legend for the plots is in Figure 2.
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Figure A2. Plots showing the application of the cross-correlation method to every single ICME in the study. These are Events 4 to 6 (all observed at STEREO B and

Mars). The legend for the plots is in Figure 2.
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Figure A3. Plots showing the application of the cross-correlation method to every single ICME in the study. These are Events 7 to 9 (all observed at STEREO A

and Mars). The legend for the plots is in Figure 2.
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Figure A4. Plots showing the application of the cross-correlation method to every single ICME in the study. These are Events 10 (observed at STEREO A and

Mars), 11, and 12 (observed at Earth and Mars).
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Figure A5. Plots showing the application of the cross-correlation method to every single ICME in the study. These are Events 13 to 15 (all observed at Earth and

Mars). The legend for the plots is in Figure 2.
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3.2 HELIOSPHERIC IMAGER OBSERVATIONS

In the following study, we investigate a separate sample of ICMEs that were de-
tected by the STEREO heliospheric imagers (Hls) and propagated towards Mars,
validating their arrival times using the FDs detected at MSL/RAD. A similar study
has been performed by Mostl et al. (2017) with in situ measurements at different lo-
cations in the inner heliosphere, but this is the first validation of Mars arrival times
calculated with the STEREO-HI data. The study also includes some ICMEs that hit
the MSL spacecraft during its cruise phase. For the analysis of the HI data, three dif-
ferent single-spacecraft geometric reconstruction methods will be described (fixed
¢, harmonic mean, and self-similar expansion), and applied to the J-maps. For an
introduction into these methods, see Section 2.4 and references therein.

The results show that the performance of the single-spacecraft fitting methods
applied to HI data for predicting ICMEs arrivals (see also Section 2.4) is not flaw-
less, as especially the reconstructed propagation longitude has a large uncertainty:
Only (39 + 6) % of the events predicted to hit Mars (or MSL) were actually ob-
served with a clear FD. This may in part also be due to weak ICMEs or flank en-
counters, which may not cause a strong FD. Still, this value is consistent with the
performance scores calculated by Mostl et al. (2017) for the arrival at other loca-
tions closer to the Sun.

At the time of this study, we used version 5 of the HELCATS CME kinematics
catalog (HIGeoCat), which was updated until the end of September 2017. We have
made the arrival time calculations ourselves based on the data available in the HI-
GeoCat as the arrival time catalog (ARRCAT) had only been updated until Septem-
ber 2014. After the publication of this study, some updates to the catalog have been
released’, with the latest version from October 8, 2020 containing 82 additional
ICMEs (1541 events compared to 1459), which were all observed by STEREO-A HI
as there is still no new data available from STEREO-B (see Section 2.4). According
to the arrival time catalog (ARRCAT), which is calculated from these data and has
been updated until the end of August 2020 on the Helio4Cast website, 13 addi-
tional ICMEs detected in the recent years have also been determined to hit Mars
based on the HI data (5 in 2018, 1 in 2019, and 7 in 2020). The presence of corre-
sponding MSL/RAD FD signatures for these events should be reviewed in future
studies.

The following article is reproduced from Freiherr von Forstner et al. (2019) with
permission from Space Weather, ©American Geophysical Union:
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Abstract The Radiation Assessment Detector (RAD) instrument onboard the Mars Science
Laboratory (MSL) mission's Curiosity rover has been measuring galactic cosmic rays (GCR) as well as solar
energetic particles (SEP) on the surface of Mars for more than 6 years since its landing in August 2012. The
observations include a large number of Forbush decreases (FD) caused by interplanetary coronal mass
ejections (ICMEs) and/or their associated shocks shielding away part of the GCR particles with their
turbulent and enhanced magnetic fields while passing Mars. This study combines MSL/RAD FD
measurements and remote tracking of ICMEs using the Solar TErrestrial RElations Observatory (STEREO)
Heliospheric Imager (HI) telescopes in a statistical study for the first time. The large data set collected by
HI makes it possible to analyze 149 ICMEs propagating toward MSL both during its 8-month cruise phase
and after its landing on Mars. We link 45 of the events observed at STEREO-HI to their corresponding FDs
at MSL/RAD and study the accuracy of the ICME arrival time at Mars predicted from HI data using
different methods. The mean differences between the predicted arrival times and those observed using FDs
range from —11-5 hr for the different methods, with standard deviations between 17 and 20 hr. These
values for predictions at Mars are very similar compared to other locations closer to the Sun and also
comparable to the precision of some other modeling approaches.

1. Introduction

Coronal mass ejections (CMEs), clouds of magnetized plasma expelled from the Sun, often at high speeds,
are one of the main concerns of space weather research. The passage of CMEs at Earth can cause geomag-
netic storms (e.g., Cane et al., 2000), which are severe disruptions of the terrestrial magnetic field that can
in some cases have serious impact on infrastructure on the surface of Earth, such as damaging electricity
grids (Boteler et al., 1998; Oughton et al., 2017). Additionally, shocks driven by fast CMEs are believed to be
one of the phenomena responsible for the acceleration of solar energetic particles (SEPs, see, e.g., Reames,
2013), which may cause radiation damage to spacecraft, aircraft, and astronauts. Consequently, the observa-
tion, modeling, and, eventually, forecasting of CMEs and their interplanetary counterparts (ICMEs) as well
as their impacts on Earth have been important topics in the space weather community in the last decades.

CMEs are usually detected remotely using coronagraph instruments, while their interplanetary counterparts
can be observed in situ by their signatures in the interplanetary magnetic field, as well as plasma parameters
such as the solar wind speed, density, and temperature (cf. Zurbuchen & Richardson, 2006). Additionally,
ICMEs impact the galactic cosmic ray (GCR) flux in the form of short-term decreases, first observed by
Forbush (1937) and Hess and Demmelmair (1937), and later named Forbush decreases (FDs). Since then,
numerous authors have studied these effects, which are caused by the magnetic field structure of the ICME
and/or its preceding shock shielding parts of the incoming GCR away from the measurement location. The
decrease usually takes less than a day while the recovery period of the GCR flux back to its previous level
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. ) | CORY/COR2 can be much longer (about 1 week). In the case where both a
shock/sheath and the ICME ejecta pass the measurement location, the
FD can show a two-step structure, as described by, for example, Cane
(2000). FD measurements are suitable for the detection of the arrival time
of ICMEs as their onset time usually matches very closely to the corre-
sponding solar wind structure (Cane et al., 1996, Dumbovic et al., 2011),
and multiple researchers have previously used FDs for this purpose in
cases where solar wind and magnetic field measurements are not avail-
able (e.g., Lefévre et al., 2016; Mostl et al., 2015; Vennerstrom et al., 2016),

Figure 1. Cartoon comparison of the opposition phase constellation to the
observation of interplanetary coronal mass ejections (ICMEs) with the

STEREO SECCHI instruments. Observations of the same ICME at Earth as was the case at Mars until the MAVEN mission arrived in September
and Mars are only possible within a small longitudinal separation between ~ 2014—and even MAVEN does not continuously measure the upstream
the two planets (left, see Freiherr von Forstner et al., 2018), while the solar wind due to its elliptic orbit that regularly enters Mars's magneto-

STEREO-HI telescopes allow a continuous remote tracking of ICMEs in a
wider range of directions (right, this study). STEREO = Solar TErrestrial
RElations Observatory; SECCHI = Sun Earth Connection Coronal and

Heliospheric Investigation; HI = Heliospheric Imager. Similar decreases in the GCR flux can also be caused by stream interac-
tion regions (SIRs), which are the regions where fast and slow solar wind
interact. SIRs often repeat for several solar rotations when the coronal hole structures at the solar surface
producing these high speed streams are long-lived (see, e.g., Heinemann et al., 2018). These recurrent GCR
decreases are also called FDs by some authors, but in this work, we focus on ICME-caused FDs, as we are
using them to investigate the propagation of ICMEs.

sphere. Witasse et al. (2017) have also used Forbush decreases to observe
the same ICME at multiple locations in the heliosphere out to 9.9 AU.

Considering the increased interest in the exploration of Mars in the recent times, with multiple ongoing
robotic missions and plans for human missions in the future, it becomes important to study the effects of
radiation and space weather on Mars as well. In our previous work (Freiherr von Forstner et al., 2018), we
presented the first statistical studies of ICMEs arriving at Mars, using data from the Mars Science Laboratory
(MSL) mission's Radiation Assessment Detector (RAD) instrument, which can detect FDs caused by ICMEs
passing Mars. The study was based on in situ observations of the same ICMEs, first at Earth or one of the
Solar TErrestrial RElations Observatory (STEREO) spacecraft (i.e., at a radial distance of about 1 AU from
the Sun), and then at Mars (which has a radial distance of about 1.5 AU) yielding the result that most ICMEs
in our sample continued to decelerate slightly beyond 1 AU, dragged by the slower surrounding solar wind.
The amount of deceleration and the ICME speed relative to the ambient solar wind were also found to have
a tendency to correlate, but the statistical significance was limited due to the small number of 15 events that
could be studied during close alignment of Mars and Earth or STEREO (cf. Figure 1, left).

To enable a more complete observation-based study of ICMEs propagating toward Mars, we turn to remote
observations in the current study, in particular those made possible by the Heliospheric Imager (HI)
telescopes on the STEREO spacecraft. They facilitate tracking of ICMEs all the way from the Sun to approx-
imately 1 AU in a wide range of directions, thus making the study less dependent on a certain constellation
of planets and spacecraft (Figure 1, right).

In this study, we will combine data from the STEREO-HI instruments with MSL/RAD observations to inves-
tigate ICMEs and FDs at Mars in more detail as well as to validate the accuracy of determining the ICME
arrival at MSL using STEREO-HI data.

2. Data and Methods

2.1. The MSL/RAD Instrument

Since the Curiosity rover of NASA's MSL mission (Grotzinger et al., 2012) landed on Mars on 6 August
2012, its RAD (Hassler et al., 2012) instrument, built in a cooperation between Kiel University, German
Aerospace Center (DLR) and Southwest Research Institute (SWRI), has been continuously measuring the
particle radiation environment on the surface of Mars. RAD can detect neutral and charged particles using
a setup of six detectors, named A through F. For two of the detectors (B and E), the dose rate contributed
from all particles observed in the detector is also measured.

The radiation measured on the surface of Mars consists of primary GCRs and SEPs as well as secondary
particles created when the primary radiation interacts with the Martian atmosphere (e.g., Guo et al., 2018).
The daily variation of atmospheric pressure causes a diurnal pattern in the dose rate measured at MSL/RAD
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(Rafkin et al., 2014). Similar to neutron monitors on Earth and other cosmic ray detectors in deep space,
RAD can be used for detecting FDs in the GCR. Due to the larger geometric factor, the dose rate in the E
detector, a plastic scintillator, is best used for this purpose. To simplify the detection of FDs in the RAD
data, the dose rate measurements are processed using a spectral notch filter described by Guo et al. (2018)
to compensate for the diurnal variations.

RAD was also active during most of the time of the MSL rover's flight from Earth to Mars from December
2011 to July 2012 (the so-called cruise phase). Without the Martian atmosphere around it, part of the RAD
view cone was only very lightly shielded during this period (Zeitlin et al., 2013) and thus observed a different
range of energies in the primary GCR spectrum and a higher number of SEP events. Besides, FDs were also
detected during the cruise phase (Guo et al., 2015).

2.2. The STEREO Heliospheric Imagers

The STEREO mission (Russell, 2008) was launched in 2006. Its two spacecraft, STEREO A (Ahead) and
STEREO B (Behind) enabled a stereoscopic view of the Sun and inner heliosphere for the first time, with
one of the main objectives being the study of CMEs and their impact on Earth. The Sun Earth Connection
Coronal and Heliospheric Investigation instrument suite (SECCHI, Howard et al., 2008) on STEREO consists
of multiple telescopes observing the Sun and heliosphere with different fields of view and wavelengths. The
Heliospheric Imagers HI1 and HI2 are white-light telescopes and have the largest field of view—combined
ranging from 4 to 88.7° on one side of the Sun. This provides an excellent opportunity to observe ICMEs
traveling from the Sun outward to 1 AU and beyond.

Connection to the STEREO B spacecraft was lost on 1 October 2014, a few months before its solar
conjunction. So after this date, data are only available from STEREO A.

2.3. Reconstruction of ICME Kinematics From STEREO-HI Data

As ICME propagation is a three-dimensional phenomenon, it is not trivial to derive the trajectory from
just one (or, for ICMEs seen by both STEREO spacecraft, two) series of 2-D images from STEREO-HI. The
analysis of HI images is therefore typically based on the identification of ICMEs in J-Map (time-elongation
map) diagrams, developed by Sheeley et al. (1999) for the analysis of coronagraph images and applied
to STEREO-HI by Rouillard et al. (2008) and Davies et al. (2009), combined with a number of different
single-spacecraft fitting or multispacecraft triangulation methods to reconstruct the ICME kinematics.

The time-elongation profile identified in J-Maps is converted to the ICME's radial distance r(f) from the
Sun based on assumptions about the shape of the ICME and its appearance in the HI images. Different
approaches for this conversion can be separated into two types: Single-spacecraft reconstruction methods
are based on images from just one of the STEREO spacecraft, while multispacecraft approaches use data
from both spacecraft to further constrain the parameters of the ICME trajectory (e.g., Liu, Davies, et al.,
2010; Liu, Thernisien, et al., 2010; Lugaz et al., 2010a).

These multispacecraft triangulation methods have been used to study many ICMEs propagating toward
Earth, and they make it possible to relax some of the assumptions that need to be made when using only
single-spacecraft methods. This allows for a detailed study of the ICME's speed profile within the HI field of
view (e.g., Liu et al., 2013, 2016). However, the orbits of the STEREO spacecraft are optimized for observing
Earth-directed structures and thus multispacecraft HI observations are often not possible for ICMEs prop-
agating toward Mars. Also, our study includes some events after 2014, where only STEREO A is available.
Therefore, we will focus on the most common single-spacecraft methods here, which are shown in Figure 2.

One of the simplest single-spacecraft reconstruction methods is the Point-P method (PP; Howard et al.,
2006), where the ICME is regarded as an expanding circular front centered around the Sun. On the contrary,
the Fixed-¢ model (FP; Kahler & Webb, 2007; Sheeley et al., 1999) reduces the shape of the ICME to a single
point moving away from the Sun radially with a fixed longitudinal separation ¢ from the observer. The
Harmonic Mean method (HM; Lugaz et al., 2009) is a middle ground between these two extremes, where
the circular ICME has one edge fixed at the Sun instead of being centered around it, which is equivalent
to calculating the harmonic mean of the PP and FP results. Appendix B of Liu, Thernisien, et al. (2010)
contains a more detailed description of these three methods.

Finally, the more recent self-similar-expansion method (SSE; Davies et al., 2012; Lugaz et al., 2010b) intro-
duces a second parameter A for the half-width of the ICME, which can be seamlessly adjusted between the
two edge cases for 1 = 90° (= HM) and 4 = 0° (= FP).

FREIHERR VON FORSTNER ET AL. 588

46



~1
AGU

Space Weather 10.1029/2018SW002138

The FP, HM, and SSE methods are usually combined with fitting algo-
rithms (FPF, HMF, and SSEF) to determine parameters such as the

< longitudinal propagation direction of the CME under the assumption of

N a constant speed. As the leading edge of the visible structure is marked
@ / d ' in the J-Map, r(t) and the resulting speed v are believed to most likely
correspond to the shock front, if present, and otherwise the front of the

a) Fixed-Phi method ICME ejecta.

ICME P

/f‘\’.

b) Harmonic mean method

K 2.4. The HELCATS Catalogs
e On its website at https://www.helcats-fp7.eu, the Heliospheric Catalogu-
/ Tree ing, Analysis and Techniques Service EU project (HELCATS; Helcats
A \ / A . et al., 2018) has collected a large number of ICMEs observed with the
STEREO-HI instruments. Their HIGeoCat CME kinematics catalog (ver-

sion 5) contains 1459 ICMEs, each one supplemented with the associated
J-Map and a time-elongation profile extracted from it by manual selec-

d(]

c) Self-similar expansion method

Figure 2. Single-spacecraft reconstruction methods for Heliospheric tion. Results for ICME speeds and propagation directions derived using

Imaging observations: (a) Fixed ¢ (Kahler & Webb, 2007), (b) Harmonic
mean (Lugaz et al., 2009), and (c) self-similar expansion (Davies et al., 2012;

Lugaz et al., 2010b).

— Ap
O ICMEs

the FPF, HMF, and SSEF methods are also provided (under the assump-
tion of a constant speed v, longitude ¢, and in the SSE case, a fixed
half-width of 1 = 30°).

The ARRCAT arrival catalog contains a list of predicted in situ arrival times of ICMEs at different planets
and spacecraft including MSL, based on the events in the HIGeoCat and currently (version 01) updated until
the end of September 2014, where STEREO B data ends. As described by Mostl et al. (2017), the arrival time
predictions were calculated based on the SSEF30 method results from HIGeoCat, extrapolating the trajectory
up to the respective location based on the constant speed v. The calculation also includes the correction
described by Mostl and Davies (2013) to account for the SSE geometry at locations that are not directly hit
by the ICME apex.

Mostl et al. (2017) also compared the ARRCAT data for multiple locations in the inner heliosphere with
in situ plasma and magnetic field data to check the accuracy of the predicted arrival times. However, their
study does not include MSL or other spacecraft at Mars.

3. Results and Discussion

3.1. ICMEs Observed by STEREO-HI and Their Arrival Times at MSL/RAD

To analyze ICMEs that arrived at MSL, we first select candidate events from the HELCATS HIGeoCat by
requiring the propagation direction (heliospheric longitude, determined using the SSEF30 method) to be
within +30° of MSL's longitude at that time. Although the longitude depends considerably on the geometry
used for fitting the HI data (Liu et al., 2013, 2016; Lugaz et al., 2009), we use the modeled direction from
SSE as it is the most advanced of the three methods available in the HIGeoCat. Also, this selection criterion
is equivalent to the one used for the HELCATS ARRCAT catalog and the corresponding paper by Mdstl
et al. (2017), making it possible to compare to their results afterward (see section 3.2). The selection yields
149 ICME events between the beginning of MSL's cruise phase in November 2011 and the current end of
the HIGeoCat catalog (version 5) in November 2017. Thirty-one of
these events were observed with both STEREO spacecraft according to
the HELCATS HIJoinCat catalog, the remaining 118 ICMEs were only
detected by one of them. For events where observations from both space-
craft were available, we use the spacecraft data which predict an arrival
at MSL based on the SSEF30 fitting. If both STEREO observations predict
the ICME to arrive at MSL, we use STEREO A data as a preference.

Figure 3. Time distribution of the 149 ICMEs propagating toward MSL . . o o .
+30° from the HELCATS catalog, plotted together with the longitudinal A plot showing the time distribution of the 149 events is displayed in
separation A¢ between Earth and MSL. During periods with large Ag, Figure 3. It can easily be seen that the ICMEs are not evenly distributed,

STEREO-HI cannot see ICMEs propagating toward MSL, as it is only
looking at one side of the Sun. ICMEs = interplanetary coronal mass
ejections; MSL = Mars Science Laboratory; HELCATS = Heliospheric

but rather concentrated into three discrete periods. The reason for this is
thatin contrast to the coronagraph instruments, the heliospheric imagers’

Cataloguing, Analysis and Techniques Service; STEREO-HI = Solar fields of view are limited to one side of the Sun, and the STEREO space-

TErrestrial RElations Observatory Heliospheric Imager.

craft are always pointed in a way that the side of the Sun at which HI is
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Figure 4. An example of the type of plot used to compare the ICME arrival
times at Mars that were predicted using STEREO-HI observations and the
onset time of the corresponding Forbush decreases detected at MSL/RAD.
This plot is for the “HCME_A__20161207_01" event from the HELCATS
catalog. Panel (c) shows the MSL/RAD dose rate measurements where the
FD onset is marked with a solid blue line. In panel (b), the trajectory of the
ICME in the direction of MSL (radial distance from the Sun over time) is
plotted, which was calculated from the time-elongation data using the
SSEF30 method and then extrapolated assuming the launch time and the
constant speed that result from the SSEF30 fitting procedure. The blue
vertical line in this panel marks the time where the extrapolation intersects
Mars's radial distance from the Sun, that is, the predicted arrival time at
Mars, and this line was extended into panel (c) as a dashed line. Panel

(a) shows the longitudinal separation between Mars and the ICME apex (in
this case constant, because it is determined from the SSEF30 fit).

ICME = interplanetary coronal mass ejection; STEREO = Solar TErrestrial
RElations Observatory; HI = Heliospheric Imager; MSL/RAD = Mars
Science Laboratory/Radiation Assessment Detector;

HELCATS = Heliospheric Cataloguing, Analysis and Techniques Service.

looking is the one where Earth is located. So when, for example, Earth
is on the right side of the Sun as seen from one of the STEREO space-
craft while Mars is on the left side, ICMEs propagating toward Mars
cannot be seen using the HI instruments on this spacecraft. The last
period in 2016-2017 has fewer events, which is related to the solar
cycle approaching its minimum as well as the loss of STEREO B data
since 2014.

For each of the 149 events, a plot similar to Figure 4 was constructed,
showing time series of the ICME's radial distance from the Sun, which
were derived using the SSE geometry and the longitude derived from the
SSEF30 method results (Figure 4b), the longitudinal separation between
the CME apex and MSL's location (Figure 4a) and the MSL/RAD dose
rate processed using the notch filter described in section 2.1 (Figure 4c).
The time-distance plot was corrected based on the longitudinal separa-
tion between the ICME apex and MSL using the equation from Mdstl and
Davies (2013) so that it shows the radial distance of the part of the ICME
in the SSE geometry that hits MSL, therefore resulting in a slightly lower
speed. The predicted ICME arrival time at MSL could then be calculated
based on the r(f) trajectory and was marked with a vertical line in both
the r(t) and RAD dose rate panels.

It needs to be stated that these “predictions” were done on the basis
of postevent analysis using science data and not real-time beacon data.
However, as ICMEs are usually only visible in HI images up to about
1 AU or less, the predictions at Mars are probably comparable to what
could have been done with real-time data in most cases—in contrast to
the ARRCAT predictions at locations closer to the Sun (Mostl et al., 2017),
which are partly based on observations that would only have been avail-
able after the ICME arrival. A study using real-time STEREO-HI data was
conducted by Tucker-Hood et al. (2015).

Based on the predicted arrival time at MSL/RAD, a corresponding FD in
the MSL/RAD data was searched for. In general, we used a time window
of at most +2.5 days around the predicted arrival time to make sure that
the FD onset time was not too far off and thus maybe related to a com-
pletely different event. We also took care that series of events predicted to
arrive in a certain order were matched to the FDs in the correct sequence
if no interaction between the ICMEs is predicted, and that for CMEs also
seen at Earth close to oppositions of MSL and Earth, the arrival at Mars is
not earlier than the one at Earth. Although the time window might seem
quite small for slow CMEs, a larger window would have caused more
ambiguous cases with multiple candidate FDs.

The FD onset was marked to be the point in time where the GCR inten-
sity reaches its maximum at the beginning of the FD. This makes the
onset time a more well-defined quantity compared to just marking it “by
eye,” and was implemented by searching for the maximum within a +4-hr
window around the onset time that was first manually selected.

In the process of marking the FD onset times, the 149 ICMEs were sorted into five categories, by looking at
the RAD data as well as the ICME trajectories calculated from HI data and their extrapolations:

1. Events with a clearly identifiable FD at MSL—40 ICMEs

2. ICMEs that might have interacted with others on their way to MSL, but still have a clear correspondence
to a FD at Mars (either completely separate or multiple steps)—five ICMEs

3. ICME:s that probably interacted with others on their way to MSL, so that their FDs cannot be matched
unambiguously (e.g., because there is only one merged FD or none at all) at MSL—53 ICMEs
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Table 1
Table of All 45 Events Where An Arrival Time at Mars Could be Determined (Categories 1 and 2 From Section 3.1)
$ssE AdsTEREO VSSE AdwmsL Tyst Adrarth

HCME_A__ ... HCME_B__ ... Ne ®) ©) (km/s) Q) tMSL (day) ®) tEarth
20111211_01 20111211_01 A 3 =21/ 452 —28.7 2011-12-17 01 5.8 =27
20111222_01 A 221 —24 320 —25.3 2011-12-28 08 6.1 —24

20111226_01 B 206 15 686 13.7 2011-12-30 01 3.7 15
20120123_01 20120123_01 A 207 20 1,052 20.4 2012-1-24 21 1.9 20

20120224_01 B 100 =25 885 -17.6 2012-2-27 08 3.2 25 2012-2-26 23
20120310_01 20120310_01 A 266 -14 1,447 -1.9 2012-3-12 21 23 -14 2012-3-12 02
20120322_01 20120322_01 A 127 -3 469 13.1 2012-3-28 11 6.5 =3 2012-3-26 20
20120415_01 20120415_02 B 133 -39 316 —-134 2012-4-21 02 59 -39

20120512_01 B 159 -19 869 17.9 2012-5-1512 3.6 -19 2012-5-15 00
20120530_01 A 261 =30 686 15.5 2012-6-3 04 3.6 =30 2012-6-2 07

20120702_01 B 163 =55 697 6.2 2012-7-6 07 4 =55
20120702_01 20120702_02 B 173 —44 398 17.4 2012-7-9 10 7 —44

20120915_01 B 223 -85 441 11 2012-9-21 17 6.5 -85

20120918_01 B 193 -84 412 13.1 2012-9-23 14 6.1 —84

20120920_01 B 141 -99 528 -1.6 2012-9-25 09 5.2 -99

20120922_01 B 111 —111 562 -13 2012-9-27 01 5.5 —111

20120923_01 B 121 -78 620 215 2012-9-28 10 5 -78

20121022_01 B 92 -95 427 16.3 2012-10-27 08 57/ -95

20121029_01 B 357 -89 342 24.6 2012-11-516 7.5 -89

20121115_01 B 127 -110 349 10.3 2012-11-20 19 6.7 -110

20121116_01 B 108 —105 534 15.5 2012-11-20 06 4.4 —105
20130820_01 20130820_01 A 263 105 701 —22.5 2013-8-24 22 5.1 105
20131119_01 A 87 55 577 —24.4 2013-11-2501 5.8 55
20140101_01 A 249 58 311 2.4 2014-1-1011 9.7 58
20140114_01 A 65 46 655 -1.3 2014-1-18 09 4.5 46
20140130_01 A 197 37 451 -0.6 2014-2-6 18 7.2 37 2014-2-518
20140204_01 A 111 9 832 —26.1 2014-2-8 14 4.7 9 2014-2-7 20
20140213_01 20140213_01 A 42 58 661 28 2014-2-17 06 4.4 58 2014-2-1513
20140220_01 A 298 50 763 24.1 2014-2-24 04 4 50 2014-2-23 14
20140225_01 A 198 13 661 —10.2 2014-3-110 4.5 13 2014-2-28 02
20140322_01 A 244 34 798 24.9 2014-3-26 22 4.6 34
20140404_01 A 54 9 895 6.6 2014-4-6 16 2.8 9 2014-4-511

20140407_01 B 335 -26 535 —26.5 2014-4-14 04 7 —26 2014-4-11 16
20140418_01 A 218 -3 1,265 1.8 2014-4-20 16 2.8 =3 2014-4-20 09
20140418_02 A 235 22 1,092 27.1 2014-4-22 02 3.7 22 2014-4-20 17
20140504_01 A 15 4 866 16.9 2014-5-7 02 3.4 4

20140801_01 B 237 —24 754 29.2 2014-8-4 23 33 —24

20140803_01 B 218 —26 790 27.7 2014-8-6 20 3.9 —26

4. Other events that do not show a clear FD at Mars (either the FD is too weak or the ICME missed MSL

completely)—19 ICMEs

5. Events where the analysis could not be applied due to a data gap or an SEP event at MSL/RAD coinciding
with the FD or poor visibility in the STEREO-HI image leading to a high uncertainty of the predicted

arrival time—32 ICMEs

This categorization shows that for all 117 events where the HI and RAD data quality is sufficient (excluding
category 5), 45 are clearly identifiable. So, based on the results for our sample, there is a (39 + 6)% chance
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Table 1 (continued)
PssE A¢STEREO VSSE AdysL TmsL Adgarth

HCME_A__ ... HCME B__... Sc ) ) (km/s) ) vsL (day) ) (Farth

20140923_02 B 178 —-102 754 —28 2014-9-28 09 4.7 —-102
20160403_01 A 132 0 751 —23.2 2016-4-6 05 34 0
20161007_01 A 112 -56 478 —3.5 2016-10-12 14 4.9 —-56
20161013_01 A 32 —64 345 -9.3 2016-10-19 15 6.5 —64
20161109_01 A 15 -90 314 —26.7 2016-11-17 17 9.1 —-90
20161207_01 A 23 —63 381 12 2016-12-14 14 7.1 —63
20161222 _01 A 187 —67 330 12.9 2016-12-29 12 7.5 —67

Note. The first two columns show the IDs of the ICMEs in the HELCATS catalog for STEREO A and B observations, which also correspond to the date where
the ICME was first observed in HI images, and the third column shows the STEREO spacecraft that was used for applying the fitting methods. The fourth and
sixth columns show the longitude ¢ and the speed v of the ICME as determined by the HELCATS project using the SSEF30 method. Additional columns show
the differences between ¢ and the heliospheric longitudes of the respective STEREO spacecraft (column 5) or MSL (column 7) at that time as well as the in
situ arrival time (Forbush decrease onset) at MSL and the transit time Ty;g; between the launch at the Sun and arrival at MSL. The arrival time and longitu-
dinal separation are also given for the arrival at Earth, if applicable. Dates are formatted as year-month-day. ICMEs = interplanetary coronal mass ejections;
HELCATS = Heliospheric Cataloguing, Analysis and Techniques Service; STEREO = Solar TErrestrial RElations Observatory; SSE = self-similar-expansion
method; MSL = Mars Science Laboratory.

that an ICME observed in STEREO-HI and predicted to arrive at MSL by the SSEF30 method data is actually
observed through a FD at MSL/RAD that is clearly related to the ICME. This is consistent with the perfor-
mances between 12% and 44% for different locations in the inner heliosphere found by Mostl et al., 2017
(2017, see their Table 1).

In (50 + 8)% of the cases, multiple ICMEs interacted and possibly merged, making it impossible to unam-
biguously match the FD to a single ICME (Category 3). When only considering the 59 individual ICMEs
with no others occurring in quick succession and similar direction (Categories 1 and 4), the chance that a
clearly related FD is observed at Mars grows to (68 + 14)%. The uncertainties of the percentages given here
were calculated assuming Poisson statistics (¢ = \/JTI ).

Only the events in categories 1 and 2 will be used in the following studies, as these are the only ones where
an arrival time at MSL could be defined. A list of these events with the relevant SSE fit results and FD onset
times can be found in Table 1.

Fourteen of these 45 ICMEs were close to oppositions of Earth and Mars (cf. Figure 1, left) and thus were
also seen at Earth. In these cases, we also included the arrival times at Earth, which were derived in a simi-
lar fashion based on FD in data from the South Pole neutron monitor. We have also done a basic comparison
of arrival times at Earth with visible shock and/or ICME structures in solar wind and magnetic field mea-
surements from ACE, and found that the Forbush decrease onsets agree reasonably well (usually within
~ +2 hr) with these data.

3.2. Comparison of FD Results With STEREO-HI Predictions

For the 45 events where a clear FD at Mars was found (see Table 1), we compared the measured FD onset
times to the predicted arrival times using the three single-spacecraft fitting methods used in the HELCATS
catalog. Figure 5 shows histograms of the time difference At = £ cuated — fobserved £0F €ach of the three
methods with two approaches.

First, Figures 5a-5c¢ show the results from the original techniques (summarized by Mdstl et al., 2014), which
assume a constant speed and direction to calculate the CME arrival times at Mars. They are based on the
CME speed and launch times in the HELCATS HIGeoCAT catalog and we take into account the appropriate
correction equations for the circular CME front shapes in the HM and SSE geometries (see Mostl & Davies,
2013; Mostl et al., 2011). This is similar to the aforementioned ARRCAT for SSEF, but here we also include
the FPF and HMF methods.

Secondly, in Figures 5d-5f, results on the differences between calculated and observed arrival times are
presented, which were generated with an extrapolation method. Here, we do not assume a constant CME
speed over the whole HI field of view, but instead only for an interval over the last 10 available HI data points,
allowing an acceleration or deceleration before this time. The physical reason behind this assumption is that
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Figure 5. Comparison of arrival times predicted using STEREO-HI tracking with the FP, HM, and SSE methods to
actual FD onset times measured at MSL/RAD. At < 0 or At > 0 corresponds to an earlier/later predicted arrival
compared to the FD onset. Panels (a)-(c) use the fitting results assuming a constant speed throughout the HI field of
view, panels (d)—(f) extrapolate the results using a line fitted to the last 10 points of the r(t) trajectory. All panels have
the same x and y axes scaling as well as the same histogram bins. Additionally, a Gaussian distribution fitted to the
histograms is displayed. The legends show both the results for the mean and standard deviation of At calculated
directly from the distribution as well as the parameters X, and ¢ obtained from the Gaussian fit. STEREO = Solar
TErrestrial RElations Observatory; HI = Heliospheric Imager; FP = Fixed-¢ method; HM = Harmonic Mean method;
SSE = self-similar-expansion method; MSL/RAD = Mars Science Laboratory/Radiation Assessment Detector;

FD = Forbush decreases.

CME:s decelerate or accelerate closer to the Sun and eventually reach an equilibrium with the background
solar wind (e.g., Liu et al., 2013). For the larger heliocentric distances of Mars compared to the inner planets,
an assumption of constant speed over the full HI field of view may lead to systematic shifts in the predicted
arrival times. To this end, for each event an r(f) kinematic is created by the FP, HM, and SSE conversion
methods for elongation to distance, including the correction formulas for HMF and SSEF, and a linear fit
was applied to the 10 points farthest from the Sun. The arrival time of the CME is then taken as the time
where the linear fit intersects the current radial distance of Mars from the Sun.

Note that this second method is not fully self-consistent. In order to derive r(f) we need a CME direction, and
the direction from single-spacecraft fitting was determined with the assumption of constant speed. Also, the
uncertainty in the elongation value of the last 10 points may be larger due to the CME appearing more faint
in the HI images as it expands. This extrapolation method should thus be seen as a first step toward allowing
a variation of the CME speed with HI fitting methods (elaborated by Amerstorfer et al., 2018; Rollett et al.,
2016; Tucker-Hood et al., 2015) but needs to be taken with a grain of salt due to the abovementioned issues.

Comparing the Fixed-¢, Harmonic Mean, and SSE methods as shown in Figure 5, all perform similarly well
in predicting the arrival times, with FPF and HMF (panels a and b) giving a slightly earlier arrival (At < 0)
and SSEF (panel c) a slightly later arrival (At > 0) on average. The standard deviations are also similar for
all three methods, they all fall into the 17-hr range. The extrapolation method in panels (d)-(f) also leads to
almost similar results as the original fitting techniques.

Our result for SSE with the assumption of a constant speed (At = (4.4 + 18.1) hr, panel c) is also very similar
to the values obtained by Mdstl et al., 2017 (2017, their Table 1) for arrival time predictions at other locations
in the heliosphere: Their results lie between —2.1 hr and 8.0 hr for the average At and between 12.9 hr
and 23.4 hr for its standard deviation. It is interesting that there seems to be no clear dependence of the
prediction accuracy (neither for the average value nor its standard deviation) on the distance from the Sun,
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Figure 6. Plot of the dependence of the difference At between the predicted
and observed arrival times on the speed of the ICME for the three fitting
methods FPF, HMF, and SSEF. At < 0 or At > 0 corresponds to an
earlier/later predicted arrival compared to the FD onset. Each of the three
sets of points is supplemented with a linear regression to show the general
trend. The slopes of the three lines are (—0.010 + 0.013) hr-km™! -s (FPF),
(—0.018 = 0.008) hr-km~1 s (HMF), (—0.020 + 0.010) hr-km~! -s (SSEF). If
we fit all three sets of points together with one line to reduce the
uncertainty, we obtain a slope of (=0.019 + 0.005) hr-km™! -s.

ICME = interplanetary coronal mass ejection; FPF = Fixed-¢ fitting
method; HMF = Harmonic Mean fitting method; SSEF =
self-similar-expansion fitting method; FD = Forbush decreases.

even though one would intuitively think that the uncertainty should
increase with greater distance as errors in the model accumulate. How-
ever, at least up to Mars (~1.5 AU), this dependence is probably not
significant compared to the inherent uncertainty coming from the strong
geometric and kinematic assumptions of the method. This might change
with new models such as the EIEvoHI method (Rollett et al., 2016), which
relaxes the assumption of a constant speed and also allows the ICME front
to have an elliptical shape instead of being necessarily circular. The inclu-
sion of a drag-based model (Vr$nak et al., 2013) for the speed evolution is
especially important— the assumption of a constant speed in most pre-
vious models is very often not true due to the interaction of ICMEs with
the surrounding solar wind (as shown by many previous studies, includ-
ing Freiherr von Forstner et al., 2018; VrSnak & Zic, 2007; Witasse et al.,
2017) as well as other heliospheric structures such as stream interaction
regions and other ICMESs, with which the ICME can collide (Guo et al.,
2018; Shen et al., 2012; Temmer & Nitta, 2015; Temmer et al., 2012). The
ElEvoHI implementation is currently still under development and has
not yet been applied automatically to large data sets such as the HEL-
CATS catalog. Amerstorfer et al. (2018) have applied EIEvoHI ensemble
modeling to a case study of one event and were able to constrain the
uncertainties to less than +2 hr, which is a very promising result.

To find out to what extent the differences in average values as well as

standard deviations for At between the different models are significant,
we estimated the statistical error of the mean and standard deviation by
fitting a Gaussian profile to the histogram results from Figure 5, which can also be seen in the same figure.
The standard deviations for both parameters ¢ and x,, calculated as the square root of the covariance matrix's
diagonal, lie in the 0.8- to 2.3-hr range—so in fact, one could argue that at least with respect to the standard
deviation of At, all single-spacecraft methods perform almost equally well on average, only the systematic
offset (Af) changes depending on the method, similar to what was previously found by Mostl et al. (2014)
for ICMEs arriving at 1 AU.

Another way to look at the predicted and observed arrival times is shown in Figure 6, where At is plotted
against the speed of the ICME. The plot suggests that there is a trend to predicting an earlier arrival for fast
ICMEs (At < 0)and alater arrival for slow ICMEs (At > 0), thatis, the speed of fast ICMEs is overestimated
and the speed of slow ICMEs is underestimated. This is supported by the linear fits shown in the figure,
which have a negative slope. Intuitively, this can be explained as being related to the assumption of a constant
speed in the three fitting methods—A fast ICME usually decelerates due to the slower surrounding solar
wind, but when a constant speed is assumed, the predicted arrival will be earlier. This trend may be slightly
less pronounced for FPF than for the other two methods, but in all three cases, the scatter of the data points
is significant.

The accuracy of the three different geometric methods can also depend on the longitudinal separation A¢
of the ICME and the observing STEREO spacecraft (which is also shown in Table 1). For example, when
applying the FP method to an event with a large longitudinal separation, the geometry can lead to a per-
ceived acceleration of an ICME at larger radial distances, which is often not physical (Liu et al., 2013, 2016).
However, this does not directly apply to the FPF, HMS, and SSEF fitting methods, as in this case, A¢ is
not predefined, but rather a result of the fitting method and therefore differs between the three methods.
For this reason, we have not found a clear trend for the dependence of the prediction accuracy on the
longitudinal separation.

The predicted arrival time uncertainties found here with a standard deviation of 17 to 20 hr for the three
geometric models are similar to those obtained via some other approaches of modeling ICME propagation,
such as the magnetohydrodynamic WSA-ENLIL+Cone model (Odstrcil et al., 2004) as well as the analytical
Drag-Based Model (Vr$nak et al., 2013). For example, Vr$nak et al. (2014), who applied both models to a
sample of 50 ICMEs arriving at Earth, found a standard deviation of 16.9 hr for ENLIL and 18.3 to 19.1 hr for
DBM. A more recent study by Dumbovi¢ et al. (2018) using a different sample of 25 events and the ensemble
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modeling versions of ENLIL and DBM found the standard deviations to be slightly lower at 14.4 hr for
ENLIL and 16.7 hr for DBM. For arrivals at Mars, these standard deviations are expected to increase slightly
more, as the uncertainties of the models accumulate because no measurements further away from the Sun
are used to constrain the simulation. Freiherr von Forstner et al. (2018) only found a standard deviation
of 11 hr between ENLIL results and measurements, but the set of events was much smaller and carefully
chosen, and the simulation input parameters were additionally validated using the measurement at 1 AU,
so this is not directly comparable. Dumbovic¢ et al. (2018) also found the prediction accuracy of DBEM to be
dependent on the CME speed, where fast CMEs are predicted to arrive earlier than observed—similarly to
our STEREO-HI results.

This implies that the forecasting accuracy is very similar for the different fitting methods based on
STEREO-HI data and simulations using DBM or ENLIL. Specifically speaking, DBM and ENLIL contain
a more sophisticated description of the ICME kinematics and its interaction with the solar wind, but their
initial parameters are only based on observations close to the Sun. STEREO-HI, on the other hand, is a
direct observation much further out into the heliosphere, but the simple reconstruction methods based on
single-spacecraft observations need to make strong assumptions on the ICME geometry and kinematics.

In Freiherr von Forstner et al. (2018), we also applied a different method of forecasting the arrival time
at Mars by using the in situ measurement at 1 AU as the inner boundary condition for the DBM model,
yielding a higher accuracy. However, this method is only applicable when in situ measurements are available
at multiple locations preferentially radially aligned. Such observations are unfortunately rather limited and
often taken from planetary missions which are not optimized for studying heliospheric physics (Winslow
etal., 2018; Wang et al., 2018; Witasse et al., 2017). In the future, with more data from Parker Solar Probe and
Solar Orbiter, we hope to have improved space weather forecasts based on modeling of CME propagations
constrained by in situ measurements.

4. Conclusions and Outlook

In this work, we studied 149 ICMEs propagating toward Mars (between August 2012 and February 2017) as
well as toward the MSL spacecraft during its flight to Mars (between December 2011 and July 2012). These
events were observed remotely with the Heliospheric Imagers onboard the STEREO spacecraft as well as in
situ at their arrival through FDs measured with MSL/RAD. Links were established between the remote and
in situ observations, with a (39 + 6)% chance that an ICME that is headed for MSL pm30° according to the
SSE model corresponds to a clear FD observed at RAD. This can be seen as a measure of the SSE model's
performance for predictions of ICME arrivals at MSL's location using FDs as the method of identification
of the arrival. In (50 + 8)% of cases, there was likely interaction between multiple ICMEs—when excluding
these, the chance of a clear and distinguishable FD grows to (68 + 14)%.

For the 45 remaining ICMEs, where a clear FD could be observed at MSL/RAD, we could also measure the
accuracy for predicting the arrival time of the ICME using the SSE, Fixed-¢ and harmonic mean geometries.
The average At varies between —10.4 and 4.4 hr, while the standard deviations are all very similar between
16.9 and 19.6 hr. The results for the SSE method—At = (4.4 + 18.1) hr—are very comparable to the values
that Mostl et al. (2017) found for arrivals at different locations in the inner heliosphere.

These standard deviations are also similar to the performance of most other current ICME modeling
approaches, such as the WSA-ENLIL+Cone model and the Drag-Based Model. In the future, better results
can probably be obtained with more physical and realistic geometric models applied to heliospheric imager
data, such as the EIEvoHI method (Rollett et al., 2016) as well as new state-of-the-art MHD simulations
such as the recently developed EUHFORIA model (Pomoell & Poedts, 2018). Certainly, more multipoint HI
observations would also be helpful, which are currently not possible as data from STEREO B is not avail-
able. Future missions carrying heliospheric imagers include NASA's recently launched Parker Solar Probe
(Fox et al., 2016) with its WISPR instrument (Vourlidas et al., 2016), ESA's Solar Orbiter mission (Miiller
et al., 2013) currently scheduled to launch in 2020 with its SoloHI (Howard et al., 2013), as well as a possi-
ble future mission to the L5 Lagrange point (proposed by, e.g., Gopalswamy et al., 2011; Kraft et al., 2017;
Lavraud et al., 2016; Vourlidas, 2015).

In a future study, we plan to use the catalog of ICMEs at Mars built in this work to investigate the properties
of the FD, such as their magnitude and steepness, in more detail. For the 14 events seen at both Earth and
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Mars, we will also directly compare these data at the two planets for better understanding their properties
and interplanetary propagations. For up to about six events from this catalog, the ICME and FD properties
can be better studied by also taking into account in situ measurements of solar wind and magnetic field from
the MAVEN spacecraft that arrived at Mars in late 2014. However, MAVEN can only measure the upstream
solar wind intermittently due to the spacecraft orbit (as discussed in section 1), resulting in frequent gaps in
the data.

Nevertheless, our current results are important for the understanding of space weather, but of course also for
the development of future deep space missions and human spaceflight to Mars, where accurate predictions
of ICMEs, their associated shocks and accompanying SEP events, and their impact are essential.

Sources of Data and Supplementary Material
This section includes references to all the data used in this work.

The HELCATS catalogs are available from the HELCATS website, https://www.helcats-fp7.eu: HIGeo-
Cat: https://doi.org/10.6084/m9.figshare.5803176.v1 HIJoinCat: https://www.helcats-fp7.eu/catalogues/
wp2_joincat.html ARRCAT: https://doi.org/10.6084/m9.figshare.4588324

RAD data are archived in the NASA planetary data systems planetary plasma interactions node
(http://ppi.pds.nasa.gov/). Other file formats can be provided by the authors on request.

South Pole neutron monitor data can be retrieved from the Neutron Monitor Database at http://nmdb.eu.

A text file version of Table 1 in this work can be found on FigShare at https://doi.org/10.6084/m9.figshare.
7440245.
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Erratum

In the originally published version of this manuscript, Dumbovi¢ was erroneously published as Dumbovi.
These errors and all affected text have since been corrected, and this version may be considered the
authoritative version of record.
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COMPARING FORBUSH DECREASE PROPERTIES AT EARTH
AND MARS

While in Chapter 3 Forbush decreases (FDs) have mainly been used to determine
the arrival time of interplanetary coronal mass ejections (ICMEs) at 1 AU and Mars,
other properties of FDs have been neglected in these studies. However, some em-
pirical relations between different properties of a FD at Earth as well as between
the FD and properties of the associated ICME are known, as shown e.g. by Belov
(2008) and Abunin et al. (2012). For example, there is a clear correlation between
the relative FD amplitude or the maximum decrease rate (“steepness”) with the
product of the maximum solar wind speed and maximum magnetic field. This pa-
rameter v, - Bmayx can be used to describe the intensity of the disturbance in the
solar wind. The correlation is shown in Figure 8 of Belov (2008) and Figure 7 of
Abunin et al. (2012). However, solar wind plasma and magnetic field measure-
ments at Mars are only available from the Mars Atmosphere and Volatile Evolu-
tion (MAVEN) spacecraft since 2014, and as explained in Section 1.5, it does not
observe the upstream solar wind continuously. Consequently, the determination
of maximum values for B and v, which would be necessary for the validation of
this relation at Mars, may be complicated for many events.

Instead, in this study, we focus on the correlation of two parameters of the FDs
themselves: the relative amplitude and the maximum decrease rate. These parame-
ters are already known to be correlated at Earth, as seen in Figure 7 of Belov (2008)
and Figure 5 of Abunin et al. (2012). We use our catalog of FDs from Freiherr von
Forstner et al. (2019), as well as the larger catalog by Papaioannou et al. (2019)
to reproduce this relation at Mars. Consulting the analytical FD models, PDB and
ForbMod, which were introduced in Section 1.4, it becomes possible to interpret
the difference between the two observed relations as a result of the expansion of
the interplanetary structures.

The following article is reproduced from Freiherr von Forstner et al. (2020) from
Journal of Geophysical Research: Space Physics, ©American Geophysical Union,
under the Creative Commons CC-BY (@@®) license:
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Abstract Forbush decreases (FDs), which are short-term drops in the flux of galactic cosmic rays, are
caused by the shielding from strong and/or turbulent magnetic structures in the solar wind, especially
interplanetary coronal mass ejections (ICMEs) and their associated shocks, as well as corotating
interaction regions. Such events can be observed at Earth, for example, using neutron monitors, and also at
many other locations in the solar system, such as on the surface of Mars with the Radiation Assessment
Detector instrument onboard Mars Science Laboratory. They are often used as a proxy for detecting

the arrival of ICMEs or corotating interaction regions, especially when sufficient in situ solar wind
measurements are not available. We compare the properties of FDs observed at Earth and Mars, focusing
on events produced by ICMEs. We find that FDs at both locations show a correlation between their total
amplitude and the maximum hourly decrease, but with different proportionality factors. We explain

this difference using theoretical modeling approaches and suggest that it is related to the size increase of
ICMEs, and in particular their sheath regions, en route from Earth to Mars. From the FD data, we can
derive the sheath broadening factor to be between about 1.5 and 1.9, agreeing with our theoretical
considerations. This factor is also in line with previous measurements of the sheath evolution closer to
the Sun.

Plain Language Summary When eruptions from the Sun propagate through the interplanetary
space, their strong and turbulent magnetic field deflects background cosmic ray particles nearby. This
causes a temporary decrease of the flux of cosmic rays observed at locations that were passed by the
eruption, a so-called Forbush decrease. These decreases can be measured on Earth, and also by space
missions around the solar system, and are often used to detect the arrival of solar eruptions, especially
when no other direct measurements are available. We look at catalogs of Forbush decreases observed

at Earth and Mars, which is 50% farther away from the Sun than Earth, and compare their properties

to investigate whether, in addition to the arrival time, it is possible to derive more information about the
eruptions from the observed Forbush decreases. We find that the relation of characteristic parameters
describing the Forbush decrease changes between the two planets and that this can be explained by the
broadening of the interplanetary structure erupted from the Sun during its propagation. The magnitude
of this broadening derived from our data agrees with theoretical expectations and is in line with previous
measurements of the evolution of solar eruptions at locations closer to the Sun.

1. Introduction

Forbush decreases (FDs) are temporary decreases in the flux of galactic cosmic rays (GCRs). They are caused
by strong and/or turbulent magnetic structures in the solar wind associated with interplanetary coronal
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mass ejections (ICMEs) and the discontinuities driven by them or by corotating interaction regions (CIRs).
They were first observed by Forbush (1937) and Hess and Demmelmair (1937) and later named after For-
bush. In the case of ICMEs, the GCR decrease is often caused by the close succession of two separate effects:
the turbulent sheath region, which is preceded by the interplanetary discontinuity, and the magnetic ICME
ejecta itself. Sometimes, these two effects can even be clearly separated into a two-step decrease, as described
by, for example, Cane (2000). However, in recent times, it has been debated whether this is always the case
(e.g., Jordan et al., 2011), and it can be challenging to clearly separate the two steps with limited data resolu-
tion. Following the sudden decrease phase, which usually takes less than 1 day, the GCR intensity recovers
to its previous level within about 1 week (up to several weeks for some very strong events).

Nowadays, GCRs and FDs are routinely measured not only on the surface of the Earth, for example, using
neutron monitors, but also on various spacecraft near Earth as well as in deep space, and even on the surface
of other solar system bodies such as at Mars with the Radiation Assessment Detector (RAD, Hassler et al.,
2012) instrument on the Mars Science Laboratory (MSL) mission (Guo et al., 2018), and, since January 2019,
on the Moon with the Lunar Lander Neutrons and Dosimetry experiment (Wimmer-Schweingruber et al.,
2020) on the Chinese ChangE 4 mission. As the FD onset time matches very well with the arrival of the
corresponding solar wind structure (see, e.g., Cane et al., 1996; Dumbovic¢ et al., 2011), FDs can be used as a
proxy to determine the arrival time of ICMEs or CIRs, which is particularly useful in cases where no plasma
or magnetic field measurements are available (e.g., Lefévre et al., 2016; M0stl et al., 2015; Vennerstrom et
al., 2016; Witasse et al., 2017). This approach was also used in our previous studies investigating the travel
time of ICMEs between 1 AU and Mars (Freiherr von Forstner et al., 2018) and validating the accuracy of
geometric models to calculate the arrival time at Mars based on heliospheric imager data from the Solar
Terrestrial Relations Observatory (STEREO) mission (Freiherr von Forstner et al., 2019).

While the accurate prediction of ICME arrival times is still a complex task in space weather research, the
exact description of the ICMEs' geometric and magnetic structure and its evolution over time, which is also
important for their impact on Earth and other planets, is even more challenging. For the further develop-
ment and improvement of models, it is important to exploit many sources of data, so we are investigating
how FDs can be included into the portfolio of available space weather data. As all methods to detect ICMEs,
FDs have certain limitations in how much information they can give us about the ICME. But with sufficient
understanding of the FD physics (using recent modeling approaches such as given in Dumbovic¢ et al., 2018),
there can be more information that can be obtained from the FD data than just the ICME arrival time. Some
investigations in this direction were done by Liu et al. (2006) and Masias-Meza et al. (2016), who linked
averaged FD profiles with the corresponding magnetic field and solar wind observations using a superposed
epoch method, finding, for example, an increase of the FD amplitude and recovery time for the category of
fast ICMEs compared to slower events.

In this paper, we combine FDs at Mars identified by MSL/RAD with catalogs of FDs at Earth for a statistical
study of their properties. Section 2 contains information about the different sources of data in use. Section
3 describes the FD properties we are investigating and gives an introduction to a modeling approach that
we use for FDs. The main part of our study is in section 4, where we derive a relation of the FD's amplitude
to the maximum decrease rate, and compare this relation between Earth and Mars. We interpret this effect
using idealized models as well as the more sophisticated approaches described in section 3.2 and continue
with further discussions. Section 5 then concludes this work with a summary and outlook.

2. Data Sources and Catalogs

2.1. MSL/RAD and FDs at Mars

Since the landing of the MSL mission's Curiosity rover on 6 August 2012, its RAD instrument has been
continuously measuring the radiation environment on the Martian surface, including both charged and
neutral particles. Among other data products, RAD provides measurements of the total ionizing dose rate,
which results from the incident GCR, and is enhanced during solar energetic particle (SEP) event periods.
Radiation dose is defined as the energy (measured in J) deposited by radiation in a detector of mass m per
unit mass and is thus measured in units of J/kg (or Gy). Dose is measured in two of the six RAD detectors,
B, a silicon solid-state detector, and E, a tissue-equivalent plastic scintillator (Hassler et al., 2012).

Similar to neutron monitors on Earth and other cosmic ray detectors in deep space, RAD can be used for
detecting FDs in the GCR. Although the unit of dose rate is different from count rate measured at neutron
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monitors on Earth, the relative change in the GCR fluxes, which corresponds to the magnitude of FDs, is
unitless and can be well observed in dose measurements. Due to the larger geometric factor therefore and
higher possible cadence (up to one observation per minute), the dose rate in the E detector is best suited for
this purpose (Guo et al., 2018). In situ solar wind and interplanetary magnetic field data at Mars are available
from the Mars Atmosphere and Volatile EvolutioN (MAVEN) spacecraft (Jakosky et al., 2015), which arrived
at Mars in late 2014, more than 2 years later than MSL. MAVEN data are, however, not always optimal for
studying solar wind phenomena at Mars, as MAVEN's orbit often takes the spacecraft within Mars's bow
shock and thus out of the undisturbed upstream solar wind. These periods need to be excluded from the
data for solar wind analysis, so the remaining coverage of the interplanetary medium at Mars is significantly
reduced. On the other hand, RAD measures surface GCR flux uninterruptedly since August 2012 and detects
many FDs, which have been used successfully to detect the arrival of ICMEs at Mars, such as by Witasse et
al. (2017), Freiherr von Forstner et al. (2018), Guo, Dumbovig¢, et al. (2018), Guo, Lillis, et al. (2018), Winslow
et al. (2018), Freiherr von Forstner et al. (2019), Papaioannou et al. (2019), and Dumbovic¢ et al. (2019).

The radiation environment on the surface of Mars differs considerably from that in deep space. The pri-
mary GCR particles arriving at Mars, as well as SEPs, are modulated by the Martian atmosphere and also
influenced by the surface of Mars. Thus, the radiation measured by RAD is a mix of the primary GCR/SEP
particles and secondary particles produced in the atmosphere and soil (Guo et al., 2017, 2018). To model the
response of a detector on the surface to a certain incoming GCR spectrum above the atmosphere, it is nec-
essary to construct a response function (yield function) that computes the resulting spectrum at the surface
for different particle species and then calculates a prediction for the quantity measured by the instrument
(e.g., dose rate or count rate) from this surface spectrum. For the case of Mars and the RAD instrument, such
functions were modeled by Guo et al. (2019), showing that the Martian atmosphere shields the surface of
Mars from GCR protons below an energy of 140 to 190 MeV, depending on the surface atmospheric depth,
which changes seasonally. The largest contribution from the primary GCR spectrum to the Martian surface
dose rate comes from primary GCR protons in the ~1- to 3-GeV energy range, which is easily calculated by
folding the atmospheric response functions provided by Guo et al. (2019) with typical primary GCR spectra.
Similar effects occur for Earth-based cosmic ray measurements, such as using neutron monitors, though
the composition, density ,and depth of atmosphere are of course different and the terrestrial magnetic field
also plays an important role in modulating the GCR measured at different latitudes. The construction of
yield functions for neutron monitors on Earth, taking into account the atmospheric and magnetic effects
as well as the neutron detection efficiency, was described by Clem and Dorman (2000). Due to the thicker
atmosphere of the Earth, the atmospheric cutoff energy is significantly higher than on Mars—it has been
determined to be around 450 MeV for protons. The effect of the magnetosphere, which is largely missing at
Mars, increases the cutoff energy at lower latitudes and is a consequence of the local magnetic cutoff rigidity
at the measurement location. At the poles, the influence of the magnetosphere decreases to zero (see, e.g.,
Smart & Shea, 2008), for example, to a cutoff rigidity 0.1 GV at the location of the South Pole neutron moni-
tor. This corresponds to a proton kinetic energy of about 100 MeV, so the atmospheric effect is dominant in
these polar regions. The difference in the observed GCR energy range is a limitation for studies comparing
FDs measured with different instruments and will be taken into account using modeling approaches.

The daily variation of atmospheric pressure primarily due to thermal tide at Mars causes a significant diurnal
pattern in the dose rate measured at MSL/RAD (Rafkin et al., 2014), stronger than what is usually seen at
Earth. To facilitate the detection of FDs in the RAD data, the dose rate measurements are processed using
a spectral notch filter described by Guo et al. (2018) to compensate for the diurnal variations while keeping
other fluctuations that do not have a diurnal periodicity. We note that this technique may also remove the
diurnal signal due to GCR anisotropy, if exists, during a FD (e.g., Tortermpun et al., 2018). As there are no
other GCR measurements on the Martian surface, preferentially on the opposite side of the planet, the FD
anisotropy at Mars cannot yet be studied and separated from the diurnal atmospheric effects.

2.2. Catalogs of FDs at Earth and Mars
In this section, we describe the different catalogs of FDs that we use in this study. The catalogs and the
results later obtained using these data are also summarized in Table 1.

Catalog I: In our previous work (Freiherr von Forstner et al., 2019), we assembled a catalog of ICMEs
propagating toward Mars that were observed remotely with the Heliospheric Imagers (HI, Eyles et al., 2009)
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onboard the STEREO spacecraft (Russell, 2008) and caused a FD at MSL/RAD. The STEREO-HI observa-
tions were taken from the HIGeoCat catalog assembled by the HELCATS project (Barnes et al., 2019; Helcats
et al., 2018). This allowed us to study the accuracy of various methods for predicting the arrival time at
Mars using the STEREO-HI data. The catalog can also be found on FigShare at https://doi.org/10.6084/m9.
figshare.7440245 and contains the ICME data from HIGeoCat as well as arrival times at MSL based on our
FD observations. The catalog contains 45 FDs and serves as one of the data sources for this study, with the
FD properties discussed in section 3.1 derived from the RAD observations. Of the 45 events, 14 were also
clearly observed at Earth during close radial alignments of the two planets. In these cases, we have also
identified the arrival time at Earth and derived the terrestrial FD properties using data from the South Pole
neutron monitor (SOPO in the NMDB database at http://www.nmdb.eu/).

As known, complex and interacting ICME events can occur often, especially during solar maximum (e.g.,
Burlaga et al., 2002; Gopalswamy et al., 2001; Lugaz et al., 2005; Liu et al., 2012). A recent study (Dumbovi¢
et al., 2019) has analyzed in detail the interaction of two ICMEs and with the ambient solar wind, which
adds up to the complex substructures of an FD observed at Mars. During such complex events, FD profiles
cannot be used to study the propagation and evolution a single ICME. During the assembly of Catalog I,
we have excluded events, which could not be clearly linked from the HI observations to a single FD in the
RAD data and therefore minimized the possibility of including complex cases with interactions of multiple
successive ICMEs.

Catalog II: The comparison of the derived FD properties between Earth and Mars based on Catalog I (as will
be discussed later in section 4) shows some prominent characteristics, with, however, rather low statistics.
Therefore, to extend the study to a larger set of events, we also use data from the catalog of FDs at Mars
compiled by Papaioannou et al. (2019), where FDs were detected in the in situ GCR measurement using an
automated method. Following the automatic detection, each event was manually inspected by Papaioannou
et al.,, 2019 and, if possible, associated with a corresponding ICME based on the SOHO/LASCO coronal
mass ejection (CME) catalog (https://cdaw.gsfc.nasa.gov/CME_list/) and WSA-ENLIL heliospheric magne-
tohydrodynamic simulations with a cone CME model (Odstrcil et al., 2004). Events where no corresponding
CME is listed may have been caused by CIRs or complex cases with CME-CME or CME-CIR interaction, or
they were in fact caused by a CME that was not seen in the SOHO/LASCO coronagraph. Of the 424 thus
identified events, 96 were marked as being caused by an ICME in the catalog. This catalog also contains a
quality index q € [1..5] for each event, giving an estimation of the reliability of the FD identification and
determination of its parameters. We restricted ourselves to the events with a high-quality index (q > 4),
meaning that during the selection of the FD and determination of its amplitude, the authors faced no or
only minor problems due to data gaps, insufficient suppression of the diurnal variations or other difficulties.
This restriction results in 310 FDs in total, of which 83 are marked as being ICME induced.

Catalog III: Finally, for a comparison of Martian FDs from Catalog II with terrestrial FDs, we employ the
extensive catalog of FDs observed using neutron monitor data provided by the Space Weather Prediction
Center of the Russian Institute of Terrestrial Magnetism, Ionosphere, and Radio Wave Propagation (IZMI-
RAN). This catalog is available online at http://spaceweather.izmiran.ru/eng/dbs.html and was described
by Belov (2008). The FD properties in this database are not derived from a single neutron monitor measure-
ment, but rather using the global survey method (GSM; Belov et al., 2005, 2018) data, which calculates the
GCR flux at a fixed rigidity of 10 GV based on measurements from the global network of neutron monitors.
These data, in comparison to single neutron monitor measurements, avoid potential issues arising from dif-
ferent atmospheric and magnetic influences on monitors at different geographic locations, as they take into
account the different yield functions of each neutron monitor station. We use the latest version of the online
database, which was last updated on 27 June 2018. The data are subject to revisions due to possible correc-
tions in the neutron monitor data used for the GSM calculation, but the results are not expected to change
drastically. The rigidity of 10 GV corresponds to a proton kinetic energy of 9.1 GeV, much higher than the
main contribution to dose at Mars with proton kinetic energies of 1 to 3 GeV (see section 2.1). As GCRs with
these lower energies are modulated more easily (Guo et al., 2018), this is what causes FDs observed by RAD
at Mars to have a larger amplitude on average than those in the GSM data (Figure 7; Papaioannou et al.,
2019).
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Figure 1. (upper panel) Idealized schematic picture of a Forbush decrease, showing the different properties that we are
investigating. The blue curve represents the measured GCR intensity, normalized to the pre-FD level (y,,)- The FD
magnitude Ay (percentage drop) and decrease duration At are defined based on the onset and minimum of the FD.
(lower panel) Example of the application of the analytical PDB and ForbMod models to describe the profile of a
Forbush decrease caused by an ICME consisting of a sheath and the following flux rope. The model plotted here is
described in equation (10). The red dashed line marks the boundary between the sheath and the ejecta; that is, it
corresponds to the duration T,y Of the sheath. The model parameters were chosen as specified in the insets, and the
values of the diffusion parameters in both models were also chosen within their typical ranges.

3. Definitions and Methodology

3.1. Properties of FDs

Figure 1 (upper panel) shows an idealized schematic profile of a FD, which consists of the decrease phase
and a longer recovery period. Based on this, we define the various FD parameters investigated in this study.

The FD onset time is named tp,, and the time where the GCR intensity reaches its minimum is called ¢,
so the duration of the decrease phase can be calculated as At = t;;, — tzp. To define the FD amplitude as a
percentage, the values y(t) of the GCR intensity are normalized to the value y,,,, at the onset time. The FD
percentage drop is then defined as

Ymax = Ymin _ y(tFD) - y(tmin)

Ay = -100% @
Ymax Y(tgp)
and the average slope is
— A A
mo= 2= 2 ©)
At by = bep

The maximum decrease rate m,,,, is another often-used parameter, which was studied, for example, by Belov
(2008) and Abunin et al. (2012) as well as at Mars by Papaioannou et al. (2019). In practice, this is usually not
calculated directly from the derivative of the original high time resolution GCR data, as it can be quite noisy
due to low counting statistics. Instead, m,,, is calculated as the maximum hourly decrease by evaluating
the same Ay/At difference quotient for each time step in the GCR data when averaged into hourly bins ;:

sy _ (i) — ¥(t)
i€{0.1, ... N}

Mpax = = = o WNT —f )
ot Wtep))(E; = tip)

) -100%, 3
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where t; — t;,_, = 1h for all i. As for m, the units of m_,, are %/hr. Abunin et al. (2012) have found that the
time of the maximum hourly decrease (¢(m,,,,)) usually occurs immediately after the time of the maximum
interplanetary magnetic field strength (¢#(B,,,,)). We will investigate the distribution of t(m,,,,) within the
FD further in section 4.2 and Figure Al.

max max

Note that despite being properties of a GCR decrease, we have defined Ay, m and m,,,, to be positive
quantities.

3.2. Modeling of FDs

To be able to obtain more ICME information from our FD observations, we also perform some basic calcula-
tions using a theoretical model of the FD profile. Our approach combines two analytical models to describe
the FD and thus accounts for both the sheath and the ejecta effect. The sheath is described by the propa-
gating diffusive barrier (PDB) model (Wibberenz et al., 1998), while the magnetic ejecta is represented by
ForbMod (Dumbovic¢ et al., 2018). Figure 1 (lower panel) shows an example of this combination of the two
models. Values of all parameters were chosen in a typical range just for illustration purposes, not to resem-
ble a specific event. Both models are used here in a one-dimensional fashion; that is, we assume the sheath
and ejecta as well as the observer to lie in the ecliptic plane. The GCR drop is then described based on the
one-dimensional location of the observer within the ICME substructures. The calculation will be explained
in detail below.

In the PDB model, the sheath is represented by a shell of thickness S where the flow speed is increased and
the diffusion coefficient decreased. Both values are assumed to be constant across the shell. The resulting
GCR density drop y,(x,) in the sheath (normalized to the onset value), where the index s stands for sheath,
can be defined as

y,(x) = ymLy(xs) @)

ymax
where, as before, y,,, is the undisturbed GCR density and y,(x,) is the GCR density at a distance x, from the
outer border of the shell, where we define the antisunward border of the shell as the outward one. In the
PDB model, y,(x,) is a linear function of the distance x;:

v,

yyx) = S ©)
Here, the flow speed in the shell is named vg,,;, and the radial diffusion coefficient within the shell is K'.
Our equation (5) corresponds to equation (4) of Wibberenz et al. (1998) under the assumption that the radial
gradient G, of the ambient GCRs is small.

The ForbMod model (Dumbovic et al., 2018) describes the ICME ejecta as a cylindrical structure (flux rope)
of radius a, which is assumed to initially contain no GCRs when it is launched from the Sun. As it propagates
outward, the flux rope expands (e.g., at a larger rate than the typical solar wind, Bothmer & Schwenn, 1997;
Gulisano et al., 2010; Liu et al., 2005) and GCRs gradually diffuse into it at a rate slower than they would
in the ambient solar wind. As a result, after some time, the flux rope will be only partially filled with GCRs
compared to the ambient solar wind and therefore will appear as a decrease in the GCR flux. The decrease
of the GCR phase space density in the flux rope (normalized as before in equation (4)) is described using the
Bessel function of first kind and order zero (J,(x)):

.
Velrent) = Jy (2 ) e/, ®

where a; & 2.40 is the first positive root of the Bessel function J, r, is the radial distance of the observer
from the flux rope’s central axis, and f(t) is a function that is monotonically increasing with the expansion
time t; and does not depend on r,. Note that the index e (as in y,, r,) stands for ejecta and E (as in t) for
expansion. Equation (6) states that in the ForbMod model, the GCR suppression due to the flux rope is 0 at its
border (r, = a, y, « Jy(a;) = 0); that is, the flux rope has no GCR shielding effect outside of its bounds. The
maximum depression is reached on the flux rope axis at r, = 0 (— J,(0) = 1). For details on the derivation
of equation (6) and the functional form of f(t;), we refer to Dumbovic et al. (2018).

To combine the two models and convert y,(x,) and y,(r,) into a y(t) profile, we apply the following scheme:
We define the time where the outer boundary of the sheath reaches the position of the observer (x; = 0)
as t = 0. Within the sheath region, the GCR drop is only driven by the sheath and described by equation
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(5). The sheath is moving with respect to the observer with a speed vy,,,, Which is assumed to be constant
within the passage duration, so

xs(t) = vsheatht' (7)

At the end of the sheath region (time t = T, calculated with x(Tg o) = S), We then continue with the
ForbMod model given by equation (6). In this case, we first define the trajectory of the observer as before,
but with the propagation speed vcyi of the ejecta:

xe(t) =5+ vICME(t - Tsheath) (8)

The distance r, to the center of the flux rope, which is needed for equation (6), can then be calculated using
the radius a of the flux rope:

r() =S+ a—x,(t) = a = viemp(t — Tgheam)- ©)

Note that this equation is only valid up to the point where the flux rope axis reaches the observer, which
is the point of maximal GCR suppression. We do not consider the following recovery phase, as explained
below. So in summary, our model combination, as it is plotted in Figure 1 (lower panel), can be written as
follows:

t t<T
W) = { ¥s (Vneant) - < Tipeatn (10)
¥5(S) + e (@ = (¢ = TgpeamWiems 15) » £ 2 Topearn

where the various quantities have been defined above.

The combination of these two models in this way is of course a simplification, as any interplay between
sheath and ejecta is not really taken into account. In particular, the GCR suppression at the end of the sheath
(y,(S)) is added as a constant value to the following additional suppression by the ejecta without accounting
for the recovery from the sheath FD, which is not modeled by PDB. Also, the recovery phase after the ejecta
is not modeled. A more complicated model combining the two structures would be needed for including
these effects, but that is not necessary for the purposes of this study because we only focus on the GCR
minimum, Ay and the steepest slope, m,,,.

4. Results and Discussions

4.1. Observations

When plotting the maximum hourly decrease m,,,, versus the FD amplitude Ay (as defined in section 3.1)
for the 45 events in the STEREO-HI catalog, which were also observed by RAD at Mars, as seen in Figure 2
(orange points), a striking correlation appears with a Pearson correlation coefficient of r = 0.77. The proba-
bility p that this distribution is caused by an uncorrelated system is below 1074%. We also plotted the FDs at
Earth (measured at the South Pole neutron monitor) from the subset of ICMEs that were seen at both Earth
and Mars (blue points in Figure 2). To make clear which of the events at Mars were also seen at Earth, the
corresponding orange points in the figure were marked with blue outlines, and as expected, they follow a
similar distribution as the rest of the 45 events at Mars.

The same correlation was already found at Earth by Abunin et al., 2012 (2012, Figure 5) and Belov (2008,
Figure 7), with corresponding correlation coefficients between 0.57 and 0.87 for different samples of FDs.
This correlation coefficient can vary depending on the specifics of the FDs, such as what type of structures
they are caused by. In particular, Belov (2008) found a higher correlation coefficient for FDs related to ICMEs
that drive a shock than for other ICMEs. To further evaluate the m,,,, versus Ay correlation, we applied a
linear regression to calculate the parameters for the equation:

Ay=Amy, +B, 11)

where A is expressed in hours and B in %. B corresponds to the amplitude of a “FD” with a maximum
hourly decrease of 0, so it is expected to be 0. Considering the uncertainties in the measurement of the FD
magnitudes and maximum hourly decreases, we therefore constrained B to be within the bounds of [-0.5%,
+0.5%] for the fitting procedure, instead of forcing it to be 0. The uncertainties of the linear regression results
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Figure 2. Comparison of the correlations between the FD amplitude Ay and the maximum hourly decrease m,,,, at
Earth (blue) and Mars (orange), based on the ICME and FD catalog from Freiherr von Forstner et al. (2019). The orange
dots with a blue outline correspond to the Mars events that were also seen at Earth as FDs in the South Pole neutron
monitor during close alignments of the two planets. The blue points show the properties of the terrestrial FDs for these
events. The Pearson correlation coefficients r as well as the probabilities p that such a distribution was produced by an
uncorrelated system are given in the plot, as well as the results of a linear regression for the two data sets.

are given as the standard deviation estimated by calculating the square root of the diagonal elements of the
covariance matrix.

The linear regressions by Abunin et al. (2012) and Belov (2008) yielded values of A between 2.9 and 3.5 hr
at Earth, and this roughly agrees with our result of 3.7 +0.7 hr obtained for the subset of events from our
catalog that were also seen at Earth (14 events). However, the linear regression for MSL/RAD measurements
at Mars in Figure 2 results in a slope of A = 7.0 + 0.9 hr; that is, the ratio between FD amplitudes and their
respective maximum slopes increases by a factor of ~1.9 + 0.4 at MSL/RAD compared to the South Pole
neutron monitor.

On the other hand, Papaioannou et al. (2019), who studied a much larger catalog of FDs at Mars using
MSL/RAD data, found about the same value for A for Earth and Mars FDs in their Figure 6, with A values
of (3.64 + 0.32) hr for Mars and (3.69 + 0.16) hr for Earth. Considering this discrepancy, we now take a
closer look at the FD data from this catalog. As stated in section 2.2, this catalog includes both FDs caused
by ICMEs as well as other heliospheric transients, such as CIRs.

In order to separate the FDs caused by different heliospheric dynamic structures, we used the Papaioannou
et al. (2019) catalog of FDs at Mars and the IZMIRAN database of FDs at Earth to produce separate plots
in Figure 3. All FDs at Earth (left) and Mars (right) were plotted together in the two topmost panels, fol-
lowed by the subset of FDs that were marked as being caused by an ICME in the respective catalogs (middle
panels) and the remaining FDs, which were probably caused by CIRs or combinations of CIRs and ICMEs
(lower panels). The linear regression was then applied separately for each panel of the Figure. For the pur-
pose of comparability, the events from the IZMIRAN catalog were restricted to the same time range as the
Papaioannou et al. (2019) catalog (August 2012 to December 2016). As before for Figure 2, we restricted the
y intercept of the linear regression to be within +0.5%. Additionally, we introduced a threshold condition
specifying the minimum amplitude (percentage drop Ay) a FD needs to have to be included in the calcula-
tion of the linear regression. This is done to exclude FDs with very low amplitudes where the values of Ay
and m,, may have larger uncertainties, limited by the observational resolution. The threshold condition
was defined as follows:

Ay > f -median(Ay), (12)
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Figure 3. Scatter plot of the FD parameters m,,, (maximum hourly decrease) and Ay (drop ratio). The left panels are
based on the IZMIRAN FD catalog at Earth, while the right column shows data from the catalog of FDs at Mars by
Papaioannou et al. (2019). Each column contains separate panels for one plot with all events (top row), one with just
FDs related to ICMEs (middle row), and one with all other FDs, most of which were probably caused by CIRs (bottom
row). The blue and orange lines show linear regressions to the data, where the light gray points denote events that were
excluded from the fit because they lie below the f = 1 threshold (as defined in equation (12)).

where the dimensionless value f can be adjusted as needed and was initially chosen as 1 for the plots in
Figure 3 to remove all FDs with an amplitude below the median. To more accurately estimate the uncer-
tainties of the fitting parameters with this larger set of events, a bootstrap method was applied by taking
10,000 different random samples of the points to be fitted and then applying the fit separately to each of the
samples. From the resulting distribution of fit parameters, the mean and standard deviation of A and B were
then calculated and displayed in the insets of Figure 3.

The results we obtained for all FDs (upper panel) seem to be different from those by Papaioannou et al.
(2019)—we find a larger A value at Mars than at Earth, while their analysis showed almost the same value
at both planets. This is both due to the threshold condition used here as well as a different fitting algorithm
used by Papaioannou et al. (2019): They did not directly apply a linear regression to the data but first binned

the data on the m,,, axis, calculated average values and standard deviations of Ay for each bin, and then
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Figure 4. Dependence of the linear regression slope A on the chosen threshold parameters f and g. Solid blue and
orange lines show results for ICME-induced FDs at Earth and Mars, while dashed and dotted lines denote the values
for non-CME events and all events, respectively. The shaded areas correspond to the 1o uncertainty of the linear
regression obtained from the bootstrap method. The upper panel shows the results for the f parameter for the
condition in equation (12), while the lower panel gives the corresponding results for the g parameter for the condition
in equation (13) explained in Appendix A. The arrow in the upper panel marks the value f = 1 which was used for the
plot in Figure 3.

used these values as the input for the linear fit. This approach means that data about the single events are
not available to the fitting procedure anymore, which can be a drawback especially when the number of
events is reduced in the case where; for example, we only look at ICME-caused FDs. Also, the result can
significantly change depending on the choice of bin locations and sizes and whether bins containing a low
number of events are excluded from the fit or not.

For the above reasons, we decided to alternatively apply a simple linear regression to all the data without
prebinning them. However, we do note that there are a few outlier events that may have been weighted much
less by Papaioannou et al.'s (2019) fitting algorithm than by ours. Nevertheless, we are mainly interested
in the two panels in the middle row, which show the FDs associated with CMEs at Earth and Mars. In
agreement with Figure 2, we also find a larger A value at Mars than at Earth (factor 1.5 + 0.2) here.

We will now check how our result depends on the choice of the threshold parameter f for values different
than 1. The upper panel of Figure 4 shows values of f between 0 (i.e., no threshold condition) and 1.2 and
the resulting A values. The uncertainties calculated using the bootstrap method are shown as shaded areas
in this plot. While the results for CME-induced FDs at Earth as well as non-CME FDs at both planets change
rather slowly with a rising threshold, there is quite a steep increase in the A values for CME events at Mars
above f = 0.8. This might be an effect of outlier events—completely removing three events at the bottom
right of the “CMEs at Mars” panel results in a smoother increase of A with increasing f. But the trend of
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increasing A with f is still present, and this suggests a change of physical FD and/or ICME properties for
FDs with larger magnitudes. We will discuss this hypothesis further in the next section.

4.2. Interpretation
4.2.1. Cartoon Illustration of the Effect

There are two factors that might be important for the difference between the A values found at Earth and
Mars: The evolution of the ICME structure between 1 and 1.5 AU, as well as the different observed GCR
energies (protons mainly between Ey;, ~ 1 to 3 GeV at Mars versus Ey;, = 9.1 GeV at Earth in the GSM
data; see section 2.1). We will first discuss the influences of these two effects on our result under the simple
assumption that the GCR energy affects only the amplitude of the FD, while an increase of the size or thick-
ness of the ICME can increase the passage duration and thus the duration of the FD decrease phase. In the
following section 4.2.3, we will then justify these assumptions with modeling results.

In Figure 5a, we show idealized schematic profiles of three FDs at Earth with different amplitudes but similar
duration of their decrease phase. The recovery phase is faded out to indicate that it is not relevant for our
study and can be different for each event. The FD profiles are just plotted for illustration purposes here and
do not represent profiles calculated from the models described in section 3.2, which we will go into later. We
also do not yet separate the shock/sheath and ejecta effects here. In the right panel, the three FDs are plotted
in the familiar Ay versus m,,,, scheme—as we saw in the measurements, m,,, is proportional to Ay in this
case. When the ICME travels from Earth to Mars and increases its size during this time, the duration of the
FD increases (panel b), and thus, m,,,, is decreased for the same FD amplitude; that is, the slope A of the
linear relationship between Ay and m_,,, increases. When also taking into account the effect of the lower
observed GCR energy in panel (c), Ay and m,,,, increase proportionally, so A stays at the same value. Of
course, in reality, the two effects cannot be observed separately, because there is no direct GCR measurement
at Mars (or somewhere else at 1.5-AU solar distance) with exactly the same energy response as at Earth. For
example, the 9.1-GeV primary GCR protons considered in the GSM data could not be easily isolated in RAD
measurements, and secondaries produced by those particles in the Martian atmosphere would also need to
be taken into account.

This simple model described in Figure 5 explains the observations presented in Figures 2 and 3 very nicely,
but it has a few aspects that need some closer inspection: First, it is also possible that the ICME broadening
already causes a change of the FD amplitude independent of the GCR energy effect. This could, for example,
be due to a decrease of the magnetic field strength within the ICME that is associated to its expansion. This
is not accounted for in the figure, but as the change in amplitude only shifts the points in the Ay versus
M.« Plot along the same linear regression, this would not have any effect on the result for A. Second, the
illustration might suggest that all FDs have the same duration at Earth. This is obviously not true, as the
FD duration depends on the ICME speed and size as well as turbulent and magnetic properties, which
contributes to the dispersion of the points in Figure 3. Also, the ICME structure as a whole does not grow
linearly; rather, the evolutions of the sheath and ejecta regions are governed by different physical processes
and thus can behave differently between Earth and Mars. We will further investigate the distribution of m_,,
in the following section and also apply the FD models introduced in section 3.2 to get a better understanding
of how this effect is related to the different substructures of the ICME.

4.2.2. Distribution of m_,, Within the ICME Substructures

Based on a separate statistical study we have performed (see Appendix A), we estimate that at Earth, m_,,
occurs in the sheath about twice as often as in the ejecta. Therefore, we expect the main influence on the
observed difference of the linear regression slope A at Earth and Mars to be the evolution of the sheath
region. This should mean that the difference is more clearly visible if we exclude events where m,,, is not
in the sheath, which is what we try to reproduce in this section.

In the lower panel of Figure 4, we have defined a new threshold condition to filter the FDs in our catalog and
plotted the result in the same fashion as for the previous threshold parameter f (upper panel, see section
4.1). The threshold condition is defined as

Uy, S8 AL 13

where At is the duration of the FD decrease phase as defined in Figure 1 (upper panel). For example, for a
threshold of g = 0.5, the time where the maximum hourly decrease occurred needs to be within the first half
of the FD's decrease phase. A low g value does not necessarily mean that m_,, is within the sheath (as the
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Figure 5. Illustration of the Ay versus m,,,, correlation for Earth and Mars. Panel (a) shows three different examples
of FDs at Earth with different amplitudes, where m,y is linearly correlated with Ay. When the ICME's size increases
during the propagation from Earth to Mars, the FD duration increases (panel b), thus decreasing m,,,,. Due to the
lower observed GCR energies, FDs observed at Mars using RAD also have a larger amplitude than their terrestrial
counterparts (panel ¢). However, this effect does not change the slope of the linear regression. Panel (b) is a theoretical
case which cannot be observed in reality, because there is no GCR measurement at Mars that has exactly the same
energy response as an Earth-based measurement.

sheath could be very short or not seen by the observer at all), but the likelihood that m_, is in the sheath
definitely increases with decreasing g. The previous threshold condition from equation (12) is not applied
anymore in this case.

While the error bars, again showing the standard deviation obtained from the bootstrap method, become
slightly larger than those in the case of the upper panel, it can still be seen in the lower panel that the linear
regression slope A increases with lower values of g for CME-related FDs at Mars. At a value of g = 0.3,
the ratio between CME-caused FDs at Earth and Mars has increased to 1.5 + 0.4, comparable to the ratio
obtained in the upper panel for the f > 0.8 cases. Based on these results, we suspect that there are two
populations of CME-caused FDs seen at Mars: FDs with m,,,, observed in the sheath result in a larger slope
A and FDs where m,,,, is caused by the ejecta have a lower value of A. Such a trend can be seen in both
panels of Figure 4.

4.2.3. Analytical Modeling of the Effect
To give a more sophisticated theoretical description of the FDs than the qualitative illustration in Figure 5,
we now employ the analytical FD models introduced in section 3.2.
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In the sheath region (again denoted with the index s), the FD is described by the PDB model as a linear func-
tion (equation (5)), so we can easily calculate the decrease rate (which is constant and therefore equivalent
to m,,,) and the FD amplitude, and give the ratio of the two:

dys _ dyx dxs Vsheath

Moaxs = Q7 — o dr — K heath 14)
S
Vsheath
Ay, = y(S) = TS 15)
Ay S
> —= = = Tpeatn (16)
mmax.s Vsheath sheat

As expected, m,,,, is proportional to Ay and the proportionality factor is S/vVg,.., that is, the length of the
sheath region divided by its speed, which is equal to its passage duration Ty,e,q-

For the magnetic ejecta described by ForbMod (index e), the decrease rate is not constant, as can be seen
in equation (6). Assuming that the flux rope expansion while it passes by the observer is negligible (as the
passage duration is small compared to the transit time from the Sun to the observer), we can ignore the time
dependence of f(t;) and estimate that the speed of the flux rope passing by the observer is constant and
equal to the propagation speed of the flux rope, dr,/dt ~ v;oyg. With these simplifications, we can again
derive an equation for m,,,:

De _ny (alﬁ) ) a7)
or, a a
dy
mmax,e = max <d_te> (18)
0}’@ dxe aye th
_ 9Ye WX OV Alp 19
fmax <6xe ar "o, ar (19)
9y dx,
~max | — — 20
<6xe dt (20)
r
= max (ﬂ J; (al—e) e"’ff(‘f)> ViemE (21)
a a
a
- ;l Viewe & €717, (22)

where we used the simplification t; = const., as the expansion time, which is equal to the transit time, is large
compared to the passage duration at the observer, and the result dr, /dx, = —1, which follows from equation
(9). Additionally, the relation for the derivative of the zeroth-order Bessel function dJ,(x)/dx = —J; (x) was
used, and & = 0.58 is the global maximum of the first-order Bessel function J;(x). For Ay, we evaluate
equation (6) on the axis of the flux rope (r, = 0) to obtain the following equation:

Ay, = y,(r, = 0,) = J,(0) e/ ) = g1/ tB) (23)

where the property of the Bessel function J,(0) = 1 was used. The ratio of Ay and m,,,, is then again just
dependent on the passage duration of the ejecta Tjcyg:

Ay, a 1 1
= — & =Tyeme - 0.71 = 0.36 - Tyoy (24)
Mpaxe  Vieme @& 2

As a corresponds to the flux rope radius and not its total thickness, the passage duration Tjcyg is 2a/Vicyg,
and 0.71 is the approximate numerical value of 1/a,&;.

A few main conclusions can be drawn from these calculations:
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First, we find the expected proportionality of Ay, or Ay, versus m,,, in the sheath or in the ejecta region.
‘We note that there is no dependence of the proportionality factor on the GCR energy. Any such dependence
would need to be induced by a variation of the diffusion coefficients (K’ for the sheath, and quantities within
[ (tp) for the ejecta) for different GCR energies, but these cancel out in the calculation of the ratio (equations
(16) and (24)). Thus, a change in this value can only be due to evolutionary changes in the extent of the
respective region (sheath or ejecta).

Second, m,,, in the ejecta part is expected to decrease exponentially over time (equation (22)), while m_,,
of the sheath can change in different ways depending on the evolution of the sheath speed and the magnetic
field (which affects the diffusion coefficient K). This means that due to these two competing effects, it could
happen that close to the Sun, m,,,, occurs in the ejecta, but moves to the sheath at a later time. As for the
majority of events at Earth, m,,,, is already in the sheath (see section 4.1 and Figure A1), we expect this
fraction to be similar or even higher at Mars.

There is one more point that we have to account for in this calculation: From the analytical solutions, we
can only derive ratios Ay,/m,.. . and Ay,/m,,. .. However, from GCR observations alone, one could only
obtain Ay, that is, the total amplitude of the FD caused by both ICME regions together. The proportionality
factor A = Ay/m,,,. would have to be calculated like this:

max

Aygt+Ay,
Ay Moy Minax,s 2 Mimax.e
A= = Ays+Ay, < (25)
Mmax m’ Mmaxs < Mmaxe

If we do not see a clear two-step FD, which is most often the case (especially with limited data resolution),
there is no trivial way to measure Ay, or Ay, directly without additional data (e.g., solar wind plasma or
magnetic field measurements) that allows for an exact definition of the separation between sheath and ejecta
(if either part exists). Therefore, to explain the observed linear relationship, it needs to be assumed that there
is always a dominant part which drives the FD; thatis, Ay & Ay or Ay ~ Ay,. As we have found in Appendix
A and Figure A1, m,,,, is more likely to appear in the sheath at Earth and Mars. Besides, Masias-Meza et al.
(2016) have shown in their Figure 6 that the amplitude of the FD in the ejecta, Ay,, is usually much smaller
than the one driven by the sheath, Ay, so the first assumption, Ay &~ Ay, is probably valid for most ICMEs.

4.2.4. Quantification of the Sheath Broadening Processes

The evolution of the sheath during the propagation of an ICME is governed by five main physical processes,
as explained by Janvier et al. (2019) and discussed in more detail by Manchester et al. (2005) and Siscoe and
Odstreil (2008): (1) the pileup of solar wind in front, (2) reconnection with the following ejecta, (3) com-
pression of the sheath by the following ejecta, (4) expansion or contraction associated to the radial velocity
profile of the sheath, and (5) lateral transport of plasma orthogonal to the ejecta motion, that is, away from
the ICME apex. We will go through each of these effects to estimate their importance for the evolution of
the sheath between 1 and 1.5 AU and, if possible, give a first-order approximation of their magnitude. As the
observed difference in Ay/m,,, ratios in FDs is expected to be mainly caused by the sheath evolution (see
the previous two sections), we will not do a similar estimation for the evolution of the ICME ejecta here,
and we refer to previous studies such as Bothmer and Schwenn (1997) and Liu et al. (2005). For the follow-
ing calculations, we will call the sheath thickness S and the radial distance of the sheath from the Sun r. We
also define Avg, .k = Vgnock — Vsw tO be the speed of the shock relative to the ambient solar wind, (Vg,.,q ) the
mean speed within the sheath and Avg,e,q, = Vs front the velocity difference between the front and
rear end of the sheath.

~ Vs rear

1. The sheath thickness gained through the pileup of solar wind in front can be estimated to be proportional
to the speed of the shock relative to the surrounding solar wind; that is, ASyey = (Vshoek = Vsw) AL/ fes
where f, is the factor by which the plasma added to the sheath is then compressed. Some rearranging
yields

AS l Ar _ l AVshock

1
pileup = _(vshock - vsw)At = (vshock - vsw) Ar (26)
fC fC

Vshock fc Vshock
The factor f, is expected to be close to the density ratio between the sheath and the ambient solar wind
in front. This is typically around 2.5 at 1 AU (see, e.g., Janvier et al., 2014, Figure 5b) and is expected to
decrease on the way to Mars.

FREIHERR VON FORSTNER ET AL. 15 of 21

72



100 Journal of Geophysical Research: Space Physics 10.1029/2019JA027662

2. We assume reconnection with the following ejecta to be negligible at these distances from the Sun. This
effect, which is responsible for an erosion of the ejecta, can be significant close to the Sun, but as Lavraud
et al. (2014) have shown, it becomes less important at larger distances due to the dropping Alfvén speed
v,. They found that the reconnection rate at 1 AU is already up to 10 times smaller than the average value
between the Sun and 1 AU required for the erosion seen at Earth.

. Compression of the sheath by the following ejecta is also expected to be small for most events, because
by the time an ICME arrives at 1 AU, it has usually already reached a state where the velocities of the
rear end of the sheath and the front of the ejecta are very similar. This can be seen, for example, in the
superposed epoch analysis results by Masias-Meza et al., 2016 (2016, Figures 2 and 4).

These three effects correspond to outer influences on the sheath region. There are two more effects related
to the motion of plasma within the sheath:

4. The expansion (or, possibly, contraction), which corresponds to the radial velocity profile within the

sheath, can be calculated based on the front and rear velocities of the sheath region:

w

A‘Sexp = (vs,front - vS.rear)At = MA" 27
(vsheath
This velocity profile can be the result of previous external influences on the sheath (1-3) during the
propagation from the Sun to 1 AU, so these are not neglected in our simple model.

. The decrease of sheath thickness due to lateral plasma motion away from the ICME apex is not as simple
to estimate as the previous effects. With plasma data at multiple radially aligned spacecraft, it might be
possible to measure the magnitude of this effect, such as was done by Nakwacki et al. (2011) for the
ejecta (magnetic cloud), but this would be difficult at Mars due to the scarcity of plasma data and the rare
occurrence of radial alignments with Earth as well as the turbulent nature of the sheath. An alternative
would be to employ numerical simulations, but this is also beyond the scope of this paper.

w

In summary, we can say that, unless the lateral deflection (5) is the dominant process, the sheath thickness
is expected to increase proportionally to the solar distance. This is only true if the velocities of the ICME
substructures evolve slowly between Earth and Mars, but this is probably a valid assumption as the overall
propagation velocity usually does not change much beyond 1 AU (Liu et al., 2013; Freiherr von Forstner
et al., 2018; Zhao et al., 2019). If lateral deflection is significant, the sheath thickness would increase more
slowly, so our following calculations are a kind of upper limit approximation.

The estimations we have made for the different processes influencing the sheath size are likely to be valid
between 1 and 1.5 AU, but not necessarily closer to the Sun. This means we cannot calculate AS all the way
from the Sun to Mars based on our equations above but instead have to start with the sheath thickness Sg,,,
at Earth and add AS between Earth and Mars to it. Thus, we calculate the broadening factor E between
Earth and Mars, which is the ratio of the sheath thicknesses S at the two planets, in the following way:
Stars _ Sgarth + AS

E= (28)
SEarth SEarth
Inserting the terms from above to substitute AS with quantities that can be measured at Earth, we get
Av, Av,
E=1+ 1 < shock + sheath ) Ar (29)
SEarth Vshock f c (vsheath>

So to calculate the broadening factor between Earth and Mars, typical values of the shock and sheath speeds
as well as the sheath thickness at Earth S, are needed. Based on the solar wind speeds from the super-
posed epoch analysis shown in Figure 4 of Masias-Meza et al. (2016) (or similar results by Liu et al., 2006)
and the expected value of f, < 2.5, we can estimate the term Avg o /Vahook  fo) + AVheath/ (Vsheath) t0 be
between about 0.07 and 0.26. According to Janvier et al. (2019), the median duration of the sheath at 1 AU
is approximately half a day, and with a typical sheath speed of 560 km/s (similar to the value given in Table
1 of Masias-Meza et al., 2016), we can then calculate Sg, ., ~ 0.17 AU. This is also in agreement with Kilpua
et al. (2017), who find a duration of 11.1 hr and a thickness of 0.13 AU for their sample of ICMEs at Earth.

The parameters estimated above can be inserted into equation (29) together with the radial distance Ar ~ 0.5
AU between Earth and Mars, resulting in values of E between 1.2 and 1.8. As we have shown in section 4.2.3,
the broadening factor

E= SMars ~ Tsheath, Mars

= ~ (30)
N Earth Tsheath, Earth
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should be equivalent to the ratio of the slopes Ay, /Aga i the relation of the FD parameters. And in fact,
the values of Ayp,.c/Agam that we have calculated from FD measurements in sections 4.1 and 4.2.2 to be
between 1.5 and 1.9 are comparable to our theoretical estimations of E.

Comparing with results of Janvier et al. (2019) in their Table 1, we see that the broadening of the sheath
slows down as the ICME propagates outward. This is expected, especially because the pileup of solar wind
in front (Process (1)) decreases rapidly when the shock decelerates and approaches the speed of the ambient
solar wind. Between Mercury (~0.4 AU) and Venus (~0.72 AU), the sheath duration increases by a factor of
3 over a distance of just 0.32 AU, and from Venus to Earth (1 AU), a distance of 0.28 AU, it grows by a factor
of 1.7. Our result with a broadening factor of 1.2 to 1.8 between Earth and Mars (0.5 AU distance) extends
these results to beyond 1 AU.

5. Conclusions and Outlook

In this work, we analyzed the properties of FDs measured at Mars by MSL/RAD compared to those measured
at Earth. Our study focused on the correlation of the maximum hourly decrease m,,,, and the FD amplitude
Ay and how this differs between FDs at Earth and Mars. We first investigated this effect using our own
catalog of 45 ICMEs observed by the STEREO Heliospheric Imagers that caused FDs at Mars (Freiherr von
Forstner et al., 2019) and later expanded the study to larger catalogs of FDs at Mars (Papaioannou et al.,
2019) and Earth (IZMIRAN catalog). The correlation between m,,,, and Ay is also seen in these two catalogs.
We applied further filtering to the catalog to only consider FDs caused by ICMEs. Also, with two different
threshold conditions, we filtered out FDs with small amplitudes whose properties may be associated with
larger uncertainties or the smaller population of FDs where the maximum hourly decrease does not occur
close to the beginning of the ICME sheath region. With these conditions applied, we found that the slope of
the linear regression is steeper at Mars than at Earth by a factor of about 1.5 to 1.9 with an error of +0.2 to 0.4.

In a simple approximation of the physical processes involved in the evolution of the ICME sheath region,
we found that the sheath broadens by a factor 1.2 < E < 1.8 between Earth and Mars, very similar to the
factor obtained for the relation of the FD parameters. Additionally, with analytical models of the FD profile,
we could show that the broadening of the sheath can indeed lead to an increase of the Ay/m, . ratio, while
the different observed GCR energy range at the two locations should have no effect on this quantity.

We have summarized the results for the sheath broadening factor E obtained both from the FD observations
in different parts of this study as well as from the theoretical estimation in Table 1. The sheath broadening
factor between Earth and Mars that we derived extends previous observations of the evolution closer to the
Sun by Janvier et al. (2019). Their results showed that the speed at which the broadening happens decreases
further away from the Sun, and our result for the evolution beyond 1 AU agrees with this trend.

Our results show that it is possible to obtain more information about ICMEs from FD measurements than
just their arrival time by incorporating different characteristics of the FD and consulting theoretical FD
models to find out how they depend on the ICME properties. If statistics allow for this, a future study might
be able to verify our findings by measuring the ICME sheath duration directly using in situ solar wind data
at Earth and Mars. Also, as FDs can be observed at many locations in the solar system, this approach could
be applied to other missions closer to (e.g., Helios, Parker Solar Probe, and Solar Orbiter) and further away
from the Sun (e.g., Ulysses) to investigate the ICME evolution in these regions.

Appendix A: Location of m,,,, Within the ICME Substructures

In Figure Al, we plot a histogram of the time where the maximum hourly decrease occurs within the dif-
ferent parts the ICME. This plot combines data from the IZMIRAN FD catalog, where we find the time of
the occurrence of m,,,, with the Richardson and Cane (2010) catalog of ICMEs observed near Earth (avail-
able online at http://www.srl.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm), where the shock and
ejecta arrival times are listed. Note that in this case, we use the whole time range from 1996 to 2017 that is
covered by both catalogs, so this plot is based on a different, larger data set than the rest of the study. The
reason for this is that we need the data set to be as large as possible for this study to get a significant over-
lap between the two catalogs of FD and ICME observations. In both catalogs, many events are associated
with CMEs observed by SOHO/LASCO, and we used this column for quickly matching the events in the two
catalogs—thatis, ifa FD in the IZMIRAN catalog is marked as being related to one particular SOHO/LASCO
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Figure Al. Distribution of the time where m,,, occurs between the different parts of the ICME. The sheath and ejecta
regions are divided into two equidistant bins each, and two overflow bins show the unphysical cases where m,,,
occurs after the end of the ejecta or before the shock. The blue numbers and percentages at the top indicate the total
number of events within the respective ICME structure (sheath or ejecta) and in the overflow bins. The red bar
indicates a version of the histogram where the left overflow bin has been included into the sheath and the right
overflow bin dropped from the analysis, as explained in the text—indicated by the light blue color. The updated
numbers and percentages for this case are indicated in red.

CME and an ICME in the Richardson and Cane list is associated to the same SOHO/LASCO event, we regard
the FD to be caused by this ICME. A manual inspection of each FD-ICME pair might increase the accuracy
of this FD-ICME assignment, but this simple approach is sufficient for the purpose of this plot. Then, for
each ICME/FD pair, the sheath and ejecta phases were each divided into two equidistant time bins, and the
FD onset time was sorted into the respective time bin. The duration of the bins is adjusted for each event
depending on its shock, ejecta onset, and ejecta end time from the Richardson and Cane list, so the FD profile
duration is normalized into these two bins. This approach is similar to the superposed epoch analysis tech-
nique also employed by, for example, Liu et al. (2006), Masias-Meza et al. (2016), and Janvier et al. (2019). If
the FD onset time happened at any time before the shock arrival listed by Richardson and Cane, or after the
end of the ICME ejecta, it was sorted into a corresponding overflow bin on the left or right side of the plot.

It can be clearly seen that m,,, usually occurs either right after the shock or near the beginning of the ejecta
phase. In the case of the ejecta, the number of events in the following bin drops off even more than in the
sheath, which is reasonable due to the more turbulent nature of the sheath region (see, e.g., Masias-Meza
et al., 2016). Nevertheless, in total, m,,,, occurs more frequently in the sheath than in the ejecta (50% vs.
32% of cases). As there is an uncertainty associated with the determination of shock, ICME and FD onset
times, some of the events in the first overflow bin might still belong into the “sheath” category (for most of
them, the FD starts just 1-2 hr before the shock arrival time). This could also be a physical effect where the
GCRs start to be shielded by the ICME already slightly before its arrival time. On the other hand, the cases
in the overflow bin at the end are almost certainly due to an incorrect assignment of the FD to this ICME
or the influence of another ICME or CIR structure following the event. Such cases with ICMEs followed by
CIRs were also found, for example, by Rodriguez et al. (2016). As per these considerations, we then include
the first overflow bin into the sheath and exclude the second overflow bin and find that m_,, occurs in the
sheath about twice as often as in the ejecta (66% vs. 34%).

To check that the use of a larger time range spanning almost two solar cycles does not distort our results, we
have also done this analysis for just the events between August 2012 and December 2016 (same as Catalog
II in our main study). The total number of events in the histogram is obviously decreased in this case, but
we still obtained very similar results for the distribution between sheath and ejecta.

Acronyms

CIR Corotating interaction region
CME Coronal mass ejection
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FD Forbush decrease
ForbMod  Forbush decrease model for flux rope ICMEs (Dumbovic¢ et al., 2018)
GCR Galactic cosmic radiation
GSM Global survey method (Belov et al., 2005; Belov et al., 2018)
ICME Interplanetary coronal mass ejection
LASCO Large Angle and Spectrometric Coronagraph
MAVEN Mars Atmosphere and Volatile Evolution
MHD Magnetohydrodynamics
MSL Mars Science Laboratory
PDB Propagating diffusive barrier model for Forbush decreases (Wibberenz et al., 1998)
RAD Radiation Assessment Detector
SEP Solar energetic particles
STEREO Solar Terrestrial Relations Observatory
STEREO-HI Solar Terrestrial Relations Observatory Heliospheric Imagers
SOHO Solar and Heliospheric Observatory
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MAJOR SPACE WEATHER EVENTS: THE EVENTS OF
SEPTEMBER 2017

Between September 4 and 10, 2017, there was a sudden increase in solar activity
when an active region (number 12673, as assigned by the National Oceanic and At-
mospheric Administration, NOAA) produced four X-class flares, including the two
strongest flares of Solar Cycle 24 (X9.3 on September 6 and X8.2 on September 10).
These solar events, associated with the release of solar energetic particles (SEPs)
as well as the eruption of multiple fast coronal mass ejections (CMEs), caused a
ground level enhancement (GLE) of energetic particles seen with neutron moni-
tors on the surface of the Earth (GLE # 72 in the GLE database at the University of
Oulu') as well as with the Mars Science Laboratory (MSL) Radiation Assessment
Detector (RAD) on Mars. This makes it the first GLE observed simultaneously on
the surface of two different planets. The SEP event was very widespread (Earth
and Mars had a longitudinal separation of ~155° at that time) and the largest GLE
seen on the surface of Mars with MSL/RAD so far. At Earth, the disturbances as-
sociated with the solar events caused, for example, a suppression of critical high
frequency (HF) radio communications systems (Frissell et al., 2019; Bland et al.,
2018) as well as of navigation satellite systems such as GPS (Berdermann et al.,
2018; Sato et al., 2019). These major events have been studied in great detail, and
many of the articles concerning these events can be found in the special issues of
Space Weather (2018) as well as Geophysical Research Letters (2018), where the latter
is focusing on its impact on Mars.

While the September 6 flare had the stronger X-ray emission, the SEP event as-
sociated with the later September 10 flare is the one that caused the GLE which
was seen at Earth and Mars due to the better magnetic connection. Three CMEs
also erupted on September 9 and 10 from the same active region in similar direc-
tions (~115° in Heliocentric Earth Ecliptic (HEE) coordinates), the last one with
an extremely high speed of more than 2600 km/s. This fast and wide CME quickly
merged with the two previous ones and formed an intense interplanetary shock.
The merged eruption propagated outward quickly and was observed in situ at
both Earth and Mars on September 12 and 13, respectively. While the SEP event
at Mars was still in its declining phase, the shock arrival caused a strong Forbush
decrease (FD) at Mars with an amplitude of 15 %, the largest FD seen by RAD to
date. This decrease below the pre-SEP levels was sustained over 5 days and then
gradually recovered over the course of several weeks.

The following two articles (Zeitlin et al., 2018 and Guo et al., 2018) study the
effects of the September 10 events on Mars as measured by MSL/RAD and explain
these observations by modeling the SEP event and the three CMEs. Zeitlin et al.
(2018) report on the dosimetric quantities measured on the Martian surface, em-
phasizing that the increased dose and dose equivalent rates during the GLE on

1 https://gle.oulu.fi/
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Mars are almost canceled out by the long-lasting FD following it. Thus, in the case
of along-stay mission scenario, the increased radiation exposure due to the Septem-
ber event would have been insignificant for astronauts on Mars despite the 2- to
3-fold increase during the peak of the SEP event. However, as Mars was not partic-
ularly well connected to the active region, the impact of the SEP event could have
been much larger, so this conclusion should not be generalized to all major solar
events at Mars.

In Guo et al. (2018), the propagation of the 3 CMEs towards Earth and Mars
is studied in more detail. The initial parameters of the CMEs close to the Sun
are reconstructed using graduated cylindrical shell (GCS) fitting (see also Ap-
pendix B), and then the kinematics of the propagation are calculated using the
drag-based model (DBM) (see Section 1.3). This is one of the first instances where
DBM is used in a CME-CME-interaction scenario, with one previous example
being the study of Temmer et al. (2012). In this case, we assume a simple conser-
vation of momentum for modeling the interaction process. The values of the drag
parameter v were then chosen appropriately to reproduce the observed arrival
times at Earth and Mars. These results are also compared to more sophisticated
magnetohydrodynamic (MHD) simulations performed for the same event.

The following article is reproduced from Zeitlin et al. (2018) with permission
from Geophysical Research Letters, ©American Geophysical Union:

ANALys1s oF THE RADIATION HaZARD OBSERVED BY RAD ON THE SURFACE OF M ARs DUR-
ING THE SEPTEMBER 2017 SOLAR PARTICLE EVENT

Zeitlin, C., D. M. Hassler, J. Guo, B. Ehresmann, R. F. Wimmer-Schweingruber,
S. C. R. Rafkin, J. L. Freiherr von Forstner, H. Lohf, T. Berger, D. Matthid, and G.
Reitz, Geophysical Research Letters, 45, 12, pages 5845-5851 (2018), por: 10 . 1029/
2018GL0O77760 Own contribution: 10%
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Abstract we report dosimetric quantities measured by the Mars Science Laboratory Radiation
Assessment Detector (RAD) on the surface of Mars during the 10-12 September 2017 solar particle event.
Despite 23 g/cm? of CO, shielding provided by the atmosphere above RAD, dose rates rose above
background galactic cosmic ray levels by factors of 2 to 3 over the course of several hours and leveled off at
sustained peak rates for about 12 hr before declining over the following 36 hr. As the solar particle event
flux was gradually declining, a shock front reached Mars and caused a sudden drop of about 15% in
instantaneous dose rates. No solar particles followed the shock arrival, and the magnetic shielding of galactic
cosmic rays by the shock reduced their intensity to levels below those seen before the start of the event. This
event is the largest seen to date by RAD on Mars.

Plain Language Summary We report the radiation dose rate on the surface of Mars measured by
the Radiation Assessment Detector (RAD) aboard the Curiosity rover before, during, and after the solar
energetic particle (SEP) event of 10-12 September 2017. Future astronauts exploring Mars will be at risk from
SEP events, which occur sporadically and often with little warning, as well as from galactic cosmic rays, which
are a continuous source of radiation dose and which generally have higher energies than SEPs. The event
described here was the largest so far observed by RAD in more than five years on Mars. Although the
atmosphere of Mars is only about 1-2% as thick as Earth’s, it provides a measure of shielding against solar
particles, most of which are protons with energies insufficient to penetrate Mars’ atmosphere and reach
the surface. But in this event, RAD saw a clear increase in dose rates; the peak dose rate was nearly three times
above galactic cosmic ray levels measured prior to the event. Though the increase was rapid and

lasted for three days, it was too small to represent a risk to the health of an astronaut receiving it. Much larger
SEP events are possible and could cause problematic doses.

1. Introduction

Solar activity became surprisingly intense in September 2017, due to Active Region 2673, which produced four
X-class flares between 4 and 10 September. Enhancements were seen in various GOES proton channels
(Onsager et al., 1996); prior to 10 September, enhancements were seen only in channels that measure protons
with kinetic energies below 100 MeV, with the exception of a small, brief rise in the >100 MeV channel on 6
September. However, following the 10 September flare, GOES observed a large, rapidly rising spike in the
>100 MeV proton flux. This channel isimportant when considering shielded environments such as the interior
of a spacecraft in interplanetary space and the Martian surface, because such energetic protons can penetrate
modest depths of shielding and can potentially impart dangerous doses to astronauts. When Earth and Mars
are widely separated in terms of heliospheric longitude, as was the case in September 2017 (approximately
155° separation), an event seen at one planet might not be seen at the other. This event was seen on both
planets, and by several instruments aboard the International Space Station. Kinematics and modeling of the
coronal mass ejections that produced the particle event are described elsewhere (Guo et al.,, 2018).

2. Triggering and Data Acquisition

The Radiation Assessment Detector aboard the Mars Science Laboratory (MSL-RAD) has been described in
the literature (Hassler et al,, 2012; Zeitlin et al., 2016). Dosimetric results (Guo et al., 2015; Hassler et al,,
2014; Zeitlin et al., 2013) have also been reported. Figure 1 shows a schematic diagram of the detectors
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Figure 1. Schematic drawing of the RAD sensor head, left, showing the stack consisting of three silicon detectors (A, B, and
Q) and three scintillators (D, E, and F). The scintillators enable measurements of neutral particle spectra and are also
useful for charged particle measurements. The segmentation of the silicon diodes is as indicated on the right; light from the
F scintillator is collected in the outermost segments of the C detector diode.

contained in the sensor head. The A silicon detector is roughly level with the rover’s deck, and the detector
generally points within a few degrees of vertical. RAD records dose rate information in real time in its onboard
data processing using the B (silicon) and E (plastic) detectors. The dosimetry triggers (one for B, one for E)
accept any energy deposition above threshold in either detector; running sums are kept onboard for teleme-
try to Earth. Because each of these triggers depends only on a single detector, there are no restrictions on the
direction of incidence of incoming particles; that is, these triggers enable dose measurements with omnidir-
ectional detector responses. RAD also has triggers for incident energetic charged particles, which require
coincidences of the A and B silicon detectors, which are the topmost two detectors in the stack. The A detec-
tor consists of outer (A1) and inner (A2) segments. Unlike the omnidirectional responses of the dosimetry trig-
gers, these viewing cones are restricted: A2*B coincidences occur when charged particles arrive at angles less
than about 18° from the vertical, and A1*B coincidences occur for incident angles from about 18° to 30°.
When either trigger fires, all hit detectors are read out, and the complete event record is stored, provided sto-
rage space is available. If storage is unavailable, the event is counted, enabling needed corrections in subse-
quent data analysis.

RAD also has counters that group triggered events into broad categories. Of interest here are the counters for
vertical penetrating charged particles (defined as simultaneous hits in the A2, B, C, D, E, and F2 detectors) and
for vertical charged particles that stop in the D detector (hits in A2, B, C, and D only). Counters are also defined
for neutral particles in the D and E detectors.

RAD runs on an autonomous observing cadence, set to 16 min in solar quiet time but switching to 8 min
when high count rates are observed during the 10-s sampling period prior to the start of each observation.
At the end of each measurement period, data are stored internally for later telemetry to Earth.

In the following, the dose rates recorded by the B silicon detector have been converted, approximately, to
dose rates in water, which is the quantity of interest for radiation dosimetry. A constant scaling factor of
1.3 has been applied to the silicon dose rate data. No conversion is applied to the data from the E detector,
as plastic is close to water in terms of its response to the energetic charged particles that dominate the
radiation environment on Mars.

3. Results
3.1. Event Timeline

Figure 2a shows the dose rates as recorded in the B and E detectors from 12:00 UTC on 9 September through
midnight UTC of 15 September. Prior to the onset of the event, dose rates in RAD were entirely due to galactic

ZEITLIN ET AL.

82

5846



Geophysical Research Letters 10.1029/2018GL077760

Dose rate (uGy/day)

—
(¢)
-~

Integral Flux (cm'2 sec” sr'1)

700

600

500

400

300

200

08
0.6 [

0.4 |f

0.2

0oL

500
400 -
—
>
—— Silicon, scaled _(g —— Silicon, scaled
— Plastic =, 300 [ — Plastic
Q
3
=
QO 200
©
o
8 100
o
(=]
0
I I I 1

I Ll
Sep 12 Sep 14 Sep 13 Sep 14

(d)

—— Neutral particle in E

Count rate (Hz)

1 1 " 3 L 1 1

Sep 11 Sep 13
—— Stopping in D (22 < E < 100 MeV)
—— Penetrating (E > 113 MeV)
i
‘\ I “‘[ W
I
[
} 1
1
Sep 11 Sep 12 Sep 13

I
Sep 14 Sep 11 Sep 12 Sep 13 Sep 14

Figure 2. Dose rates as measured on Mars using the “B” silicon detector and “E” plastic scintillator. (a) Dose rates include contributions from galactic cosmic rays.
(b) These contributions are subtracted. (c) The integral fluxes of stopping and penetrating particles seen before, during, and after the event. (Quoted energy
ranges are for protons.) (d) The count rate of neutral particles hitting the E detector in the same time period.

cosmic rays (GCRs). The B dose rate averaged over 8 and 9 September was 244 uGy/day in water (after
conversion from silicon), and the E dose rate averaged 268 uGy/day in plastic for the same days. The ~10%
difference in dose rates is expected based on the different responses of the detectors to energetic
charged particles; there is also a small contribution to the E dose rate from high-energy neutrons
(E > 6 MeV), on the order of a few percent of the total during solar quiet time (Kohler et al., 2014).

Figure 2b shows the same dose rate data as Figure 2a, but with the average pre-SPE GCR dose rates
subtracted. During the event, the dose rate in the B detector exceeded that in E because E is shielded by
the surrounding detectors, and low-energy solar particles that deposit energy in B stop before they reach E.

A steady, statistically significant increase in the E dose rate started around 19:50 UTC on 10 September. By
03:00 UTC on 11 September, both B and E dose rates had reached about 90% of the eventual peak dose rates,
which came a few hours later at about 07:00. There is considerable structure in the dose rates, particularly in
the B detector data, though it is nosier statistically than E due to its smaller volume.

The event peaked on 11 September, from about 4:00 to 14:00 UTC. Dose rates then fell gradually until
about 05:00 UTC on 13 September, at which point they fell steeply (see Figure 1b). Following the steep
fall, associated with the arrival of the shock front of the interplanetary coronal mass ejection at Mars,
no evidence of solar particles was observed, and GCR rates dropped to a (highly significant) level
15-20% below the rates prior to the event. Propagation of the shock through interplanetary space is
discussed by Guo et al. (2018).

In the declining phase of the SPE, the dose rate in the B detector stayed at higher rates longer than that in the
E detector, reflecting the typical softening of SPE spectra seen during prolonged events. Integrating the B and
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E dose rates for the period from the start of the event until the arrival of the shock front at Mars, we find that
the SPE contributed 544 uGy of dose in water as measured by the B detector, and 369 pGy of dose as mea-
sured by E. These are the estimated doses above GCR that are attributable to the SPE.

The fact that the dose rates in both B and E climbed by roughly similar amounts is notable. For particles com-
ing into RAD from above, B is shielded by the atmosphere, which had an average vertical column depth
23.4 g/cm? during this period. This stops protons with kinetic energies less than about 175 MeV. The B detec-
tor is additionally shielded by two very thin windows and the A detector, but these are negligible for present
purposes. The E detector is shielded by the same things, plus the B, C, and—most importantly—D detectors,
the latter consisting of 12.54 g/cm? of Csl. Vertical protons energetic enough to reach RAD will stop in D (or
higher up in the stack) if their remaining energy is less than 100 MeV. Thus, any proton—or “He ion—that
reaches E and deposits energy there must have had a kinetic energy of at least 275 MeV/nuc at the top of
the Martian atmosphere, whereas the corresponding minimum energy to deposit energy in B is
175 MeV/nuc. This difference in minimum energy explains the higher dose rate observed in B during the
SPE. It is also clear that the event had a hard spectrum, a conclusion further supported by the spectral analysis
presented elsewhere in this issue and by the fact that a ground-level enhancement was also seen at Earth
starting at about 16:15 UTC on 10 September. (Neutron-monitor data for ground-level enhancements, includ-
ing this one—number 72—can be found at http://www.nmdb.edu.)

The coincidence count rates for vertical charged particles that either stop in D or penetrate the entire detec-
tor stack are also of interest. Protons in the former category have kinetic energies in the range from 24 to
100 MeV when they enter RAD, and protons in the latter category must have at least 113 MeV when they
enter RAD. (Incident protons with energies below 24 MeV either do not reach D or do not deposit sufficient
energy to fire the D discriminator; protons with energies from 100 to 113 MeV stop in E.) Figure 2c shows the
fluxes derived from these two count rates. It is important to note that the stopping flux shown here includes a
large contribution from secondary electrons with energies in the 8 to 85 MeV range, which account for about
75% of the total. The flux of penetrating particles started increasing before the stopping flux did, reflecting
the earlier arrival times of more energetic ions. The penetrating flux eventually rose by a factor of 3 compared
to the period just before the SPE. The stopping flux increased by about a factor of 5 compared to quiet time,
but more detailed analysis that excludes the electron contribution shows that the flux of stopping protons
increased by about a factor of 30 compared to quiet time.

The increased flux of charged particles also produced an increased flux of neutral particles. Figure 2d shows
the corrected count rate of hits in the E detector with no simultaneous hits in the other detectors that com-
prise the anticoincidence system. The E detector is sensitive to neutrons with energies above about 8 MeV,
and, to a lesser extent, y rays. The increase in flux relative to solar quiet time is less than a factor of 2. The
increase of the neutral count rate appears to have been delayed by several hours relative to the arrival of
charged particles. The cause of the delay is not obvious and is the subject of ongoing investigation.

The onset time of the event is an important consideration for future human explorers who would likely per-
form expeditions in which they drive considerable distances from their habitat. The event as seen on Mars
was unambiguously underway by about 21:00 UTC on 10 September, and dose rates doubled within about
7 hr. If one were relying only on monitors on the surface of Mars or in orbit, this could be problematic for long
drives, particularly in the case of a more intense solar event. However, for this event, the exposure incurred by
being away from shelter for the duration would have been comparable to adding about two days of GCR
exposure. In the context of a long-stay mission scenario, with a surface mission on the order of hundreds
of days, this is insignificant. The Forbush decrease (FD) that followed the event mitigated even this
small increase.

3.2. Deposited Energy Spectra and Radiation Quality Factors for Vertical lons

It has long been known that the biological damage caused by radiation does not depend simply on physical
dose, which is the energy deposited per unit mass (Rossi, 1964). This fact has motivated the use of radiation
quality factors, which are particularly important in the context of human spaceflight. This is because the GCRs
include high-energy heavy ions, the biological effects of which are known to be—for some biological end-
points—very large per unit dose compared to more common radiation types such as y rays or X-rays
(Blakely & Kronenberg, 1998).
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Figure 3. Differential LET spectra measured by MSL-RAD on Mars for 30 days
prior to the event (black curve), 30 days after the event (green curve), and
during the SPE peak (red curve). Spectra in water are obtained by scaling spectra
measured in the B silicon detector. Measured particles are incident vertically
on RAD. Also shown (blue curve) is the ratio of the event-peak flux to the quiet
time GCR flux, showing that the flux increase was greatest below 10 keV/pm.

Here we use the quality factor defined by International Commission on
Radiation Protection (ICRP) Report 60 (International Commission on
Radiation Protection, 1991). Calculation of the dose equivalent, written
as H, depends on knowledge of the dose and linear energy transfer
(LET) spectrum in water. RAD measures LET in silicon for particles in
either of the A*B coincidence cones (i.e., for incident angles <30° from
the vertical). We perform an approximate conversion from the mea-
sured dE/dx in silicon to LET in using a simple scaling factor. The con-
version factor is, in principle, energy-dependent, and for thin
detectors such as the silicon detectors in RAD, should take account of
losses due to escaping “knock-on” electrons. A reasonable estimate of
the factor is 1.79; that is, LET in silicon is divided by this factor to obtain
the approximate corresponding LET in water (which yields the dose
conversion factor of 1.30 used in the preceding). The ICRP 60 report
defines Q(LET), or Q(L), as a piecewise function with a value of 1.0 for
LETs below 10 keV/um, the range populated by the large majority of
the observed SEPs.

Although GCR dose rates dropped by 15-20% immediately after the
end of the event at Mars, there is no indication of GCR suppression dur-
ing the event; we therefore use data taken prior to the onset of the
event to estimate the GCR spectrum during the event. High-LET events
are rare, so a comparatively lengthy period of 30 days was chosen, and
similarly for the period after the event. Even with 30-day integration

times, statistics at high LET are meager. The spectrum for the period before the event is shown as the black
curve in Figure 3, the spectrum obtained during the peak of the event is shown in red, and the ratio of the two
is shown in blue. The spectrum obtained from the 30 days following the event is shown in green; it is nearly
indistinguishable from the preevent spectrum.

The peak of the SPE was (somewhat arbitrarily) defined as the time period during which the dose rate in E
exceeded 100 uGy/day after subtracting the GCR background. This period runs from 1:23 UTC on 11
September until 3:16 UTC on 12 September, during which the flux of minimum-ionizing singly charged par-
ticles was virtually unchanged compared to the GCR spectrum for the prior month. This peak appears at LET
of about 0.14 keV/um, consistent with the calculated most probable energy deposit for minimume-ionizing
protons in 300 um of silicon (Bichsel, 1988) when our factor for scaling to water is applied. This value of
LET is not the same as the mean LET in water (0.20 keV/um) from the Bethe formula (Patrignani & Particle
Data Group, 2016) for minimum-ionizing protons; the difference is due to straggling.

At LET values above about 0.18 keV/pm—corresponding to most probable energy depositions of protons
with energies below about 800 MeV—the flux during the event was enhanced compared to quiet time levels.
The enhancement reached a factor of nearly 10 in the LET range from about 1.5 keV/um to 2.1 keV/pum. In this
range, there may be a contribution from energetic helium ions, but if so, it is not distinguishable on the basis
of LET alone. Between about 6 and 20 keV/pm, the flux enhancement is modest—the ratio averages less than
2 in this region. Above 20 keV/um, the spectrum during the event is consistent, within statistics, with being
purely GCRs. In this brief interval of maximum flux intensity, no events were seen with LET above 50 keV/pm.

The LET spectra have been integrated against the ICRP 60 Q(L) to obtain average radiation quality factor <Q>
and dose equivalent for each period. Events in the A2*B field of view were used to obtain the <Q> values. For
the most intense portion of the SPE, <Q> was 1.17, compared to values of 2.3 found for GCR-only periods
before and after the event. The GCR <Q> of 2.3 is less than our previously reported value of 3.0 from early
in the mission (Hassler et al., 2014), owing primarily to seasonal variations in the atmospheric column depth.

Table 1 shows rates for both the B and E detectors using the omnidirectional dose data as described above.
The B dose rates have been converted to water using the 1.30 factor mentioned above. The dose equivalent
rate in B is also shown (obtained by multiplying the dose rate by the appropriate <Q> for the time period).
Despite the significant dose rate increase during the event, the peak dose equivalent rate in the B detector—
which can be considered to be something like a skin exposure—was only about 50% greater than the GCR
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Table 1

Dose and Dose Equivalent Rates and Totals

Average rates Peak rates Average rates Average rates Totals, 30 days Totals,30 days
5-day pre-SPE during SPE during SPE 5-day post-SPE before SPE starting 11/9/17
B, omnidirectional 240 pGy/day 718 pGy/day 464 nGy/day 208 uGy/day 7.3 mGy 7.7 mGy
E, omnidirectional 265 pGy/day 588 uGy/day 417 uGy/day 232 uGy/day 8.1 mGy 8.2 mGy
Dose equivalent using B 543 pSv/day 841 pSv/day 543 pSv/day 480 pSv/day 16.5 mSv 16.6 mSv

dose equivalent rates before and after the event, and the average dose equivalent rate during the event was
nearly identical to GCR rates before. The FD that immediately followed the event caused GCR dose rates in
both B and E to drop by 12% in the 5-day period after the event. GCR rates then recovered gradually, and
by mid-October had returned to the levels seen before the event.

We have investigated the effect of the event on the integrated dose and dose equivalent the 30 days prior to
the start of the event, and for the 30-day period that starts with the onset of the event as seen on Mars.
Results are shown in the two right-most columns of Table 1. The FD that followed the arrival of the interpla-
netary coronal mass ejection shock at Mars caused GCR dose rates to drop by about 5% when averaged over
this longer period (compared to the ~12% decreases in the five days immediately afterward). Considered
over these two 30-day periods, the effect of the FD almost exactly offset the dose and dose equivalent con-
tributions of the SPE in both B and E detector data. Note that the effective <Q> for the 30-day period includ-
ing the eventis 2.15, slightly less than the GCR <Q> due to dilution by the predominantly low-LET particles in
the SPE. For all practical purposes, there is no difference in the accumulated exposures in the two periods.

One cannot generalize from this event to other SPE scenarios. Mars was not magnetically connected to the
acceleration site until a later phase (Guo et al.,, 2018); had the active region been better connected to Mars,
the dose rate increases would likely have been much larger. Also, the atmospheric shielding above RAD—
23 g/cm? during the event—is greater than at higher elevations on Mars. At the mean Martian elevation,
the vertical column depth of atmosphere is 16 g/cm?, and—depending on the energy spectrum of the
SEPs—there can be considerably larger exposures at this (and higher) elevation.

In the assessment of deterministic (noncancer) effects of radiation, the unit of gray equivalent (Gy-Eq) is used
to account for the enhanced biological effectiveness of protons compared to photons. A relative biological
effectiveness factor of 1.5 is assigned to protons in National Council on Radiation Protection and
Measurements Report 142 (National Council on Radiation Protection and Measurements, 2002). National
Council on Radiation Protection and Measurements has also defined 30-day exposure limits for astronauts
(National Council on Radiation Protection and Measurements, 1989). Multiplying the SPE doses quoted above
(544 uGy in B and 369 nuGy in the more-shielded E detector) by the proton relative biological effectiveness of
1.5 yields exposures far below even the smallest of the 30-day exposure limits, which is 250 mGy-Eq for the
heart and blood-forming organs. Even if the event had been an order of magnitude more intense, there
would have been a large safety margin.

4. Conclusions

The SPE of September 2017 accelerated particles to energies high enough to easily penetrate the Martian
atmosphere, even in Gale Crater, more than 4 km below the mean elevation on Mars. MSL-RAD observed
roughly factor-of-two increases in dose rates, both in the lightly shielded B detector and in the more-shielded
E detector. The count rate of neutral particles in the E detector, dominantly low-energy neutrons, rose by a
factor of about 2 during the event, while the counts of penetrating (Eproton > 113 MeV) and stopping particles
rose by factors of 3 and 5, respectively. Folding the LET spectrum of vertical-going particles with the ICRP 60
quality factor yields an average quality factor <Q> of 1.17 during the peak of the event, compared to values
of about 2.3 found for GCR-only spectra before and after the event. For purposes of calculating dose equiva-
lent, the decrease in <Q> tends to offset the increase in dose rates, so that the dose equivalent rate was only
slightly greater than during the preceding solar quiet time in the B detector and was actually slightly below
the quiet time rate in the E detector. The FD following the event reduced GCR dose rates, yielding integrated
doses and dose equivalents for the 30-day period including the event that are only slightly greater than for
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the 30-day period prior to the event. These exposures are well below National Aeronautics and Space
Administration’s 30-day limits. However, it is not possible to generalize from one medium-size event to
other SPE scenarios. Mars was not magnetically connected to the active region on the Sun at the time of
the 10 September flare; a well-connected event with the same hard spectrum would certainly produce
much larger dose rates on the Martian surface and would likely produce a stronger FD following the SPE.
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Abstract on 10 September 2017, solar energetic particles originating from the active region 12673
produced a ground level enhancement at Earth. The ground level enhancement on the surface of Mars,
160 longitudinally east of Earth, observed by the Radiation Assessment Detector (RAD) was the largest
since the landing of the Curiosity rover in August 2012. Based on multipoint coronagraph images and the
Graduated Cylindrical Shell model, we identify the initial 3-D kinematics of an extremely fast coronal mass
ejection (CME) and its shock front, as well as another two CMEs launched hours earlier with moderate
speeds. The three CMEs interacted as they propagated outward into the heliosphere and merged into a
complex interplanetary CME (ICME). The arrival of the shock and ICME at Mars caused a very significant
Forbush decrease seen by RAD only a few hours later than that at Earth, which was about 0.5 AU closer
to the Sun. We investigate the propagation of the three CMEs and the merged ICME together with the
shock, using the drag-based model and the WSA-ENLIL plus cone model constrained by the in situ
observations. The synergistic study of the ICME and solar energetic particle arrivals at Earth and Mars
suggests that to better predict potentially hazardous space weather impacts at Earth and other heliospheric
locations for human exploration missions, it is essential to analyze (1) the eruption of the flare and CME at
the Sun, (2) the CME kinematics, especially during their interactions, and (3) the spatially and temporally
varying heliospheric conditions, such as the evolution and propagation of the stream interaction regions.

Plain Language Summary From 4 to 6 September 2017, heliospheric activity suddenly

and drastically increased starting from a simple sunspot which transformed into a complex region

with four X-class flares accompanied by several Earth-directed magnetic clouds and shocks driven by
them. Only a few days later, on 10 September 2017 starting at about 15:53, the same region launched
another extremely fast magnetic cloud accompanied by an intense shock, which spread rapidly across
the entire solar surface. Ten to 20 min later, particles accelerated at the Sun arrived at Earth, some of
them with enough energy to reach Earth’s surface and caused a ground level enhancement of radiation.
A few hours later and shortly before 20:00, the Radiation Assessment Detector observed the biggest
event since the landing of the Curiosity rover in August 2012 on the surface of Mars which was about
160 degrees east from Earth in the heliosphere. This was the first solar energetic particle event seen

at ground level on the surface of two planets. Some particles were also transported across magnetic
field lines throughout the heliosphere and were detected at the back side of the Sun where the eruption
was centered. Meantime, the intense and wide shock also propagated into the interplanetary space, reached
Earth on its west edge ~50.5hr after launch and hit Mars on its east flank ~59hr after launch, causing the
biggest depression of the galactic cosmic ray flux measured by Radiation Assessment Detector on Mars.
We analyzed this event starting from the flare and particle acceleration at the solar surface. Constrained
by in situ observations at both planets, we observed and modeled the eruptions, solar energetic particles,
magnetic clouds, and their shock fronts from the Sun into interplanetary space and all the way to Mars
and Earth.
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1. The Flare, CMEs, and GLE 72: Close to the Sun

During the declining phase of solar cycle 24, from the 6 to 10 September 2018 heliospheric activity
suddenly and drastically increased when the complex Active Region (AR) 12673 located at the western
solar hemisphere, produced four X-class flares and several Earth-directed coronal mass ejections (CMEs;
Redmon et al., 2018). The X9.3 flare on 6 September 2017 at SO9W34 started at 11:53 UT and impulsively
reached its peak in the Geostationary Operational Environmental Satellite (GOES) soft X-ray flux at 12:02 UT.
It was registered as the largest flare of solar cycle no. 24.

1.1. The 10 September Flare, Flux Rope, and Initial Acceleration of Particles

On 10 September 2017, the same AR produced an X8.2 flare at SO8W88 (being the second largest one of
Cycle 24) starting around 15:35 UT and peaking at 16:06 UT (Jiang et al., 2018; Li et al., 2018; Long et al., 2018;
Seaton & Darnel, 2018; Warren et al., 2018). The flare was located on and slightly behind the west limb of the
Sun as seen from Earth. Remote sensing observations of the solar corona in Figures 1a and 1b show that a
magnetic flux rope (MFR) associated with the energetic flare started emerging at about 15:50, rose rapidly
and triggered a fast eruption starting from about 15:53. It was later observed as a CME in the white light
coronagraph images of both the Solar Terrestrial relations observatory Ahead (STA, ; Howard et al., 2008) and
the Solar and Heliospheric Observatory (SOHO, ; Brueckner et al., 1995) as shown in Figure 1e. References and
descriptions of all the measurements and databases employed in this study are given in Appendix A.

Since the initial emergence of the MFR, the formation of a linear bright current sheet between the flare
loop and the filament, shown in Figure 1a, was clearly observed by the EUV Imaging Spectrometer/Hinode
(Warren et al,, 2018), the Atmospheric Imaging Assembly (Lemen et al., 2011)/Solar Dynamics Observatory
(Li et al,, 2018) and also by the Solar Ultraviolet Imager (SUVI) on the GOES16 spacecraft (Seaton & Darnel,
2018). The high-resolution imaging and spectroscopic observations show that the current sheet had a very
high temperature (>10 MK) and very large nonthermal velocities (>150 km/s). It also exhibited turbulent fea-
tures associated with cascading magnetic reconnection process (Li et al., 2018), which were likely responsible
for the initial stage of the acceleration of particles. Highly energetic particles have also caused hard X-ray
emissions in the flare (via bremsstrahlung radiation) observed up to at least 300 keV by the Reuven Ramaty
High-Energy Solar Spectroscopic Imager (Lin et al., 2002) and the Fermi Gamma-ray space telescope, with two
broad X-ray bursts centered at 15:57 and 16:10 UT on 10 September 2017.

The launch of the extremely fast erupting MFR and CME likely drove a global shock ahead of it indicated by the
extreme ultraviolet (EUV) waves (or EIT waves, Dere et al., 1997) in SUVI's 195 A passband (Figure 1b and better
shown in a movie in the online version of Seaton & Darnel, 2018). This strong EUV wave had a speed of at least
1,000 km/s and even up to 2,000 km/s, which places it among the fastest EUV waves observed (Long et al.,
2018; Liu et al., 2018). It propagated across the entire solar disk within half an hour starting from the eruption
at 15:53 (Seaton & Darnel, 2018). This could indicate a global shock propagation within this short time period
(Long et al,, 2017). In fact, a signature of shock-related type lI-like radio emission (detected by the Greenland
radio monitor) started at around 15:53. Almost simultaneously, type Ill radio emission (related to kiloelectron
volt nonthermal electrons propagating outward along magnetic field lines) was detected by the STA WAVES
instrument (the WIND spacecraft at Earth did not have observations at this time period) suggesting the initial
release of accelerated particles.

Starting from 16:15 UT on 10 September 2017, solar energetic particles (SEPs) arriving at Earth were regis-
tered as a ground level enhancement (GLE) seen by multiple neutron monitors (NMs) with cutoff rigidities up
to about 3 GV (corresponding to 2 GeV protons) as shown in Figure 2b. Different energy channels in GOES
(panel a) clearly show an intense, sudden, and long-lasting enhancement of the accelerated protons with
energies larger than hundreds of MeV. From the clear onset time of relativistic particles, a release time around
16:00 UT can be inferred for 1 GeV protons. This timing matches reasonably well with the final eruption of the
flux rope and the X-ray bursts. However, the timing of the initial signature of the shock and the reconnection
process was very close (both starting around 15:53) and it is difficult to tell whether the shock or magnetic
reconnection (flare) contributed more to the initial acceleration of particles. It is likely due to the combination
of both as often observed in such eruptive and complex events (e.g., Aschwanden, 2002).
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Figure 1. Remote sensing observations of the 10 September 2017 flare and three coronal mass ejections (CMEs)
launched in the same Active Region from 9 to 10 September 2017. (a) The GOES16/SUVI 131 A (adapted from Seaton &
Darnel, 2018) and SDO/AIA 131 A (adapted from Li et al., 2018) observations of the flare and initial eruption of the
magnetic flux rope (MFR; associated with CME3) with the white dashed box marking the flare, current sheet, and MFR.
(b) The posteruption phase of the MFR and fast propagation of the extreme ultraviolet wave away from the onset
location with the yellow arrow pointing at the wave front. (c-e; top panels) The stereoscopic coronagraph white light
images (equal ranges in x and y axes) of CME1, CME2, and CME3 at selected times. The bottom panels illustrate
graduated cylindrical shell (GCS) reconstruction of the CME geometry. The northern and ecliptic components of CME2
have been fitted respectively, and the CME and shock components of CME3 seen from SOHO (left) and STA (right) have
also been modeled separately. (f) CME and shock apex kinematics evolution in time derived from GCS modeling. The
upper panel shows the height (in solar radii) versus time, and the lower panel is the velocity-time plot where time is

normalized to the start of each CME.
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Figure 2. In situ observations of the 10 September 2017 events at Earth (a—e), Mars (f-h), and STA (i-k). (a/i) The energy-dependent particle flux
(counts/cm?/sr/MeV/s) measured by GOES and STA. Panel (b) includes count rate of several ground-based neutron monitors with different cutoff rigidities (each
neutron monitor data set is normalized to the average value of the selected time range and shifted apart in y axis). Panels (c), (h), and (j) present the solar wind
speed (black, left y axis (yl)), proton density (blue, right y axis, (yr)), and temperature (red, yr) for Earth (OMNI), Mars (Mars-EXpress, MEX), and STA, respectively.
The ENLIL-modeled results at three locations are also plotted as dashed lines. Panel (d) plots the Alfvén Mach number (black, yl), plasma g (blue, yr), and flow
pressure (red, yr) estimated at Earth. (e/k) displays the vector magnetic fields at Earth/STA in Geocentric Solar Ecliptic or spacecraft Radial-Tangential-Normal
coordinate and negative ENLIL modeled magnetic field strength (dashed line). (f) contains the normalized count rate for downward particles stopping in RAD
and penetrating RAD with the former/later approximating protons with energies larger than 175/288 MeV arriving at Mars. Panel (g) shows the dose rate
recorded in RAD B (silicon) and E (plastic) detectors. Magenta highlighted areas are the ICME and/or its associated shock passage at Earth and Mars. Cyan
highlighted areas are high-speed streams (of two different ones) passing Earth and STA during this period. Vertical solid lines in (a)-(b)/(f)-(9)/(i) indicate the

particle onset time at Earth/Mars/STA.

1.2. The Early Kinematics of Three CMEs Launched From 9 to 10 September

To further track the erupted MFR and CME propagation into the interplanetary space, it is important to
understand the contextual solar and heliospheric conditions prior to this event. Starting from 9 September
2017, two CMEs were seen in the STA and the SOHO coronagraph images as shown in Figures 1c and 1d.
The two CMEs (named CMET and CME2 in the order of their launch sequence) were launched before the
aforementioned CME on 10 September 2017 (named CME3) from the same AR with similar directions.

We utilized the graduated cylindrical shell (GCS) model (Thernisien, 2011; Thernisien et al., 2009) based
on stereoscopic coronagraph observations of STA and SOHO to reconstruct the initial 3-D geometry and
kinematics of the CMEs. The GCS fits of CME1, CME2, and CME3 are shown in Figures 1c-1e, respectively. The
northern and ecliptic components of CME2 have been reconstructed separately as the idealized single GCS
reconstruction is not sufficient to describe the asymmetrical structure of CME2. However, only the component
in the ecliptic plane was used as input for the later kinematics and propagation of CME2 in the interplane-
tary space (Table 1) as modeled by the 2-D drag-based model (DBM; section 2). In the coronagraph images of
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Table 1
The Mass and GCS Reconstructed Initial Kinematics of Three CMEs and CME3-driven Shock as Well as the Launch Information
(Direction, Location [Distance From the Sun], Time, and Speed), and Drag-Parameter y for DBM

Long. 1/2 width Mass DBM launch Time Speed y (107
HEE (degree) (10" g) direction/location dd/mm hh:min (km/s) km~T)
CME1 119 35 34 apex/20 R 09/09 23:46 500 0.1
CME2 116 19 35 apex/20 R 10/09 02:16 1,000 0.05
CME3 110 67 9.1 apex/17.6 R, 10/09 16:54 2,600 0.01
CME1+2 119 35 ZMS to Mars/24 R, 10/09 04:50 750 0.05
CME1+2+3 110 67 SMS to Mars/68 R, 10/09 21:00 1,800 0.052
Shock 110 110-122° NA to Mars/18.1 R, 10/09 16:54 2,500 0.15
to Earth/11.6 R, 10/09 16:54 1,600 04

Note. CME = coronal mass ejection; GCS = graduated cylindrical shell; DBM = drag-based model; HEE = Heliocentric Earth
Ecliptic.

3The mass of CME1, CME2, and CME3 was approximated as My, My, and 3M,, where My ~ 3 x 10'® g as only their mass
ratio matters for the interaction kinematics treated in DBM (Temmer et al., 2012).

PThe half-width of the shock in the interplanetary space is given in a range constrained by in situ observations
(see section 3).

CMES3, the flux rope is distinguished as a bright and structured component while the associated shock front
is identified as a fainter quasi-spherical feature ahead of it.

Multiple GCS fits over different time steps were used to derive the CME kinematic evolution. Height-time and
velocity-time profiles of the CME apex are given in Figure 1f, which show that CME1 and CME2 had moderate
and roughly constant launch speeds while CME3 erupted extremely rapidly (>2,600 km/s at the apex) and was
subsequently decelerated. This is consistent with the trajectory and velocity of the flux rope of CME3 below 2
solar radii (R;) derived by Seaton and Darnel 2018 where its velocity was approximately 2,000 km/s at 1.5 R;,
which suggests that the CME continued to accelerate up to a few R, (our GCS fitting started from ~ 3 R,).

CME3 drove a globally propagating shock wave, observed in the low corona as an EUV wave as discussed in
section 1.1. We reconstructed the CME3 shock kinematics focusing on its initial velocity using the GCS model.
The shock was modeled as a sphere-like structure with one pole attached to the solar surface (Figure 1e).
Although this assumption does not match well the observations which quickly extended into a global struc-
ture, the front part of the shock in the ecliptic plane can be fitted well with GCS, from which we derived the
initial shock speed as also shown in Figure 1e together with the velocities of three CMEs. We assume the
direction of the shock to be the same as that of CME3 and, as will be shown later, we fine-tune its geomet-
ric extent based on available in situ plasma observations. The longitudinal direction of the central portion
of each CME/shock in the Heliocentric Earth Ecliptic (HEE) coordinate, its longitudinal half-width, and launch
speed derived using GCS reconstruction are listed in Table 1 and also illustrated in Figures 3a and 3b. The
plane-of-sky mass of each CME was estimated based on SOHO/Large Angle and Spectrometric Coronagraph
C2 images (Colaninno & Vourlidas, 2009), and their approximate values are also listed in the table.

2. The Interplanetary Trajectory and Interaction of Three CMEs Modeled
by the DBM

Assuming that the main force that governs the propagation behavior of a CME in interplanetary space
is the magnetohydrodynamical drag force, we simulated the kinematic profile of the CMEs via the DBM
(Vrénak & Zic, 2007; Vrénak et al., 2013). We used the 2-D DBM with the leading edge of the CME considered to
be a semicircle (diameter is the CME full angular width) such that although the apex initially propagates faster
compared to the flanks, the variation of speed along the CME front decreases in time and the front gradually
flattens during the propagation (Dumbovi¢ et al., 2018; Zicetal., 2015).

Within 1 day the three CMEs erupted in a similar direction, each with a higher speed than the preceeding
one; hence, we expect that CME2 catches up and interacts with CME1 and later on CME3 catches up and
interacts with the previous two CMEs. We assume that their mass merged as an entity and the two colliding
bodies continued their propagation further with the momentum conserved before and after the interaction
(Temmer et al., 2012). This assumption is supported by Shen et al. 2012 who also suggested that the influence
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Figure 3. Panel (a) shows heliospheric locations of the Earth, Mars, and STA in HEE coordinates. Longitudinal extents of
three CMES and the interplanetary shock driven by CME3 are approximated by circular contours (their geometries are
not modeled as sun-centered circles). Nominal IMFs passing three observers under different solar wind conditions are
plotted. At ~ 19:30 on 9 September 2017 the shock (yellow countour) is at a distance of 47 R;. Yellow cone boundaries
show the extent of the shock with a half-width of 117°, which could connect to the 500 km/s solar wind IMF toward
Mars upon the SEP onset. Panel (b) is a zoom-in of (a) within 0.35 AU and also shows the left edge of the shock with a
half-width of 110° not connecting to the 500 km/s Parker spiral. Panel (c) plots the enhancement rate (to the
background value) representing SEPs > about 275 MeV reaching Mars. Panels (d) and (e) show the energy-dependent
particle flux measured by GOES at Earth and STA (units and legends are the same as in Figure 2). Panels (f) and (g) are
the best fitting DBM results of the shock and ICME kinematics in Mars and Earth directions with more descriptions and
discussions in sections 2-4.
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of CME kinematics by solar wind is much smaller compared to that due to collisions. After each CME-CME inter-
action in DBM we relaunched the merged CME from the merging location with reevaluated drag parameters
y until the next interaction.

We used the solar wind speed of 500 km/s, which was the average in situ measurement before the ICME/shock
arrival at Mars/Earth (shown in Figure 2) and was also constrained by the shock propagation discussed later
in section 3. The drag parameter y used in the DBM for each CME before and after the interactions is shown
in Table 1. Since y depends on the CME mass and cross-sectional area, it was recalculated after each interac-
tion (Temmer et al.,, 2012). The initial y of the three CMEs were empirically set to decrease after one another
since earlier CMEs have been observed to be able to efficiently sweep the way and decrease the drag force
for successive CMEs (Temmer & Nitta, 2015). The choice of y and solar wind speed has been fine-tuned,
through a forward modeling process using different input parameters, to best match the in situ arrival of the
merged ICME at Mars marked by the magenta bar in Figures 2f-2h (the ICME ejecta did not reach operational
spacecraft at Earth and other locations).

As shown in Figure 3g and Table 1 of the results from DBM, given the differences of their launch speeds, CME2
caught up with CME1 at about 24 R; at 04:50 UT on 10 September 2017. The merged CME (named CME1+2)
had a cross section combining the two CMEs, which is equal to CME1 as it is wider than CME2 on both edges.
CME1+2 had a speed of 750 km/s based on momentum conservation before and after the collision. The entity
was later caught up by CME3 at about 68 R, at 21:00 UT on 10 September 2017 and the merged CME1+2+3
had a width of CME3 and a speed of = 1,800 km/s. It arrived at Mars at about 08:20 UT on 13 September 2017
(Figures 3f and 3g) with an arrival speed of about 748 km/s. This is comparable to the Mars-EXpress (MEX)
measurement by the Analyzer of Space Plasmas and EneRgetic Atoms 3 instrument (Barabash et al., 2006) in
the solar wind, which is, however, very scarce (black squares in Figure 2h). We will discuss about the modeled
ICME and its shock arrival in comparison with in situ observations in section 4.

3. Shock Kinematics and Propagation Toward Earth and Mars:
Data-Constrained DBM

The fast and global propagation of the EUV wave discussed in section 1 indicates a wide extent of the shock
reaching the direction of Earth. In situ measurements at Earth clearly reveal the shock arrival as shown in
Figures 2c-2e with the 5-min resolution OMNI data. The magenta bars in (a) - (e) mark the shock arrival at Earth
characterized by enhancements of the magnetic fields, solar wind velocity, density, temperature, and plasma
flow pressure as well as the Forbush decrease (FD) in various NMs and GOES high-energy particle fluxes.
FDs are identified as temporary and rapid depressions in the galactic cosmic rays (GCRs) intensity caused by
interplanetary disturbances and magnetic shielding against charged particles during the passage of shocks
and/or magnetic clouds (e.g., Cane, 2000).

Toward Mars, the left flank of the ICME shock and ejecta are expected to hit the planet. Unfortunately, in situ
solar wind and magnetic field observations at Mars upon the ICME shock arrival are very limited as shown in
Figure 2h. A clear signature indicating the shock arrival is the FD at ~ 02:50 UT on 13 September 2017 detected
by the Radiation Assessment Detector (RAD, ; Hassler et al., 2012) onboard the Mars Science Laboratory (MSL)
rover Curiosity on the surface of Mars. Compared to previous FD observations at Mars (Guo, Lillis, et al., 2018),
this event has a magnitude up to ~ 23% in the RAD dose rate which makes it the largest FD observed by RAD
since the landing of MSL in August 2012. Witasse et al. 2017 have studied one of the largest FD event seen
by RAD with a ~ 19% magnitude of decrease observed on 17 October 2014. This event is similar to the 2017
September event studied here that Mars were located at the east flank of both CMEs. But the launch speed of
the 17 October 2014 CME was much smaller ~1,015 km/s, while the September 2017 event studied here had
a launch speed of about 2,600 km/s (Table 1). Consequently, the transit time of the September CME from the
Sun to Mars is only about 58.5 hr, which is ~10 hr shorter than the 17 October 2014 event.

We constrained the longitudinal extent of the shock based on (1) the assumption that the shock is symmetric
around the direction of CME3 (110° in HEE coordinate), (2) the in situ OMNI data showing that the right edge
of the shock passed Earth, and (3) STA plasma and magnetic field measurements suggesting that the left edge
of the shock should not reach STA at 232° (Figures 2i-2k). This constrained half-width of the shock is between
110° and 122° as given in Table 1 and Figure 3b.
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Because Earth and Mars were ~160° apart, different interplanetary conditions should be considered for the
shock propagation in each direction. Various solar wind speeds and drag parameters y were tested for multiple
runs and for each run, we compared the modeled results with in situ observational constraints including:

1. Shock arrival time at Mars should be around 02:50 UT on 13 September 2017, which corresponds to the
onset of the FD seen by MSL/RAD on the surface of Mars as shown in Figures 2f and 2g.

2. The shock arrival speed at Mars should match the in situ solar wind speed, which is about 650-800 km/s
indicated by the scarce but precious solar wind data measured by MEX (Figure 2h).

3. Shock arrival time at Earth should be around 18:30 UT on 12 September 2017, which is suggested by
magnetic field and solar wind measurement at Earth (Figures 2a-2e, magenta bars).

4.The shock arrival speed at Earth should match the in situ solar wind speed, which is about 600 km/s shown
in Figure 2c.

5. The solar wind speed prior to the shock arrival at Earth/Mars varied between 400 and 600 km/s as shown in
Figures 2c/2h. Different DBM runs with 400, 500, and 600 km/s were performed and compared.

The optimized fitting result from these DBM runs is shown in Figure 3f where the shock was launched with
different speeds toward Earth and Mars as derived from GCS fits (Table 1). The best derived y values are 0.15
and 0.4 x10~7/km in the direction of Mars and Earth respectively while the best-matching solar wind speed is
500 km/s in both directions. We note that in order to match the shock arrival time at Earth and Mars, we had
to use rather large y values compared to those for the associated ICME. We justify the increased drag by the
assumption that the shock caused by CME3 is only weakly driven over certain distance ranges. In the Mars
direction, this happens beyond the distance of 68 R, due the sudden deceleration of CME3 as it interacts with
the previous CMEs. Toward Earth, the shock is even less strongly driven as the main propagation direction of
the magnetic structure is directed toward Mars, and, hence, experiences a larger drag.

4. The Shock and ICME Arrival at Mars and Earth: Modeled Results and
In Situ Observations

In situ observations at Mars of the ICME structure are very limited (Figure 2h) and the magenta highlighted
bars in (f)-(h) mark the possible passage of the shock and ICME at Mars indicated by MEX measurement in
the solar wind overplotted with the WSA-ENLIL (Mays et al., 2015, and references therein) modeling results.
The current run of the WSA-ENLIL plus cone model (run ID ‘Leila_Mays_120817_SH_9" on the CCMC server)
has included the launch and propagation of the aforementioned three CMEs and is explained in better details
in Luhmann et al. 2018. Note that similar to DBM, input parameters for the ENLIL modeling were tweaked
in order to best match the observations. Unlike the decoupled structures in DBM, CMEs in ENLIL could drive
the shock front in a more physical manner. The ENLIL-modeled ICME shock arrived at Mars at about 04:00
UT on 13 September 2017, which is very close to the onset time of the FD at Mars (Figure 2g) and the solar
wind speed and density peaked at around 820 km/s and 3.2 protons/cm?, which are consistent with the MEX
measurement during the ICME passage (Figure 2h).

Given the direction and the longitudinal extent of the three CMEs derived from the GCS model (Table 1 and
Figures 3a and 3b) and the in situ observation at Earth (Figures 2c-2e), no ICME ejecta but only the right
flank of the shock arrived at Earth. The ENLIL modeled shock arrived at Earth at ~00:00 UT on 13 September
2017, which is about 5.5 hr later than the in situ detection of the shock arrival (Figures 2c-2e). The mod-
eled peak magnetic field strength and solar wind speed are also slightly smaller than the measured values.
Considering the complexity of the events, the shock/ICME arrival at both Earth and Mars modeled by ENLIL
matches reasonably well with observations within the limit of statistical uncertainties. The mean absolute
arrival time prediction error was about 12 hr as studied by Mays et al. 2015 of 17 CMEs which were predicted to
arrive at Earth.

The DBM modeled results of the shock arrivals at Earth and Mars are illustrated in Figure 3f. The launch speed
of the shock in the direction of Earth was slightly smaller than that toward Mars as derived from GCS fits
(Table 1). The drag parameter is also larger for the shock propagating toward Earth as it was not really driven
by the ICME magnetic structure in this direction. The DBM predicted shock arrival at Earth is at about 18:15 UT
on 12 September 2017 with an arrival speed of ~ 625 km/s, which are very close to the observational arrival
time of 18:30 and speed of ~ 630 km/s (which is expected as DBM is tuned to match the observation). The
modeled shock arrived at Mars with a speed of 775 km/s at around 02:47 UT on 13 September 2017, which is
perfectly matching the onset time of the RAD seen FD at 02:50 as shown in Figure 3c.
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As modeled by the DBM and described in section 2, three CMEs were launched in similar directions and inter-
acted with one another as they propagated toward the direction of Mars. The merged entity arrived at Mars
at about 08:20 UT on 13 September 2017 (Figure 3g) with an arrival speed of about 748 km/s, which agrees
with the MEX solar wind speed of 714 km/s measured hours later at 22:57 UT. Unfortunately, in situ interplan-
etary magnetic field (IMF) or solar wind data are rather limited for identifying the arrival and the structure of
the magnetic ejecta (Lee et al., 2018).

Upon the ICME's arrival at Mars, the FD measured by RAD on the surface of Mars had a decrease in the
high-energy count rate up to ~ 23% (Figure 3c) and is the biggest FD detected by RAD to date. A classical pic-
ture of FDs (Cane, 2000) suggests that an ICME with a shock front passing by an observation point could result
in a two-step structure, that is, with the first decrease corresponding to the shock arrival and the turbulent
sheath region and the second step indicating passage of the magnetic ejecta. However, recent studies sug-
gest that the ejecta may not always be associated with a decrease, especially at distances further away from
the Sun (Winslow et al., 2018). As shown in Figures 3c and 3f, the modeled shock arrival time at Mars agrees
nicely with the initial FD onset while the ICME (merged ejecta) arrival might correspond to a rather weak sec-
ond decrease. However, due to the scarce in situ magnetic and plasma measurement in the solar wind, we
cannot confirm the two-step FD profile and its corresponding ICME structure.

5. SEPs Arriving at Earth, Mars, and STA and the Indication of the Shock
and Stream Interaction Region Propagation

As discussed in section 1.1, the onset of relativistic particles at Earth was about 10— 15 min after the flare onset
indicating a good magnetic connection between the particle injection site and Earth. As shown in Figure 2j,
high energetic protons started slowly arriving at STA at around ~ 08:00 UT on 11 September 2017, which was
~ 16 hr later than the flare onset. The arrival of these SEPs is probably attributed to cross-field diffusion in the
solar wind (e.g., Drége et al., 2010). This is supported by Figure 3a, which shows that STA was connected to
the back side of the Sun where the flare erupted. At Mars, the earliest possible onset of > 100 MeV protons is
at 19:50 UT, ~ 215 min later than that at Earth. Considering the Mars IMF footpoint separation from the fare
longitude is about 135°, this onset delay is within the statistical uncertainties of high-energy proton onset
delay studied by Richardson et al. (2014, Figure 16). However, it is unclear whether the SEP onset at Mars is
due to cross-field diffusion or a later magnetic connection to the acceleration/injection site or both.

First, we consider the model with continuous particle injection at the shock as it propagates outward (due to
reacceleration of particles by the interplanetary shock) and establishes magnetic connection to the observer
(e.g., Larioetal,, 2013,2017). Given the proton onset at 19:50 seen by the highest energy channels of MSL/RAD,
this model requires that the shock started connecting to the Parker spiral toward Mars under a solar wind
speed of 500 km/s at ~ 19:30 UT to allow for parallel and efficient particle transport to Mars. As modeled
by DBM (Figure 3f), at ~ 19:30, the shock front in the direction of Mars has a propagation distance of 47 R,
and the magnetic establishment would require the shock to have a half-width of about 117° (cone bound-
aries shown as yellow lines in Figures 3a and 3b), which is in-between the constrained range (section 3 and
Table 1). The path of particles along the 500 km/s Parker spiral from the shock front to Mars is highlighted
in red. We note that the solar wind speed of 500 km/s is an approximation of the observation and a fitted
parameter from DBM. With a slightly faster solar wind speed (e.g., the 600-km/s IMF plotted as dotted lines
in Figure 3a/3b), the magnetic establishment at ~ 19:30 requires a smaller shock width. Alternatively, if the
solar wind speed is about 400 km/s (solid curves in the plots), it has to be considerably wider to establish the
magnetic connection upon the SEP onset under the condition of undisturbed IMF. However, this wider shock,
while propagating radially outward, should also reach STA which is however not supported by the STA in situ
observations (Figure 2i-2k).

In the scenario of continuous particle injection at the shock front, the preceding two CMEs may provide
a seed population for the catching-up shock (Gopalswamy et al., 2002, 2004). In fact, a small jump in the
GOES data at around 21:20 UT as indicated by the vertical red line in Figure 3d may indicate the injection of
more particles at the shock through merging of CME3 with CME1+2 at around 21:00 UT predicted by DBM
(Table 1 and Figure 3g). Alternatively, as the Earth connection point along the shock front changes, the dis-
continuity or evolution of the shock parameters may also contribute to the second peak as observed in situ
ataround 21:20.
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Nevertheless, particle scattering and transport across the IMF could have also played a role during the event.
As STA was not magnetically connected to the flare or the shock (Figure 3a) from the beginning, early SEPs
detected at STA (gradual time profile of the flux) should have been transported there across IMF lines. Toward
the direction of Mars, with a smaller width of 110° (left edge of the shock is marked in cyan in Figure 2b),
which is the lower limit of the constrained shock width, the DBM modeled shock could not be connected to
the 500-km/s Parker spiral toward Mars upon the SEP onset. In this case, SEPs first arriving at Mars are likely
due to particle transport across IMF from the injection site which could be the shock front and/or the flare
reconnection region.

We have compared the in situ observations with the results from the WSA-ENLIL predictions at Mars, Earth,
and STA in Figure 2 (ENLIL results are plotted as dashed lines) as discussed in section 4. From ENLIL simula-
tions, the shock information and propagation along the IMF passing certain observers could be extracted for
each CME (Bain etal., 2016; Luhmann etal., 2017). Extracted shock information in the current run indicates that
the shock started connecting to the IMF toward Mars at about 06:00 UT on 11 September, a few hours later
than the SEP onset at Mars. In such a case, cross-field transport, presumably close to the Sun, must have dom-
inated over establishment of a direct magnetic connection to the shock. However, a detailed investigation
would require careful studies of the particle transport modeling, taking into account effects such as adiabatic
cooling, focusing, turbulent scattering, pitch angle scattering, and cross-field diffusion (e.g., Hu et al,, 2017;
Zhang et al., 2009).

At a later phase of the SEP event, particles were widely distributed across heliospheric longitudes > 232° (or
even wider as this is constrained by three observational locations), the interaction of SEPs with large-scale
heliospheric structures is particularly interesting. Stream interaction regions (SIR, ; Burlaga, 1974) are inter-
action regions between the fast and slow solar wind characterized by sudden changes in the flow density,
temperature, and significant increase of solar wind as well as compressed magnetic field. Stable SIR structures
may corotate with the Sun which has a rotation period of ~ 27 days in the solar equatorial plane. In Figure 2,
we identified two SIRs passing Earth and STA, respectively (named SIR1 for the one passing Earth and SIR2 for
the one across STA) as highlighted in cyan areas.

As shown in Figures 2i-2k, SIR2 arrived at STA at about 22:48 UT on 13 September 2017 and the high-energy
proton flux (up to 100 MeV) has a small enhancement which suggests SEPs may have leaked into, get
trapped and/or reaccelerated in the SIR structure. Considering the SIR rotates with the Sun, we time-shift
the SIR2 structure observed at STA back to 10 September 2017 at 19:30 UT (approximately shortly before
the SEP event at Mars). As illustrated in Figure 4a, SIR2 arrived at Mars at almost this time. In fact, in situ
solar wind and magnetic field observations were available during this period and an SIR was identified to
have impacted Mars at 23:30 UT (Lee et al.,, 2018), which perfectly agrees with the time-shifted SIR2 from
STA to Mars. Figure 2h also shows the evolution of proton temperature, density, and solar wind speed
(from ~ 300 to ~ 500 km/s) at Mars during the SIR2 passage which is consistent with the solar wind changes
when SIR2 passed STA.

Upon the SEP onset at Mars (Figure 4a), SIR2 was connected even closer to the central part of the shock/flare
than Mars. Therefore, SEPs were likely also injected into the SIR structure, preferentially along the IMF direction
directly from the shock front as particles cannot easily penetrate through an SIR structure. Such a scenario may
have also contributed to the SEPs first arriving at Mars even if Mars were not directly connected to the injection
site. These high-energy particles were trapped in (or perhaps even reaccelerated therein) and corotated with
SIR2 and caused a remarkable enhancement of the SEP flux when SIR2 arrived at STA (Figure 2i) at 22:48 UT
on 13 September 2017. Since these SEPs were accelerated by the flare/shock closer to the Sun, they have a
higher energy component (up to 100 MeV).

On the other hand, SIR1 (cyan area in Figures 2a-2e) had a more significant enhancement of the solar wind
speed (Figure 2¢) with a more compressed shock structure causing substantial FDs in the NM count rates. It
passed Earth starting around 10:15 UT on 14 September 2017. Time-shift analysis shows that shortly after the
flare and SEP onset, SIR1 was about 50° west of Earth and was barely magnetically connected to the right
edge of the shock as shown in Figure 4a, thus making particle injection into SIR1 rather unlikely. It is evident
in Figure 2a that high energy particle fluxes observed at Earth had a rather gradual declining time profile
especially after the shock passed Earth. In particular, between the shock structure (which passed Earth at 04:00
UT on 13 September 2017, magenta area) and SIR1 arrival at Earth, there is a plateau in the GOES high-energy
flux. This may be caused by energetic particles being trapped between the shock and SIR1, which act as two
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Figure 4. lllustration of the two SIRs detected at Earth (SIR1) and STA (SIR2) as highlighted in Figure 2. Both SIRs are time shifted to 10 September 2017 at around
19:30 UT shown in (a) and to 13 September 2017 at around 22:00 UT shown in (b). The widths of SIR1 and SIR2 are derived from their in situ passages at Earth
and STA, respectively. Nominal IMFs passing Earth, Mars, and STA under a solar wind speed of ~ 500 km/s are plotted in dashed lines. SEP = solar energetic
particle; SIR = stream interaction region; IMF = interplanetary magnetic field; STA = Solar Terrestrial relations observatory Ahead.

barriers for these SEPs, as illustrated in Figure 4b. This is supported by Strauss et al. (2016) who suggested that
perpendicular diffusion could be strongly damped at magnetic discontinuities, which may be responsible for
thelarge particle gradients associated with these structures such as an SIR. When SIR1 shock passed Earth, this
reservoir of SEPs also passed Earth causing a sudden decrease of the GOES flux at energies below ~ 80 MeV.
This decrease is deferent from a normal FD in the GCR flux as seen by NMs on ground.

6. Summary and Conclusion

We investigated and modeled the geometry, kinematics, propagation, and interaction of three CMEs launched
around 10 September 2017 from their solar origin to their arrivals at Mars and Earth. The modeled results are
constrained by and compared with in situ measurements at Earth, Mars, and STA. Observation-based model-
ing of the ICME and the interplanetary shock reveals the complexity of the event and the advantage of more
measurements for advancing space weather predictions. The optimized modeling for the ICME arrival at both
Earth and Mars suggests that in order to better predict the ICME arrival and its potential space weatherimpact
at different heliospheric locations, it is important to consider (1) the eruption of the flare and CME at the Sun,
(2) the evolution of the ICME kinematics, especially during interactions of different CMEs, and (3) the dynamic
heliospheric conditions at different locations in the heliosphere.

The SEP event associated with the flare and the eruption of the last CME has been detected, for the first time,
at the surface of two planets, registered as GLE72 at Earth and the biggest GLE seen by MSL/RAD on Mars.
Relativistic particles first arriving at Earth and causing GLE72 were mainly accelerated by the flare and the
initial shock. The particle onset at Mars is ~ 3.5 hr later than that at Earth, and this was caused by either a
later magnetic connection of Mars to the shock front which serves as an injection source for SEPs and/or
cross-field diffusion of SEPs from the acceleration and injection site. Particles started arriving at STA ~ 16 hr
later with a gradual rising profile indicating perpendicular diffusion across IMF was mostly responsible at this
phase. Numerical modeling of particle propagation in the heliosphere taking into account of the dynamic
acceleration and injection process would also be helpful for understanding the interplanetary journey of these
highly energetic particles arriving at three locations > 230° longitudinally apart.

Two SIRs have been detected in situ at Earth and STA. We shifted SIR2 (detected at STA) back in time and found
that its arrival time at Mars is coincident with the SEP onset time at Mars, and it had a magnetic connection
even closer to the central part of the shock. This may have favored particles injected into the SIR which were
later observed as an enhancement in the SEP flux when it passed STA. On the other hand, SIR1 arrived at Earth
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~ 1.5 days after the CME shock passed Earth and SEPs were trapped between these two structures causing a
plateau profile in the GOES SEP flux.

Appendix A: References of the Measurements and Databases Employed in This
Study

In this appendix, we provide descriptions and references of all the data from various spacecraft, instruments,
and databases employed in this study.

1. High energetic proton data from the Energetic Proton Electron and Alpha Detector of the GOES15 have
been plotted in Figures 2a and 3d. The data are documented at www.ngdc.noaa.gov/stp/satellite/goes/
and are publicly available at https://satdat.ngdc.noaa.gov/.

2. Earth ground-based NMs measure the secondary particles generated in the atmosphere by primary cosmic
energetic charged particles including GCRs and SEPs. The NM data plotted in Figure 2b are obtained from
the NM Data Base (www.nmdb.eu/nest/).

3. The Space Physics Data Facility OMNIWeb database (https://omniweb.gsfc.nasa.gov/) provides the solar
wind data combined from different measurements of available spacecraft including the Advanced
Composition Explorer (Stone et al., 1998), WIND (Lin et al, 1995), and the International Monitoring
Platform 8. Data plotted in Figures 2c—2e are in 5-min resolution, and the magnetic fields are in the
Geocentric Solar Ecliptic coordinate.

4. The RAD (Hassler et al., 2012) measures GCRs and SEPs and their secondaries generated in the Martian atmo-
sphere and regolith at Gale Crater on the surface of Mars since the landing of the Curiosity rover in August
2012. Figure 2f plots the normalized (data divided by the background value) RAD level 2 count rate with
the blue curve for particles stopping inside the detector and red curve for particles penetrating through
the whole instruments. The average vertical column depth of the atmosphere on top of RAD was about
23.4 g/cm? during the period of the event. This would only allow protons with kinetic energies larger than
about 175 MeV to reach the surface (Guo, Zeitlin, et al., 2018) which translates into the minimum primary
energy for protons (SEP on top of the atmosphere) stopping in RAD. For protons to penetrate through the
entire detector stack, a minimum energy of 113 MeV is required and this adds to about 288 MeV of primary
SEP energy. Note that this approximation is under the assumption that the majority of particles reaching
Mars surface are protons which is valid during the SEP events. Figure 2g plots the RAD dose rate (mGray/day)
recorded in B (silicon) and E (plastic) detectors. Dose rate is a measure of the energy (1073 Joule) deposited
by all detected particles per detector mass (kg) per time unit (day). A zoomed-in plot (to emphasize the
onset of the SEP) of the enhancement ratio of the dose rate (normalized to the background value) in the
plastic detector is shown in Figure 3c. For downward directed particles during the solar event, they need
~ 100 MeV kinetic energy to reach the E detector. This corresponds to a primary SEP energy > about 275 MeV
arriving at Mars. Both the count rate and dose rate data are generally in cadence of 17 min as RAD runs on
an autonomous observing cycle with 16 min per observation plus 1 min of sleep mode.

5. The Analyzer of Space Plasmas and EneRgetic Atoms 3 (Barabash et al., 2006) experiment of the MEX mission
has been used to derive the solar wind properties (Ramstad et al., 2015) plotted in Figure 2h, including the
proton density, temperature and solar wind speed.

6. The High Energy Telescope (Von Rosenvinge et al., 2008) on the STA spacecraft provides proton flux rate
in various energy ranges which are combined into four different channels and plotted in Figure 2i. The STA
Plasma and Suprathermal lon Composition (Galvin et al., 2008) measurement of the solar wind properties
(proton density, temperature, and solar wind speed) is shown in Figure 2j. The In situ Measurements of
Particles And CME Transients data of the magnetic field experiment (Acufa et al., 2008) on STA are plotted
in Figure 2k in the spacecraft Radial-Tangential-Normal coordinate.

7. Remote sensing coronagraph images of the Sun at two different heliospheric locations have been obtained
from (a) the Large Angle and Spectrometric Coronagraph (Brueckner et al., 1995) instrument onboard the
SOHO at Earth and (b) the coronagraph (COR) data from the Sun Earth Connection Coronal and Heliospheric
Investigation (Howard et al., 2008) at STA.

8. Observations of EUV phenomena in the solar corona are shown in Figures 1a and 1b. They are from the SUVI
on the GOES16 spacecraft and the Atmospheric Imaging Assembly (Lemen et al., 2011) on board the Solar
Dynamics Observatory spacecraft.
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CASE STUDY: FIRST CME SEEN AT SOLAR ORBITER

Together with the NASA Parker Solar Probe (PSP) launched in August 2018, the
ESA Solar Orbiter (SolO) mission ushers in a new era of solar and heliospheric
physics. For the first time since the 1970s, these spacecraft will approach the Sun
significantly closer than the orbit of Mercury — PSP has already set a new record
with less than 0.1 AU solar distance at its most recent perihelion in September 202o0.
On the other hand, SolO, which was launched in February 2020, will come very
close to the Sun as well (~ 0.28 AU), although it will stay far enough away to also
allow for imaging observations through holes in its heatshield. In the extended
mission phase, it is planned to incline the orbit of SolO to also observe the poles of
the Sun directly for the first time.

As part of the Energetic Particle Detector (EPD) suite on SolO (Rodriguez-
Pacheco et al., 2020), the High Energy Telescope (HET, Section 2.2) has been
successfully commissioned and is providing some first measurements of high-
energy charged particles. While a few solar energetic particle (SEP) events in
the first 10 months of the mission did extend to the energies covered by HET
(2 6MeV/nucions and > g450keV electrons), HET spent most of the time observ-
ing the galactic cosmic ray (GCR) background, as the solar activity was quite low
during this time. As discussed in Section 2.2, HET is also able to resolve short-term
variations of GCRs with some of its data products. Consequently, some Forbush
decreases (FDs) could be measured, which were caused by coronal mass ejec-
tions (CMEs) and corotating interaction regions (CIRs) that passed SolO during
its first orbit.

The first CME-induced FD seen at SolO on April 19, 2020 is especially interest-
ing, as it is a multispacecraft event that was also observed near Earth one day later
during a close longitudinal alignment and with a radial separation of 0.2 AU. Mea-
surements of the FD near Earth have been taken by neutron monitors as well as the
Cosmic Ray Telescope for the Effects of Radiation (CRaTER) onboard the Lunar
Reconnaissance Orbiter (LRO). The CME was also seen at the BepiColombo space-
craft that was still close to Earth at this time, and may also have hit Venus, though
no observations are available at this location due to the loss of contact with the
Venus Express spacecraft since 2014. Furthermore, STEREO-A was in an excellent
position to provide a side view of the CME with its remote sensing instruments.
In the following publication, which was submitted to Astronomy & Astrophysics in
November 2020, we describe the capabilities of HET, present the FD observed at
SolO and the corresponding observations near Earth, and investigate the radial
evolution of the CME by applying ForbMod (see Section 1.4) to this event. Two
other studies of the same event, have also been submitted to A&A: Davies et al.
(2021) focus on the magnetic field observations, while O’Kane et al. (2021) inves-
tigate the solar source of the CME. All three papers will be published in the A&A
“Solar Orbiter First Results” special issue in 2021.
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In the process of this study, a new software implementation of the graduated
cylindrical shell (GCS) model (Thernisien, 2011) has been developed. Details
about this tool can be found in Appendix B.

The following article is reproduced from Freiherr von Forstner et al. (2021) with
permission from Astronomy & Astrophysics, ©ESO:
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ABSTRACT

Aims. We present observations of the first coronal mass ejection (CME) observed by the Solar Orbiter spacecraft on April 19, 2020 and the
associated Forbush decrease (FD) measured by the High Energy Telescope (HET). This CME is a multi-spacecraft event that was also seen near
Earth the following day.

Methods. We highlight the capabilities of the HET for observing small short-term variations of the galactic cosmic ray count rate using its single
detector counters. We applied the analytical ForbMod model to the FD measurements to reproduce the Forbush decrease at both locations. Input
parameters for the model were derived from both in situ and remote-sensing observations of the CME.

Results. The very slow (~ 350km/s) stealth CME caused an FD with an amplitude of 3 % in the low-energy cosmic ray measurements at HET
and 2 % in a comparable channel of the Cosmic Ray Telescope for the Effects of Radiation (CRaTER) on board the Lunar Reconnaissance Orbiter,
as well as a 1 % decrease in neutron monitor measurements. Significant differences are observed in the expansion behavior of the CME at different
locations, which may be related to influence of the following high speed solar wind stream. Under certain assumptions, ForbMod is able to
reproduce the observed FDs in low-energy cosmic ray measurements from HET as well as CRaTER, however, with the same input parameters, the
results do not agree with the FD amplitudes at higher energies measured by neutron monitors on Earth. We study these discrepancies and provide
possible explanations.

Conclusions. This study highlights the notion that the novel measurements of Solar Orbiter can be coordinated with observations from other
spacecraft to improve our understanding of space weather in the inner heliosphere. Multi-spacecraft observations combined with data-based
modeling are also essential for understanding the propagation and evolution of CMEs, in addition to their space weather impacts.

Key words. Sun: coronal mass ejections (CMEs) - Sun: heliosphere - cosmic rays

1. Introduction capable of providing excellent remote sensing observations of
the CME propagation from a side view. This event was observed
from both SolO and the Earth, providing an excellent example
for the coordinated science that is possible with SolO and other

heliophysics missions in the Solar System.

On April 19, 2020, a coronal mass ejection (CME) passed So-
lar Orbiter (SolO, Miiller et al. 2020) spacecraft, making it the
first large-scale flux rope CME seen in situ at SolO. At this time,
the spacecraft was closely aligned in heliospheric longitude with
Earth (less than 4° separation) and it was located at a radial dis-
tance of 0.8 AU from the Sun, as shown in Fig. 1. Consequently,
the same slow CME (v < 400 km/s) was also observed near Earth
the next day, causing the first geomagnetic storm of the year with
a Dst index of =59 nT and Kp index of 5. During the event, SolO
was still in its Near Earth Commissioning Phase (NECP), which
ended on June 15, 2020; nevertheless, some of the in situ in-
struments, including the Energetic Particle Detector suite (EPD,
Rodriguez-Pacheco et al. 2020) and the magnetometer (MAG,
Horbury et al. 2020) were already taking continuous measure-

Clouds of magnetized plasma ejected from the Sun, known
as CMEs, are one of the key phenomena in space weather re-
search, as they can cause severe geomagnetic storms (Kilpua
et al. 2017) that disrupt the terrestrial infrastructure. The shocks
driven by CME:s are also partly responsible for energetic parti-
cles in the heliosphere (Reames 2013), which may pose radia-
tion danger to astronauts and spacecraft. Consequently, two of
the four main scientific questions of the Solar Orbiter mission
(Miiller et al. 2013) are also linked to the goal of attaining a bet-
ter understanding of CMEs.

ments and were able to observe signatures of the CME. In ad-
dition, the STEREO-A spacecraft had a sufficient longitudinal
separation of ~ 75° from SolO and the Earth, thus, making it

Forbush decreases (FDs), first observed by and later named
after Scott E. Forbush (1937), are short-term decreases of the
galactic cosmic ray (GCR) flux, caused by the passage of mag-
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Fig. 1. Locations of planets and spacecraft in the inner solar system on
April 20, 2020, the day the CME arrived in the vicinity of Earth. The
trajectory of Solar Orbiter (SolO) is shown as an orange dashed line
and PSP denotes the location of Parker Solar Probe. The large black
arrow indicates the approximate propagation direction of the CME and
the colored segments next to STEREO-A show the fields of view of
the remote sensing instruments COR1/COR?2 (green), HI1 (blue), and
HI2 (red). The inset shows a zoomed-in view of the relative positions of
Earth, the Moon, and the Lagrange point L1, where the Wind spacecraft
is located.

netic field structures in the solar wind, such as CMEs or stream
interaction regions (SIRs). Such magnetic structures can act as a
barrier for the propagation of GCRs, as, for instance, the GCRs
need to diffuse across a strong field, so that the observed flux
is temporarily decreased at the locations where these structures
pass. The decrease phase usually takes less than one day, fol-
lowed by an often slower recovery to the previous level (on the
order of one week). In the case of CMEs, FDs are driven by
both the turbulent shock-sheath region (if present) as well as the
following magnetic ejecta; these are two effects that can some-
times be clearly separated when a two-step decrease is observed
(e.g., Cane 2000). The amplitude of an FD depends not only on
the properties of the heliospheric structure, but also on the en-
ergy of the observed GCR particles: lower energy particles are
modulated more easily and thus tend to show larger FDs (e.g.,
Lockwood 1971; Lockwood et al. 1991; Cane 2000; Guo et al.
2020). In the past, the study of FDs was mainly based on data
from neutron monitors on the surface of the Earth, but nowa-
days, GCR measurements suitable for FD studies are also avail-
able from many spacecraft in the near-Earth space as well as on
other solar system bodies and these have been routinely used for
multi-spacecraft studies (e.g., Cane et al. 1994; Lockwood et al.
1991; Freiherr von Forstner et al. 2018, 2019, 2020; Witasse
et al. 2017; Winslow et al. 2018). In all cases, it is important
to take into account the energy dependence of the FD amplitude,
as such instruments may be sensitive to different GCR energies.

In this work, we present the EPD observations of the FD as-
sociated with the April 19 CME at SolO, as well as the corre-
sponding observations at Earth. We describe which EPD data
products are best suited to make measurements of FDs, and we
analyze these data to see how the CME affected the GCR flux at
different heliospheric locations and at different particle energies.
We also employ the ForbMod model to reproduce the observed
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Fig. 2. Schematic diagram of the HET sensor head. Exemplary parti-
cle trajectories ending up in different data products are shown by the
arrows: stopping in B, stopping in C, penetrating, GCR channel,

. A 3D graphic of the sensor head is shown in Rodriguez-
Pacheco et al. (2020, Fig. 31).

FD and gain insight into the how the large-scale evolution of the
CME structure affected the properties of the FD. One study from
Davies et al. (2021) complements this work by investigating the
magnetic field measurements at both Solar Orbiter and Earth in
more detail. In Sect. 2, we introduce the different instruments
used as data sources in this study, followed by an overview of
our modeling methods in Sect. 3. The measurement and model-
ing results are presented in Sect. 4 and then discussed in more
detail in Sect. 5.

2. Data sources
2.1. HET on Solar Orbiter

As part of the EPD suite (Rodriguez-Pacheco et al. 2020) on
board the Solar Orbiter mission (Miiller et al. 2013; Miiller
et al. 2020), the High Energy Telescope (HET) is a particle tele-
scope covering the high-energy end of the solar energetic parti-
cle (SEP) spectrum as well as galactic cosmic rays (GCR). Its
two double-ended telescopes each consist of four thin 300 um
silicon solid-state detectors (named the A1, B1, B2, and A2 de-
tectors) and the C detector, a 2 cm thick Bi4Ge3;O;, (BGO) scin-
tillator, in the center. This detector layout is shown in Fig. 2.
The C detector is read out using two photodiodes placed on ei-
ther side, named C1 and C2. HET is designed to measure the
fluxes of electrons above 300 keV, protons above 7 MeV, as well
as heavier ions, with one telescope (HET1) providing the sun-
ward and anti-sunward viewing directions (parallel to the mean
Parker spiral angle); and with the other telescope (HET2) being
mounted perpendicular to HET1 in order to measure particles
coming from outside the ecliptic plane. The telescopes distin-
guish between particles stopping in one of the B detectors (B1
or B2, e.g., red arrow in Fig. 2), particles stopping in the C (green
arrow) detector, and particles penetrating the whole telescope
(blue arrow) to achieve a large energy coverage; in addition, they
use the dE/dx-E-method to separate different particle species.
This technique has been applied in many earlier space-borne
charged particle detectors, including the Interplanetary Moni-
toring Platform-1 mission in the 1960s (McDonald & Ludwig
1964) as well as more recent instruments, such as the Mars Sci-
ence Laboratory Radiation Assessment Detector (Hassler et al.
2012) and the Chang’E 4 Lunar Lander Neutrons and Dosimetry
experiment (Wimmer-Schweingruber et al. 2020). For more de-
tails about the application of the dE/dx-E-method in HET, see
Rodriguez-Pacheco et al. (2020, Sect. 7.2.5).

While the nominal data products of HET are optimized for
the study of high intensity SEP events by choosing a rather small
opening angle to achieve a high energy resolution, these data
are not optimal for observing short-term variations of the GCR
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background due to their low level of counting statistics. Alter-
natively, HET provides a separate “GCR channel” that observes
penetrating particles with a larger opening angle by omitting the
A detectors from the coincidence condition, namely, by count-
ing all particles that penetrate B1, C, and B2 (e.g., teal arrow in
Fig. 2). This leads to an almost 20-fold increase in the geometric
factor compared to the nominal penetrating particle channel.

For applications requiring even higher counting statistics, it
is also possible to use single detector count rates without any
coincidence conditions, similar to the technique applied, for in-
stance, by Richardson et al. (1996) for the IMP 8 and Helios
E6 instruments and Kiihl et al. (2015) for SOHO-EPHIN. In
this case, GCR particles are measured from all directions (e.g.,
orange arrow in Fig. 2), but without any energy resolution or
species separation. The HET C detectors are best suited for this
purpose due to their large size and nearly isotropic shielding
by the aluminum housing. For each HET telescope, four such
counters are available, where each of the two photodiodes has a
high-gain channel (C1H, C2H), with a deposited energy thresh-
old of Ey, = 4MeV, and a low-gain channel (C1L, C2L), with
Eqn = 10MeV. As these C detector counters provide no direc-
tional information, the values from HET 1 and HET 2 and from
the two photodiodes in each telescope can be simply summed
up to achieve an even higher count rate, that is, approximately
270 counts/s for the high-gain channels (C1H + C2H X 2 units)
or 230counts/s for the low-gain channels (CIL + C2L x 2
units). We note that summing up the counts of the two photo-
diodes does not remove events that were detected in both pho-
todiodes at the same time as such a counter of all valid events
in the C detector is not available in the HET data products and
could only be approximated using the pulse height analysis data.

To investigate the response of the HET C counters to an
isotropic flux of incoming GCR particles, we performed a simu-
lation using Geant4 (Agostinelli et al. 2003), version 10.1.2, with
the physics list QGSP_BERT. The simulated geometry included
a detailed model of the EPT-HET sensor head and the corre-
sponding electronics box, so that the shielding by the instrument
housing and electronics box, as well as the generation of sec-
ondary particles, are taken into account. A simplified model of
the Solar Orbiter spacecraft was also optionally included in the
simulation setup to consider the influence of the spacecraft body
on the incoming particle flux. This may be important for the C
detector counters, as they are sensitive to particles entering HET
from any direction. The spacecraft was modeled as a cuboid with
the size of the main body (2.20m x 1.81 m x 1.46 m) and total
mass of 1700 kg (which corresponds to the launch mass of Solar
Orbiter, excluding its solar panels). Its composition was assumed
to be 200 kg of hydrazine fuel, 750 kg of aluminum represent-
ing the structural components of the spacecraft, and 750 kg of
a printed circuit board (PCB)-like material, as defined by Ap-
pel et al. (2018) and Appel (2018, Table 6.2) representing the
electronics components of the spacecraft and its payload. The
development of a more detailed Geant4 model of the spacecraft
body based on CAD models of its components is in progress,
but was not possible within the time constraints of this study and
is not expected to change the results significantly. Only protons
between 5 MeV and 100 GeV were used as input particles to re-
duce the complexity of the simulation setup, as protons comprise
90 % of primary GCR particles (Simpson 1983).

The proton response function resulting from the simulation
is shown in Fig. 3 (upper panel). Four curves are shown, corre-
sponding to the simulation setup with and without the spacecraft
model, and for the different threshold energies of the high- and
low-gain channels. It becomes clear that the low-energy cutoft

is mainly influenced by the threshold energy: 12MeV for the
high-gain channel and 16 MeV for the low-gain channel. After
the cutoff follows a narrow plateau corresponding to particles
entering C through the nominal field of view (i.e., through the A
and B detectors), followed by an increase related to particles en-
tering from the sides through the HET housing. The spacecraft
body provides additional shielding (~ 20 %) for the detector in
the lower energy part, but generates additional secondary par-
ticles above a primary proton energy of 1 GeV — up to a 2.5-
fold increase in the geometric factor for 100 GeV particles. On
the other hand, without the spacecraft body, the geometric factor
for high energies stays approximately constant above 1 GeV, at
G = (128 + 2)cm? sr for Ey, = 4MeV and G = (106 + 2) cm? sr
for Ey, = 10 MeV. As the GCR proton flux typically peaks at or
below 1 GeV and decreases again for higher energies, the differ-
ences caused by the spacecraft body only exert a minor influence
on the observed count rates. By folding the response function for
Ey = 4MeV with a typical GCR spectrum at solar minimum
(® = 270MV) and integrating over the primary energy, we ob-
tained count rates of 48/s without the spacecraft model and 53/s
with the spacecraft model, an increase on the order of 10 %. This
is only about 80 % of the typically observed count rate (270/s,
divided among four channels), as only protons were simulated.
We note that the effect of the spacecraft body may be larger for
heavier ions, as they fragment more in the spacecraft and may
thus contribute more to the response function with the generated
secondaries.

2.2. CRaTER on LRO

The Cosmic Ray Telescope for the Effects of Radiation
(CRaTER, Spence et al. 2010) is an instrument on the Lunar
Reconnaissance Orbiter (LRO) mission measuring the radia-
tion dose and linear energy transfer (LET) spectra in lunar or-
bit. CRaTER consists of three pairs of thin (140 um) and thick
(1000 um) silicon detectors, D1 through D6, separated by sec-
tions of tissue-equivalent plastic serving as an absorber. The D1
end of the telescope is pointed towards the zenith, while the D6
end points towards the surface of the Moon. Similarly to HET,
CRaTER uses multiple coincidence conditions between its de-
tectors to measure particles of different energies. For example,
the lowest energy particles are detected using the coincidence
of D1 and D2 (the uppermost two detectors), with a minimum
energy of 12.7MeV required for protons to penetrate D1 and
reach into D2 according to Spence et al. (2010). This value of
12.7MeV is also the minimum energy for protons to be detected
in any CRaTER detector, as D1 has a higher energy deposit
threshold, so that it rejects most protons and many helium ions.

The CRaTER Level 2 secondary science data, available
through NASA PDS! and on the CRaTER web site?, provide
single counters for each of the six detectors, similar to the HET
counters described in Sect. 2.1, as well as additional counters
for “rejected events”, “good events”, and “total events”, where
a good event is any valid event where an incoming particle trig-
gered at least one detector.

This means that there are two different counters in the
CRaTER data (D2 and good events) measuring protons with en-
ergies > 12.7MeV, while the threshold is higher for all other
counters. The good events counter was already used by Sohn
et al. (2019b,a) to study Forbush decreases and energetic parti-
cle events, and it has the best counting statistics (on the order of

! https://pds-ppi.igpp.ucla.edu/
2 http://crater-web.sr.unh.edu/
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Fig. 3. Response functions (i.e. energy-dependent geometric factors) of
the SolO HET and LRO CRaTER detectors employed to measure FDs
in this study. Upper panel: HET C detector single counters. The four
lines correspond to four different scenarios depending on the threshold
applied for the available counters. The derivation of the response func-
tion using a Geant4 simulation is described in Sect. 2.1. Lower panel:
D2 detector single counter (blue) and good events counter (orange) of
CRaTER. Lines show the response for the mean altitude of CRaTER
during the event, while shaded areas mark the range of responses for
the maximum and minimum altitudes. These response functions were
derived by Looper et al. (2013) and are described in Sect. 2.2.

~ 66/s at the time of the event studied here). However, while
the threshold is well defined, the response function of the good
events counter is slightly more complex, as it includes multi-
ple detectors with different shielding conditions and measures a
higher amount of secondary particles coming from the lunar sur-
face (the so-called albedo) than D2 alone. Looper et al. (2013,
Appendix A) derived the response functions of the single detec-
tor count rates using a Geant4 (Agostinelli et al. 2003) simula-
tion. The response functions of the D2 detector single counter
as well as the good events counter are plotted in Fig. 3 (lower
panel). Similarly to the HET response function in the upper
panel, steps in the response function occur when different parts
of the telescope are penetrated by particles.

In addition to the count rate files, we used the ancillary data
of the LRO to exclude time periods where the spacecraft is not
in its nominal orientation, for instance, due to orbit adjustment
maneuvers. Any data where the LRO is more than 1° away from
the nominal orientation, with CRaTER’s D2 detector pointing
towards the zenith, is excluded to make sure that the measured
count rates are not affected by these activities. This exclusion
only affects few data points, as the LRO pointing is usually very
precise to support its imaging instruments.

As the LRO orbit is elliptical and relatively close to the lu-
nar surface (between 54 km and 132 km above the surface in the
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time period studied in this work), the Moon takes up a signifi-
cant portion of the sky as viewed from CRaTER. Thus, the Moon
shields CRaTER from part of the incoming GCR, but also pro-
duces albedo particles. This means that the count rate of parti-
cles measured using a single-detector counter (i.e., in a 4r solid
angle field of view) periodically varies with the current altitude,
which is also shown in the altitude-dependent response functions
in Fig. 3 (lower panel). The plotted altitudes are slightly different
from the actual values (£2 km) due to the limited altitude reso-
lution of the simulation, but this only makes a small difference.
The orbital period of the LRO is about 110 minutes, which de-
termines the frequency of this periodic signal. Multiple methods
have been developed to correct for this effect, such as the dose
correction factor given by Schwadron et al. (2012) based on ge-
ometrical calculation of the covered solid angle, or the Fourier
series method introduced by Winslow et al. (2018). In this study,
we apply a simple empirical method in which we create a scat-
ter plot of the time-dependent CRaTER count rate c() versus the
LRO altitude A(z) for the time period of interest, apply a linear re-
gression, and use the obtained slope m to calculate the corrected
count rate

Ceorreced(?) = ¢(t) = m - (h(t) = 1), (1)

where / denotes the mean altitude of the LRO during the time
period investigated, which is 93 km for the event studied in this
work. In this case, we found this method to work about as well as
the Fourier series method in suppressing the periodic signal and
better than the simple geometrical calculation, which does not
take into account the albedo particles generated by the Moon.
However, short- or long-term variations of the GCR spectrum,
which influence the ratio between the counts of primary GCR
and albedo particles, and thus the necessary correction factor,
are not accounted for by any of these methods and can still cause
the periodic component to appear in the corrected signal, albeit
with a much lower amplitude. Due to these difficulties with the
altitude correction, we additionally always plot orbit-averaged
values of the CRaTER data.

2.3. Neutron monitor observations and the global survey
method

As stated above, neutron monitors have historically been the
most important data source for the study of GCR variations in
general and FDs in particular. The global network of neutron
monitors, whose data are available from the Neutron Monitor
Database (NMDB)?, provides continuous measurements from
many locations around the globe. In contrast to deep space mea-
surements, neutron monitors have an inherent cutoff energy (of-
ten given in terms of rigidity) determined by the Earth’s magne-
tosphere and atmosphere, which depends on the latitude as well
as the altitude of the neutron monitor. At the poles, the influence
of the magnetosphere decreases to zero (see e.g., Smart & Shea
2008), leading to a cutoff rigidity of 0.1 GV at the location of
the South Pole neutron monitor, which would correspond to a
proton energy of ~ 5MeV. At these locations, the atmospheric
cutoff dominates and results in a cutoff energy of about 450 MeV
for protons Clem & Dorman (2000), that is, a factor of ~ 20-30
larger than in the abovementioned response functions of HET
and CRaTER. This causes Forbush decreases observed by neu-
tron monitors to usually be smaller in amplitude than in deep
space observations.

3 http://www.nmdb.eu
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A method that takes into account simultaneous ground-level
observations of cosmic rays by neutron monitors at different lo-
cations to calculate the main characteristics of cosmic-ray varia-
tions outside of the atmosphere and magnetosphere of Earth has
long been proposed (see Krymsky 1964; Krymsky et al. 1966;
Belov et al. 1973, 1974; Dorman 2009) and is still used nowa-
days (e.g., Papaioannou et al. 2019, 2020; Abunina et al. 2020).
This technique is called the global survey method (GSM). The
GSM separates the isotropic part of the variations of cosmic rays
from the anisotropic part and uses spherical harmonics to ex-
press their respective amplitudes. In the following, A0 is used
for the amplitude of the isotropic variations; Ax, Ay, and Az are
the corresponding amplitudes of the first harmonic (higher or-
ders are not considered). Here, Ax and Ay denote the equatorial
components of the anisotropy, with x pointing away from the
Sun and y perpendicular to that, while z is the north-south com-
ponent. However, in order to achieve this, first the atmospheric
and instrumental response functions, which couple the primary
particles at the top of the atmosphere to the secondaries recorded
by neutron monitors on the ground, and a backmapping of cos-
mic ray particles traveling under the influence of Earth’s mag-
netic field are applied. The historical development, scientific ar-
gumentation, and mathematical formulation of the GSM can be
found in the recent comprehensive report of Belov et al. (2018).
The GSM incorporates a power-law dependence on the rigidity
for the isotropic part of the CR variations (i.e., A0) and thus can
provide outputs for a set of fixed rigidities (see e.g., Figure 2 in
Belov 2000). However, a fixed rigidity of 10 GV (corresponding
to a proton energy of 9.1 GeV) has typically been used for more
than 65 years (e.g., Belov 2000; Belov et al. 2015, 2018; Pa-
paioannou et al. 2020; Abunina et al. 2020). This value is more
illustrative on the actual GCR modulation and is close to the ef-
fective rigidity of NMs to detect GCRs (see e.g., Asvestari et al.
2017; Koldobskiy et al. 2018), implying that a NM is mostly re-
sponsive to the variability of mid-rigidity CRs from several GV
to several tens of GV in rigidity.

3. ForbMod

ForbMod (Dumbovi¢ et al. 2018) is an analytical physics-based
model to describe Forbush decreases caused by flux rope CMEs.
Its calculations are based on the self-similar expansion of a flux
rope, which is modeled as a (locally) cylindrical structure with
an initial radius, ag, close to the Sun that initially contains no
GCRs at its center. While the flux rope propagates away from the
Sun, it expands self-similarly: Both the increase in the flux rope
radius @ and the decrease in the central magnetic field magnitude
B, are assumed to follow power law expressions with the so-
called expansion factors n, and np used as power law indices:

R(1)

a(t) = ag (R_o) M , B.(t) = BO(

R(’)) , @

Ry

where R(r) describes the radial distance of the flux rope from the
Sun, Ry the initial distance at time ¢ = 0, and B the initial central
magnetic field. As stated by Dumbovic et al. (2018), previous
observational studies (Bothmer & Schwenn 1998; Leitner et al.
2007; Démoulin et al. 2008; Gulisano et al. 2012) constrained
the power law indices to 0.45 < n, < 1.14 and 0.88 < ng <
1.89. During the expansion and radial propagation of the CME,
the GCRs gradually diffuse into the flux rope slower than in the
surrounding solar wind, so that the GCR phase space density
within the flux rope is decreased while it passes by an observer.

ForbMod then describes the GCR phase space density within the
flux rope using the following main equations, which are derived
in detail by Dumbovi¢ et al. (2018):

) D, X+l
0
3

where Uy is the GCR phase space density outside the flux rope,
Jo is the Bessel function of the first kind and order zero, «a; is
a constant corresponding to the first positive root of Jy, r is the
radial distance of the observer from the flux rope center (which
may be time-dependent, hence r(#)), Dy is the initial diffusion
coefficient, and v is the CME propagation speed. The function
f(#) describes the GCR diffusion into the flux rope, where the
diffusion time is equivalent to the propagation time ¢ since the
initial condition (¢ = 0) near the Sun. It is assumed that v is con-
stant and that the diffusion coefficient D is inversely proportional
to the central magnetic field, D « 1/B,, so that D(¢) follows a
power law with the index ng (c.f. Eq. 2). This power law rela-
tion was already inserted to obtain the expression for f(f) given
in Equation 3. Additionally, the ambient GCR phase space den-
sity, Uy, is assumed to be constant to simplify the calculation;
the known radial gradient the GCR flux of about 3 %/AU (Web-
ber & Lockwood 1999; Gieseler & Heber 2016; Lawrence et al.
2016) is not taken into account. The expansion type

x=ng—2n, # -1 4)

describes the expansion behavior of the CME, and in particular
its magnetic flux. x = O corresponds to a conservation of mag-
netic flux (as the product of the flux rope cross section and the
central magnetic field stays constant), while x > 0 describes a
decrease in the flux with heliospheric distance and x < 0 an in-
creasing flux. x = —1 is a special case, which requires a different
functional form of f(#) in Equation 3 (for details, see Dumbovi¢
et al. 2018). The influence of the value of x on the ForbMod re-
sult can be understood as the interplay between the expansion
and diffusion effects — when the diffusion (which depends on the
magnetic field, and thus, ng) is very eflicient, the flux rope is
quickly filled with GCR particles, but a fast increase in the flux
rope size (large n,) can counteract this effect by increasing the
space that needs to be filled with GCRs.

In addition to its dependence on the magnetic field, the GCR
diffusion coefficient D also depends on the particle energy. For
instance, higher energy particles diffuse into the flux rope more
easily and thus show a shallower FD. While the original model
of Dumbovi¢ et al. (2018) describes only the FD profile of one
specific GCR energy, for which Dy needs to be provided, Dum-
bovic et al. (2020) extended the model with empirical functions
for the energy dependence of the diffusion coefficient, so that
the FD profile can be calculated for any GCR energy. By folding
the resulting spectrum with the response function of a particle
detector, it is then possible to simulate the measurement of the
FD by this detector. In this version of ForbMod, the input GCR
spectrum and the energy dependence of the diffusion coefficient
D are needed as input parameters for the model. As described
by Dumbovié¢ et al. (2020, Appendix B), the modified force-
field approximation described by Gieseler et al. (2017) is used
to calculate the GCR spectrum based on the values of the solar
modulation potential @ obtained from neutron monitor data by
Usoskin et al. (2011) and from ACE/CRIS data by Gieseler et al.
(2017). For our event in April 2020, near the minimum between
Solar Cycles 24 and 25, the corresponding measurements of ©
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are not yet available, so we use the values from similar condi-
tions for the previous solar cycle in June 2009. The values from
Usoskin et al. (2011) are derived based on data from the Oulu
neutron monitor; as its count rates between April 2020 and June
2009 are comparable, this supports our assumption that the solar
modulation conditions are very similar. The energy-dependent
diffusion coefficient is calculated using the empirical formula
given by Potgieter (2013), with parameters derived by Potgieter
et al. (2014) for the period 2006-2009 from PAMELA data and
by Corti et al. (2019) for the period 2011-2017 from AMS-02
measurements. In this case, data for 2020 are not yet available
either, so we use the values from 2009 with comparable solar
cycle conditions. More detailed explanations about these param-
eters are given by Dumbovi¢ et al. (2020, Appendix A).

To convert the U(r, f) dependence in Equation 3 into a func-
tion that purely depends on the time, ¢, and can thus directly be
compared to in situ GCR measurements, the observer location,
r, with respect to the flux rope center, needs to be defined. For
this, we can use the in situ measured velocity profile vi, siw(#) of
the flux rope, namely, the observer passes through the flux rope
at this measured velocity:

r(t) = |a(t) = Vin siwa (£) - (£ = teme)], )

where fcpE is the in situ arrival time of the CME. The conversion
of U(r) into U(¢) introduces some asymmetry into the FD pro-
file, as the in situ measured velocity profile vy, siw (f) is typically
not constant. We note that ForbMod only models the GCR mod-
ulation due to a flux rope CME, not the additional influence of
a shock-sheath region, although it may be combined with other
models to take this into account (see e.g., Dumbovi¢ et al. 2020;
Freiherr von Forstner et al. 2020).

4. Results
4.1. In situ observations

The April 19 CME was observed at Solar Orbiter using its
magnetometer, showing a clear signature of a flux rope with a
south-east-north field rotation and a maximum field intensity of
Bnax = 21.2nT, a preceding shock with a jump of about 3nT
in magnetic field intensity, and a turbulent sheath region in be-
tween (see the upper panel in Fig. 4, and see Davies et al. (2021)
for further discussion of the MAG data). The shock arrival time
was 05:06 UTC on April 19, 2020, the flux rope arrived at 08:58
UTC on the same day and ended at 01:11 UTC on April 20.
MAG data from April 21 (i.e., one day after the end of the CME
flux rope) are not displayed here because spacecraft commis-
sioning activities affected the sensor temperatures on that day.
Solar wind plasma measurements from the Solar Wind Analyzer
instrument on SolO (SWA, Owen et al. 2020) are not available
for this event, as it was not yet fully commissioned. EPD mea-
sured the fluxes of suprathermal ions slightly above solar wind
energies (5.3keV to 85keV, i.e., 1000km/s to 4000 km/s) us-
ing the SupraThermal Electrons and Protons (STEP) instrument.
As shown in the second panel of Fig. 4, STEP sees a clear en-
hancement of suprathermal ions accelerated in the sheath region,
and this is also confirmed by EPD’s Electron Proton Telescope
(EPT, not shown here), which saw enhancements of ions up
to 100keV. No significant enhancements of energetic electrons
were observed in EPT or STEP.

The flux rope is followed by a separate structure with en-
hanced levels of magnetic turbulence. In comparison with the
solar wind plasma observations near Earth (see Fig. 5 and its de-
scription later in this section), where clear increases in solar wind
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speed and temperature are observed, we identified this to be a
stream interaction region (SIR), followed by a stream of high-
speed solar wind. We determined the onset times of the three
SIR structures, the forward shock (F), stream interface (I), and
reverse shock (R) at SolO by searching for shock signatures in
the magnetic field data that are similar to those seen at Wind,
although the identification is less reliable than at Earth due to
the missing SWA data. In addition, STEP and EPT see another
enhancement of energetic ions close to the stream interface.

However, the main focus of this study is the signature in the
high energy particles, where a clear Forbush decrease with a drop
amplitude of around 3 % in both the GCR channel as well as the
C detector counters is observed (bottom panels of Fig. 4). The
C counter is plotted in ten-minute time averages, with an addi-
tional curve showing a smoothed version of these data (rolling
mean) and the GCR channel is shown in a similar fashion with
a one-hour cadence. Due to the higher count rate, the FD is es-
pecially well observed in the C counters. The main part of the
decrease occurs during the passage of the flux rope — the de-
crease within the sheath region is well below 1 %. This means
that the assumption of the ForbMod model (Sect. 3) that only
the flux rope effect is taken into account is fulfilled. A second
GCR decrease is observed after the CME, coinciding with the
passage of the SIR.

Figure 5 shows the in situ measurements of the CME arrival
near Earth, including solar wind magnetic field and plasma data
from the Magnetic Field Investigation (MFI, Lepping et al. 1995)
and the Solar Wind Experiment (SWE, Ogilvie et al. 1995) on
board the Wind spacecraft, as well as GCR measurements from
the South Pole neutron monitor (SoPo), the GSM outputs and
the CRaTER D2 counter. The measured speed of the CME at
Wind is very slow, with a maximum of 370 km/s. The Wind and
CRaTER measurements were shifted forward in time taking into
account the radial distance to Earth (1 h 7 min for Wind at L1,
and 15 min for CRaTER at the Moon; cf. inset in Fig. 1). These
time shifts were calculated using the abovementioned maximum
speed of 370 km/s, which is seen at the front of the CME flux
rope. Considering this time shift, the shock arrival time at Earth
is 02:40 UTC on April 20, and the flux rope arrived a few hours
later at 09:01 UTC. In comparison to Solar Orbiter, the magnetic
field strength of the flux rope has decreased to a maximum of
Binax = 16.2nT, while the sheath region still has field intensi-
ties similar to the SolO measurement around 6 nT. Apart from
the lower intensity, the magnetic field signatures of the flux rope
look very similar to those observed at Solar Orbiter, showing
the same south-east-north orientation. The large negative out-of-
ecliptic component (Bz, or By) seen at the beginning of the flux
rope is a feature which is typically associated with high geo-
effectiveness (e.g., Gopalswamy 2008). The sheath duration in-
creased by more than two hours (~ 60 %), which is probably re-
lated to the accumulation of additional solar wind plasma in front
of the CME as well as expansion due to the increasing velocity
profile of the sheath region (see e.g., Manchester et al. 2005; Sis-
coe & Odstrcil 2008; Janvier et al. 2019; Freiherr von Forstner
et al. 2020), while the expansion of the flux rope is more moder-
ate at a bit over one hour (~ 8 %). The transit times from Solar
Orbiter to L1 correspond to an average transit speed of 363 km/s
for the flux rope front, which matches the in situ measured front
speed of 370 km/s very well.

As mentioned earlier in this section, the SIR following the
CME is clearly seen in the in situ data at Wind, showing signa-
tures such as the increases in temperature and velocity as well
as a decrease in density. According to these signatures, the time
of the forward shock (F), stream interface (I), and reverse shock
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(R) were marked in Fig. 5. Even though the solar wind plasma
data are not available at Solar Orbiter for this event (as described
above), it is clear from the magnetic field measurements that the
SIR followed closely behind the CME at both locations, sep-
arated by a region of high plasma density (seen in the Wind
measurements). Assuming an average solar wind speed within
the SIR of approximately 400 km/s, the separation of the Parker
spiral footpoints of SolO and Earth is 16.7°, corresponding to
an expected SIR delay time of 27.2 hours. The measured de-
lay varies between 24.9 hours for the forward shock, 27.7 hours
for the stream interface, and 31.4 hours for the reverse shock,
suggesting that the SIR has significantly expanded in both direc-
tions. This means that the SIR may have affected the evolution
of the CME, for example, by compressing it from behind. We
will discuss this further in Sect. 5.

Comparing the GCR measurements at SoPo and CRaTER,
as well as the outputs of GSM, when utilizing measurements of
~35 neutron monitors, it can be seen that the relative amplitudes
of the FD profiles induced by the CME at SoPo and from GSM
are quite similar, whereas both are quite different compared to
CRaTER. As discussed in Sect. 2.2, CRaTER covers a similar
energy range as the HET C counter at SolO, while neutron mon-
itors have a larger cutoff energy. The South Pole neutron mon-

interface (I), and reverse shock (R) of the SIR.

itor has much higher counting statistics than CRaTER, but the
FD there only reaches an amplitude of 1.2 %, as higher energy
particles are modulated less by the CME’s magnetic field. This
is also true for the outputs of GSM that reach an amplitude of
1.1 %. The minimum of the FD appears to fall within the mag-
netic cloud (MC), and as at SolO, the MC seems to be the main
driver of the FD in comparison to the shock-sheath structure,
during which only a small decrease is observed. On the other
hand, the FD at CRaTER has an amplitude of 2.0 %. The FD
onset at CRaTER appears to be slightly earlier than the arrival
of the flux rope, but the difference is only less than one orbital
period of CRaTER, so this may also be an artifact of the altitude
correction (cf. Sect. 2.2). The slightly enhanced periodic varia-
tions of the CRaTER signal seen close to the minimum of the
FD are also a sign that the altitude correction is not completely
suppressing the periodic signal due to the modulated GCR spec-
trum.

Figure 6 presents the density variations of cosmic rays at
Earth obtained from GSM: AOQ (in %), together with the compo-
nents of the anisotropy Axy (equatorial components) and Az (po-
lar component). The characteristics of the cosmic ray anisotropy
that signify the effect of a MC on GCRs are summarized as fol-
lows: (a) the amplitude of Axy is higher within the MC, reaching
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a maximum of ~ 1% coinciding with the minimum of the FD;
(b) the direction of the anisotropy vector (i.e., orange part of the
vector diagram) changes abruptly when entering the MC (Belov
et al. 2015); (c¢) there is a rotation of the Axy vector within the
MC; and (d) the north-south component Az changes by 1.1 %
during the FD, including a reversal of direction during the de-
cay phase of the FD (Abunin et al. 2013; Belov et al. 2015). The
CME parameters calculated from the in situ data at Solar Orbiter
and near Earth, as well as the onset times of the SIR structures
are summarized in Table 1.

Figure 7 (also available as an online animation) shows the re-
sults from an application of the semi-empirical 3DCORE model
(Mostl et al. 2018; Weiss et al. 2020), based on the SolO MAG
observations of the flux rope. This model provides a global con-
text for the flux rope structure, propagation, and orientation at
Solar Orbiter and Wind. Further applications of this model and
its results are described in more detail by Davies et al. (2021),
whereas here we show a few main results relevant for our study.
In order to reconstruct the magnetic field configuration and its
3D structure, the 3DCORE model ensembles were fitted to an
interval of the MAG data with a clean magnetic field rotation;
here, we have a run that represents a best fit which covers an
interval from Apr 19 11:13 UTC to Apr 20 01:59 UTC. This

Article number, page 8 of 16

112

surements from the south pole neutron moni-
tor (gray, blue) and the GCR density variation
at 10 GV (corresponding to 9.1 GeV proton en-
ergy) obtained from GSM.

interval starts about 2 hours later than the start of the flux rope
interval stated above at 08:58 UT as the Br component is posi-
tive for a short while after 09:00 UT, which is inconsistent with
its unipolar excursion to By < 0 later. This first feature in By
cannot be fitted with the 3DCORE flux rope model, and thus we
choose to narrow the fitting interval to what Davies et al. (2021)
call the "unperturbed” inner part of the flux rope.

The 3DCORE technique consists of a Gold-Hoyle uniform
twist magnetic field in an elliptical flux rope cross section placed
in a 3D toroidal shape (Weiss et al. 2020). Here, we set the cross
section aspect ratio, otherwise a free parameter to be determined
from the fitting analysis, to a value of 2.0, which is consistent
with the angular width of the CME void in Heliospheric Imager
observations (Davies et al. 2021). In Fig. 7a-c, a 3D visualization
of the 3DCORE envelope is presented from several viewpoints at
the time of the Forbush decrease onset at Earth. Fig. 7d demon-
strates the ability of the model to fit the Solar Orbiter observa-
tions. In Fig. 7e, we propagated the model to the Wind spacecraft
self-similarly, where the power law exponents for the expansion
of the diameter and magnetic field (as defined in Equation 2)
were set to previously empirically derived values of n, = 1.14
and np = 1.64, respectively. Those values are based on a power
law fit of the mean total magnetic field of a large sample of in
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Fig. 6. GCR density variation AO at Earth obtained from GSM at a
fixed rigidity of 10 GV (brown line, corresponding to 9.1 GeV proton
energy), together with the first harmonic of the cosmic ray anisotropy.
The equatorial component Axy of the anisotropy is displayed as a vector
diagram (teal and orange triangles), which are connected to the corre-
sponding points in time on the AO plot with magenta lines. Addition-
ally, the north-south component Az is shown as green vertical arrows on
top of AO time profile. The shaded rectangle and the orange part of the
vector diagram correspond to the duration of the magnetic cloud (MC).
The shock arrival at Earth is indicated by the arrow labeled SC (“sudden
storm commencement”), and the direction to the Sun in the vector dia-
gram is indicated with a red arrow. The components of the anisotropy
Ax and Ay that define the plane for the calculation of Axy are indicated
on the top right corner of the figure. Numbers at each anisotropy compo-
nent on the figure indicate the scale used for the plotting of the relevant
arrows.

situ measured CME flux ropes in the inner heliosphere (Leitner
et al. 2007).

The 3DCORE torus propagates according to a drag-based
model (see details in Weiss et al. 2020). The results show that
the modeled magnetic field components are consistent at Solar
Orbiter and Wind at L1, but as seen in Fig. 7e, there is a time
shift between the model and the observations of the flux rope
magnetic field at Wind (concerning all components and the total
field). This points to a slight inconsistency of the Solar Orbiter fit
results when they are propagated to L1, which most likely arises
from the shape and direction of the 3DCORE torus being deter-
mined with data from a single spacecraft, and it is expected that
due to the model assumptions this does not exactly reproduce
the observations at another spacecraft. This inconsistency can be
alleviated with simultaneously fitting 3DCORE to Solar Orbiter
and Wind in situ magnetic field data, but this is the subject of
future studies.

In Fig. 7, we show a model which uses parameters repre-
sentative of the best fit, but the fitting algorithm that we use
(Weiss et al. 2020) allows us to derive distributions for each of
the flux rope parameters. The main results from the Solar Or-
biter 3DCORE fit (with the results stated as means + standard
deviations) are as follows: the CME is directed at (13 + 5)° lon-
gitude (HEEQ) and (-5 + 5)° latitude, which means that it has
a close to central impact at Solar Orbiter and Wind and the ob-
servations at the two spacecraft are clearly connected. The ori-
entation of the axis is (11 £ 13)° to the solar equatorial plane,
thus, it is a low inclination flux rope. At the heliocentric dis-
tance of Wind (0.995 AU), the axial magnetic field strength in the
model is (14.3 £ 0.9) nT, and the model flux rope has a diameter
of (0.114 £ 0.022) AU. For Solar Orbiter at 0.809 AU, this axial
field is (20.1 £ 1.2) nT and the diameter is (0.090 + 0.017) AU.

Table 1. CME and SIR parameters derived from the in situ measure-
ments at Solar Orbiter and near Earth.

Solar Orbiter near Earth
Radial distance
R [AU] 0.809 0.995¢/1.005°
CME and SIR onset times

Eshock [UTC]

teme [UTC]

ICME end [UTC]
Tforward shock [UTC]
Istream interface [UTC]
Treverse shock [UTC]

2020-04-19 05:06
2020-04-19 08:58
2020-04-20 01:11
2020-04-20 05:22¢
2020-04-20 09:15¢
2020-04-20 13:47¢

2020-04-20 02:40
2020-04-20 09:01
2020-04-21 02:32
2020-04-21 06:15
2020-04-21 12:58
2020-04-21 21:11

Duration

Atghearn [h] 3.9 6.4
Ateume [h] 16.2 17.5

In situ parameters
Biax [nT] 21.2 16.2
veMme [kmy/s] — 347
Vexp [km/s] — 46
App [%] 2.9 2.0

Notes. Listed Forbush decrease amplitudes Agp correspond to the HET
C counter at Solar Orbiter and the CRaTER D2 counter near Earth.
@ L1 ® Earth © Due to the missing plasma data, SIR onset

times are less certain at SolO.

As explained by Démoulin & Dasso (2009) and Gulisano
et al. (2012), the measured velocity profile of the flux rope can
be used to estimate the expansion factor, n,, which describes the
increase in the flux rope radius a with the radial distance from
the Sun (see definition in Sect. 3). From a linear fit, we calculate
the expansion speed veyp, Which is the velocity difference be-
tween the front and rear end of the flux rope, to be 46 km/s, and
together with the mean speed of veyg = 347 km/s, we calculate:

Vexp R

=0.90, (6)

Ng,in situ @ Wind = )
AICME Ve
where R is the radial distance of Wind at this time (see Eq. 1).

It is also possible to calculate a value of n, for the propa-
gation between SolO and Wind, using the two in situ measure-
ments:

At ; Rw;
N4,5010-Wind = 10g (M)/log( wmd) =0.37, @)
AtcME, solo Rsol0

and, similarly, we can derive the expansion factor ng for the mag-
netic field magnitude between SolO and Wind:

Binax, Wind) / (med
——— |/ log

) =1.30, (8)
SolO

B Sol0-Wind = — log(

max, SolO
The values for both ng so10-wind and 7g.in sit @ wind are within the
typical ranges found in previous observational studies, as de-
scribed in Sect. 3. The value of n, so10-wind 18 unusually low and
quite different from the in situ measurement. This could be inter-
preted as a sudden change in the expansion rate of the CME, but
may also be related to the difference of the inherent assumptions
in the two methods; for example, the local determination of the
expansion factor at Wind (Eq. 6) assumes a quasi-undisturbed
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Fig. 7. Visualization of the results of the 3DCORE flux rope model fitted to the Solar Orbiter MAG observations, shown at the time of the onset
of the Forbush decrease at Earth. The reconstructed 3D flux rope structure is shown: (a) looking down from the solar north pole onto the solar
equatorial plane, (b) in a frontal view along the Sun—Earth line, and (c) in a side view at a 75 degree angle, the longitude of STEREO-A to Earth.
A flux rope field line is highlighted as a solid blue line. The panels (d) and (e) show the in situ magnetic field data from Solar Orbiter and Wind
at Earth/L.1 compared to the GCR variation as a percentage drop in the amplitude measured by EPD/HET and CRaTER. The Wind magnetic field
components are given here in Heliocentric Earth Ecliptic (HEE) coordinates, as in Fig. 5. The 3DCORE modeled magnetic field is overplotted in
panel (d) and propagated to Earth as shown in (e). An animation of this figure is available as an online movie.

expansion of the CME following the current velocity profile
within the flux rope, while external influences are not taken into
account. In contrast, the observation of a SIR that follows closely
behind the CME (as described above) suggests that there may
have been some interaction between the two structures that may
have affected the expansion. This is discussed in more detail in
Sects. 4.3 and 5. We also note that the derived values of n, and
np are both lower than the fixed values assumed in the 3DCORE
model, but this is partly due to the fact that the 3DCORE model-
ing excludes the first part of the flux rope duration (as explained
above). Also, as stated above, a more detailed 3DCORE anal-
ysis fitting the CME structure simultaneously at both locations
will be explored in future studies.

4.2. Remote sensing observations

Due to its 75° longitudinal separation from Solar Orbiter and
Earth at the time (cf. Fig. 1), the STEREO-A spacecraft has pro-
vided excellent remote-sensing observations of this CME event.
Figure 8 shows observations from the Sun Earth Connection
Coronal and Heliospheric Investigation suite on board STEREO-
A (SECCHLI, Howard et al. 2008), namely, the COR2 white-light
coronagraph, as well as from the Heliospheric Imagers (HI). The
COR2 image shows two CMEs launched from the Sun in close
succession on April 14-15 2020. The CME visible on the right
side of the COR2 image, which first appears at approximately
19:30 UTC on April 14 and then slowly moves outward, is the
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one that headed towards SolO and Earth, while the larger CME
on the left side is backsided from the Earth point of view.

To reconstruct the CME shape near the Sun, we applied the
Graduated Cylindrical Shell model (GCS, Thernisien et al. 2006;
Thernisien 2011) to the STEREO-A/COR2 and SOHO/LASCO
C2, and C3 (Brueckner et al. 1995) coronagraph images, which
allows us to derive such parameters as latitude and longitude as
well as the flux rope height and radius. In the course of this
study, we developed a new implementation of the GCS model
in Python* and verified its results against the existing SolarSoft
IDL version. During the reconstruction process, it became appar-
ent that the structure seen on the east limb from SOHO/LASCO
C3 cannot belong to the Earth-directed CME. To fit the GCS ge-
ometry to this structure, it would have been necessary to shift the
CME longitude by more than 30° away from Earth or increase
the flux rope height significantly, which contradicts the position
of the clear flux rope structure observed at STEREO-A/COR2
and the in situ observation at Earth and Solar Orbiter. Consider-
ing this, we suspect that this signature is instead caused by the
backsided CME and we verified this assumption by also approx-
imately fitting the backsided CME with the GCS model (as plot-
ted in orange in Fig. 8). The Earth-directed CME is not clearly
seen in the LASCO C3 images, but it shows a weak signature in
C2 on the northwestern limb. This structure was used in conjunc-
tion with the clear observations in the STEREO-A COR?2 data to
reconstruct the CME (plotted in blue in Fig. 8). The GCS results

4 https://github.com/johan12345/gcs_python,
https://doi.org/10.5281/zenodo.4443203
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show that the two CMEs partly overlap in the SOHO/LASCO
observations due to the line of sight effect, which is probably the
reason why the Earth-directed CME is only seen from SOHO
on the west limb. The fit parameters for both CMEs are listed
in Table 2, where the uncertainties were derived by performing
the GCS fit for the Earth-directed CME 40 times and then calcu-
lating the mean and standard deviation of each parameter. This
was not done for the backsided CME as its parameters are not
needed for the further analysis in this study. The GCS fit results
for the latitude, longitude, and tilt angle are also approximately
consistent with the data derived from the 3DCORE reconstruc-
tion based on the in situ data (see Sect. 4.1, although these are,
of course, also associated with some uncertainties. We note that
the 40 GCS fits of the Earth-directed CME were performed by
a single person, which may decrease the uncertainties compared
to a result produced using independent reconstructions from dif-
ferent scientists. Still, care was taken to sample a large range
of possible values for each parameter and adjust the remaining
parameters accordingly to fit the coronagraph images. Addition-
ally, the data were compared to a single independent GCS recon-
struction by another researcher and the results agree within the
given uncertainty ranges.

There is also no obvious signature of the CME in the low
corona (low coronal signatures, LCS), as observed with the
SDO/AIA (Lemen et al. 2012) 211 A extreme ultraviolet (EUV)
images, making it a challenge to identify the CME source re-
gion. A weak brightening is observed at approximately 2°N 8°E,
but this is too far away from the GCS-reconstructed CME lon-
gitude of (18 = 7)°W. Thus, the CME can be considered as a
type of “stealth CME” (see e.g., Howard & Harrison 2013, and
references therein) both due to the weak LCS and the lack of
a clear halo CME in the coronagraphs from the Earth point of
view. Stealth CMEs have weak LCS because only a relatively
small amount of energy is released from the corona at their on-
set due to their low speed (typically < 300km/s according to
Ma et al. (2010) and these signatures may be too weak to be
detected with the established observational and data processing
techniques (e.g., Alzate & Morgan 2017). A more detailed study
of the source region of this CME will be performed by O’Kane
et al. (2021, in preparation for AG-A).

As a result of the GCS fit, we derived the initial height of
the flux rope Ry = (9.64 + 0.40) Ry, and the initial radius at the
apex ap = (1.93 £ 0.15)Re, calculated using the equation from
Thernisien (2011). These parameters will be needed for the ap-
plication of the ForbMod model in Sect. 4.3.

Based on the GCS results, we can make a new calculation
for the expansion factor n,: The calculation in Equation 6 corre-
sponds to the instantaneous expansion of the flux rope near 1 AU,
which may not be the same as closer to the Sun. The average ex-
pansion factor between the Sun and Earth can be calculated by
comparing the initial flux rope size ap with the one measured in
situ at Wind:

in R ing
Mg Sun-Wind = 10g (a\;lo d)/log( zo d) =0.70,

®

where Rwiyg is the radial distance of the Wind spacecraft from
the Sun and awing = Afcme - Veme/2 = 15.7Rg is the flux rope
radius calculated from the in situ data (see Table 1). A similar
value of n, = 0.69 can be calculated from the SolO measure-
ments, when assuming the CME speed to be the same as at Wind.

STEREO-A HI observations clearly show the CME signa-
ture out to elongation angles of approximately 35° (correspond-
ing to a radial distance of ~0.6 AU), as seen in the running dif-

Table 2. Results from the graduated cylindrical shell (GCS) model.

CME 1 CME 2°
HEEQ Longitude [°]] 18 %7 229
HEEQ Latitude [°] 3 +£3 -1
Tilt angle [°)] 18 +6 6
Half angle [°)] 35 =+11 15

Height [Ro] 9.5 £0.8 14.73

Ratiok  0.23 +0.04 0.30

FR radius at apex [Re] 1.8 £0.3 3.78

Notes. A GCS fitting was applied in the 2020-04-15 05:39:00 UTC im-

age from STEREO-A COR?2 and the 2020-04-15 05:36:07 UTC image

from SOHO/LASCO C2. Results are plotted in Fig. 8. Error bars are

given only for CME 1, as CME 2 is not further studied here.

@ Directed towards SolO and Earth ¥’ Backsided as seen from
SolO/Earth

ference images and the time-elongation map (Fig. 8, bottom pan-
els). This event is cataloged by the HELCATS project® under the
ID HCME_A__20200415_01. According to the self-similar ex-
pansion fitting (SSEF) result (Davies et al. 2012) given in the
HELCATS HIGeoCat catalog (Barnes et al. 2019), the CME
direction in Heliocentric Earth Equatorial (HEEQ) coordinates
is —6° in longitude and —2° in latitude. The longitude does not
match what we determined in our GCS reconstruction (Table 2),
but as the SSEF technique only uses data from a single spacecraft
and makes certain assumptions about the CME, such as a con-
stant speed and a fixed half-width of 30°, it is known to often pro-
duce large uncertainties for the CME longitude (see e.g., Barnes
et al. 2019). The SSEF results can also be used to calculate the
arrival time at Solar Orbiter and Earth, as described by Mostl
et al. (2017). The calculated arrival times available from the AR-
RCAT v2.0° are 2020-04-19 09:10 + 3.2 h for SolO and 2020-
04-20 09:45 + 4.0 h for L1, which are both about eight hours
later than the in situ shock arrival times. This is well within a
usual range of arrival time errors with this method of +17 hours.
(Mostl et al. 2017). The arrival speed at Earth is predicted as
(335 £ 11) km/s, which is also consistent with the in situ mea-
sured CME speed (mean speed v = 347 km/s, see Table 1).

4.3. Application of the ForbMod model

In the previous sections (Sects. 4.1 and 4.2), we show how we
derived all input parameters necessary for applying the ForbMod
model to the Forbush decreases at Solar Orbiter and Earth. For
the flux rope radius expansion factor, n,, multiple values were
calculated from measurements at different locations, with quite
significant differences: Ny S0l0-Wind = 0.37, Ngin situ @ Wind = 0.90,
and 71, sun-wind = 0.70. Additionally, we derived one value of the
magnetic field expansion factor 7 soi0-wind = 1.30, based on the
SolO and Wind in situ measurements of the magnetic field.
While np is also used separately to derive the radial depen-
dence of the diffusion coefficient D, the key purpose of the two
expansion factors within ForbMod is to calculate the so-called
expansion type, a quantity defined as x = np — 2n, (see Eq.
4). Consequently, the model is very sensitive to the values of
n, and np. x describes the evolution of the magnetic flux and

5 https://www.helcats-fp7.eu/
% https://helioforecast.space/arrcat,
https://doi.org/10.6084/m9.figshare. 12271292
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is assumed to be constant over the course of the CME propaga-
tion, that is, the magnetic flux increases or decreases at the same
rate. Thus, the inconsistency of the measured n, values suggests
that ng must also have changed to keep x constant. So, we can
derive x = B Sol0-Wind — 2na,5010_wmd = 055, and then, under
the assumption that x = const., calculate a corresponding ng for
each of the measured n, values. The results of this calculation are
listed in Table 4. Of course, in the case of this event, x = const. is
a quite bold assumption to make considering the observed vari-
ation of n,, but due to the lack of additional observations of ng,
there is no other way to derive the necessary input parameters
from observations. We will discuss the possible implications of
this in more detail in Sect. 5.

To summarize, we list all the parameters that are used for
the application of ForbMod again in Table 3. We ran ForbMod
for each of the n, and np pairs that we calculated (Table 4),
as well as for a “best fit” result reproducing the measured FD
amplitudes at Solar Orbiter HET and CRaTER. Apart from the
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response functions, transit times and radial distances, the Forb-
Mod input parameters were always the same for both locations.
It also must be noted that following the observed variation of n,,
the duration of the FD profile calculated with ForbMod was not
derived from the a(?) power law assumed by ForbMod (equation
2), but instead was fixed to the observed flux rope duration. The
ForbMod best fit was obtained by calculating the FD amplitudes
across the whole reasonable parameter space of n, and np (while
keeping all other parameters fixed) and then selecting the set of
parameters that produced the lowest sum of squared residuals
with respect to the two in situ measured amplitudes at HET and
CRaTER (see Table 1).

The ForbMod results for the “best fit” parameters are shown
in Fig. 9, where the time profile calculated using Equation 5 is
plotted in red and the measurements in blue and gray (as previ-
ously shown in Figures 4 and 5). It can be seen that for these
parameters, there is a good agreement between the model and
observations: ForbMod aptly describes the relatively symmet-
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Table 3. Input parameters for the ForbMod model

Parameter Source Section  Value

GCR spectrum Force-field approximation, Gieseler 3 ® for June 2009
etal. (2017)

Diffusion coefficient D Empirical function from Potgieter 3 parameters for 2009
(2013) with parameters from Potgi-
eter et al. (2014)

Detector response function Geant4 simulation results 2.1,2.2 SeeFig. 3

Magnetic field B, Bhax in Wind data 4.1 B. =162nT

expansion factors n,, ng Calculation assuming x = const. 4.3 see Table 4
(Eq. 4) / best fit

Flux rope parameters Ry,ap ~ GCS reconstruction 4.2 Ry = 9.64 R,

ap=193Rg

Diffusion time In situ arrival time, Launch time: 4.1,4.2 fso0 = 99h,

(= transit time) time of GCS fit tgarh = 123 h

Velocity profile linear fit to in situ measurements at 4.1 see Table 1

Wind

Table 4. Pairs of expansion factors n,, ng used for the ForbMod model,
and resulting FD amplitudes at SolO HET, CRaTER and the South Pole
neutron monitor.

Calculation Sun — SolO — in situ best
Wind Wind @ Wind fit?

n, 0.70 0.37 0.90 1.08

ng 1.95° 1.30 2.36" 2.01
X 0.55 0.55 0.55 -0.15

App, soi0 [%] < 0.01 < 0.01 1.25 2.90
Arp, craTER [%] < 0.01 <0.01 0.50 2.00
App, sopo [%] < 0.01 <0.01 0.03 0.44

Notes. Each column in the table corresponds to one set of input parame-
ters n, and np that was used with ForbMod. The modeled FD amplitude
for the GSM data (10 GV) is < 0.01 % for all four sets of input parame-
ters and not shown here.

(@ Best fit was obtained by constraining the FD amplitudes at
SolO and CRaTER. ) These quantities were calculated
assuming that x = 0.55 (see discussion in Sect. 4.3).

(© Calculated using Eq. 4.

ric Forbush decrease caused by the flux rope CME and repro-
duces the observed FD amplitudes. Of course, the second de-
crease caused by the SIR is not included in the model, which
explains the obvious deviation of the measurements from the
model after the flux rope passage. The effect of the spacecraft
model included in the HET response function (see Sect. 2.1) is
significant, applying ForbMod using the response function with-
out the spacecraft would lead to a ~ 20 % larger FD (amplitude
of 3.52 %, not shown here).

For the other parameters, n, and ng, derived from the ob-
servations, ForbMod results for the FD amplitude at SolO and
CRaTER are shown in Table 4. With all these parameter sets, it
can be seen that ForbMod underestimates the amplitude of the
FD. The closest result is obtained using the in situ parameters

measured at Wind, but even in this case the modeled FD ampli-
tude is less than half of the measurement. For the other sets of
parameters, ForbMod predicts the flux rope to already be com-
pletely filled with GCRs by the time it reaches SolO and Earth,
so that the FD amplitude is < 0.01 %.

In addition to SolO HET and CRaTER, we applied ForbMod
at Earth with different response functions to model the FDs ob-
served at the South Pole neutron monitor (SoPo) and in the GSM
data. For the latter, we applied ForbMod monoenergetically at
the fixed rigidity of 10 GV (corresponding to 9.1 GeV proton en-
ergy) that is used by GSM, while for the former we assume a
constant response above a cutoff energy of 450 MeV (see Sect.
2.3). With these results, both the FDs at SoPo and GSM data
are significantly underestimated, with a maximum amplitude of
0.44 % for SoPo and well below 0.01 % for GSM in all cases. To
obtain the observed FD amplitude on the order of 1 % from the
model, especially for the higher energy of GSM, the parameters
n, or ng (or both) would need to be increased even more, which
is not supported by observations or the previous observational
constraints cited in Sect. 3.

5. Discussion and conclusions

In this study, we present in situ and remote sensing observations
of the first flux rope CME that hit the Solar Orbiter spacecraft
on April 19 and Earth on April 20, 2020. Furthermore, we study
the Forbush decrease that it caused at both SolO and near Earth.
This event is considered to be a “stealth CME” as it showed only
weak signatures from the point of view of Earth in the EUV ob-
servations of the low corona. Remote sensing observations of
this CME were only possible thanks to the ideal position of the
STEREO-A spacecraft, which could track the CME from the
outer corona until ~0.6 AU. At SolO and Earth, the CME was
followed by a SIR, which is also clearly observed at both loca-
tions in the in situ magnetic field and cosmic ray signatures.
The largest FDs in terms of magnitude often require the pres-
ence and combined effect of the shock-sheath region and the fol-
lowing ejecta, both of which are necessary for deep GCR de-
pressions (e.g., Papaioannou et al. 2020). Additionally, CMEs
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that are characterized as magnetic clouds (MCs) are more of-
ten associated with large FDs (Richardson & Cane 2011). How-
ever, although the CME studied in this work was associated with
a shock and a clear MC observed at both SolO and Earth, the
resulting amplitude of the FD at Earth was relatively low, espe-
cially at higher GCR energies measured by neutron monitors and
the GSM (only ~1 %). This may lead to the assumption that only
the flank of the CME hit SolO and Earth, but this is not supported
by the in situ flux rope modeling in Sect. 4.1 and the remote sens-
ing observations presented in Sect. 4.2. Instead, the slow prop-
agation speed of the CME below 350km/s led to a very weak
shock and an extremely long propagation time of more than five
days from the Sun to Earth, which made it possible for GCRs
to diffuse into the MC and thus decrease the observed FD ampli-
tude. This explanation relates well to the concept of the ForbMod
model because the diffusion of GCRs into the flux rope over time
is the basis for its calculations. Based on the timing of the FD,
is seems that the shock only had a very weak effect on the GCR
modulation, with the majority having been caused by the MC.

Using input parameters derived from the CME observations,
we applied the ForbMod model to reproduce the FDs observed
by the SolO HET C detector counter and the LRO CRaTER D2
counter. The derivation for most of the parameters was relatively
straightforward. Only the expansion factors n, and ng, which
describe the evolution of the flux rope radius and its magnetic
field (which the model is quite sensitive to) could not be unam-
biguously determined from observations, as they seem to vary
significantly depending on where and how they are measured. In
addition, while n, could be measured for different locations, ng
could only be measured based on SolO and Wind observations
(i.e., there is no measurement of ng from the Sun to Earth). One
set of parameters, derived assuming that the expansion type x
is constant and using the n, value measured in situ near Earth,
only produces an FD amplitude of 1.29 % at SolO compared to
the measurement of ~ 3 %. A “best fit” set of parameters n,
and np, which closely reproduce the FD amplitudes measured
at CRaTER and HET, was also calculated, with an even higher
value of n,, that is, a stronger expansion of the flux rope size not
supported by the observations, and a lower value of x closer to
zero corresponding to a conserved magnetic flux (see Dumbovié
et al. 2018). In this case, the faster expansion (larger n,) coun-
teracts the diffusion of GCRs into the flux rope, as described
in Sect. 3, so that the FD amplitude becomes larger. However,
even with the “best fit” parameter values, the higher-energy FD
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were used from the “best fit” result.

measurements of the South Pole neutron monitor and the global
survey method (GSM) could not be reproduced with ForbMod.

Using the observation of the flux rope evolution from SolO
to Earth in ForbMod yields FDs which do not agree with the ob-
servations. In addition, ForbMod best fit parameters yield global
flux rope Sun-to-Earth evolutionary parameters, which are far
from the values derived based on in situ measurement compari-
son between SolO and Earth. This might indicate that Sun-to-
Earth evolution of this CME was different from the SolO-to-
Earth evolution. A similar event, a slow stealth CME followed
by a high speed stream was studied by He et al. (2018). The
authors showed that the CME was compressed by the fast solar
wind behind it, which caused an enhanced magnetic field and
thus an unexpectedly high geoeffectiveness, and the same may
have happened for this event. The inconsistent measured val-
ues of n,, which correspond to a slower expansion of the flux
rope between the Sun and 1 AU than suggested by the in situ
measured velocity profile, can be a result of such a compres-
sion, thus indicating that the expansion behavior of this very
slow CME may have changed during its propagation time. For
instance, at some point during its propagation, the CME may
have been slightly compressed by the SIR and expanded more
freely at other times. Consequently, the assumption of ForbMod
that the flux rope radius and its magnetic field follow power laws
with constant indices n, and ng and that the resulting expansion
type x, which describes the evolution of the magnetic flux, is
also constant may not be valid in this more complex case. This
may well be the reason why the model is not able to reproduce
the higher energy FD measurements, even with a set of input
parameters that fits the lower energy measurements of HET and
CRaTER.

Another possible explanation for this discrepancy is that the
energy dependence of the ForbMod-modeled FD amplitude may
simply be overestimated for this event, resulting in too low FD
amplitudes at higher energies. The reason for this, for example,
could be that the empirical input parameters for the GCR spec-
trum and the energy dependence of the diffusion coefficient do
not match the actual conditions at this time. This is an inter-
esting result and should be investigated in more detail in future
studies. For instance, a statistical validation of ForbMod against
the results of the GSM, which has already been applied to a large
catalog of FDs, may be helpful for examining whether this is a
systematic problem in the description of the energy dependence
for these higher GCR energies or whether this disagreement is
a specific attribute of this CME event due to its low speed, very
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long propagation time, and possible influence of the following
SIR.

This study highlights the capabilities of the instruments on
board the Solar Orbiter spacecraft, such as the high counting
statistics of the HET C detector capable of detecting Forbush de-
creases. In addition, it shows that coordinated observations with
Solar Orbiter and other spacecraft will be extremely important
for the better understanding of space weather in the inner helio-
sphere. Spacecraft close to the Sun, such as Solar Orbiter and
Parker Solar Probe, can serve as an upstream monitor to pro-
vide valuable information and early warning about CMEs. The
CME in this case study also serves as an excellent example for a
“stealth CME” that was still geoeffective due to its strong mag-
netic field even though it was not clearly seen in remote sensing
observations from the point of view of Earth. This again high-
lights that the monitoring of Earth-directed CMEs requires in
situ and remote sensing measurements at additional locations,
for example, at Solar Orbiter and Parker Solar Probe as well as
from STEREO-A or a future L5 mission. As the trajectory of So-
lar Orbiter moves closer to the Sun in the coming years and solar
activity increases with the commencement of the Solar Cycle 25,
space weather events during conjunctions with Earth as well as
other spacecraft will become more probable, which will provide
further exciting science opportunities.
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SUMMARY AND OUTLOOK

The goal of this thesis was to introduce observations at Mars as well as at Solar Or-
biter (SolO) into the framework of space weather observations in the inner helio-
sphere, and to gain a better understanding of the radial evolution of interplanetary
coronal mass ejections (ICMEs). This was achieved by making use of the Forbush
decrease (FD) measurements available from the Radiation Assessment Detector
(RAD) on Mars and from the High Energy Telescope (HET) onboard SolO.

In the first two publications, shown in Chapter 3, we have assembled two cata-
logs of ICME events that were associated with FDs at Mars, but were also observed
from a second point — either in situ during oppositions of Mars with Earth or one
of the STEREO spacecraft (Freiherr von Forstner et al., 2018), or remotely from the
STEREO heliospheric imagers (HIs) (Freiherr von Forstner et al., 2019). These cat-
alogs will serve as a useful resource for future studies and should be continued by
including more recent events in the future. In the first article studying the events
during opposition constellations, the cross-correlation function of the FD measure-
ments allowed us to directly derive the transit times from 1 AU to Mars for a statis-
tical study. The comparison of these transit times with the in situ measured ICME
velocities at 1 AU allowed us to show for the first time that ICMEs can continue to
decelerate beyond the Earth orbit and that this effect depends on the ICME’s veloc-
ity relative to the ambient solar wind. This confirms that theoretical models based
on this relative velocity, such as the drag-based model (DBM), are applicable even
at larger distances from the Sun. The ICME arrival times were also compared to
the results of the WSA-ENLIL+Cone magnetohydrodynamic (MHD) model, and
we found that the mean deviations in the arrival time were comparable to those
typically seen at other locations in the inner heliosphere. On the other hand, in the
second publication, we used the FD observations at Mars to validate the HI-based
arrival time estimations. The single-spacecraft reconstruction methods are not par-
ticularly precise, but their performance is in line with the results for other locations
previously compiled by Mostl et al. (2017). Stereoscopic triangulation methods
may improve these results, but the loss of connection to the STEREO-B spacecraft
in 2014 (see Section 2.4) and the focus of the HI telescopes on the Earth-Sun line
has prevented this for many Mars-directed events. In the future, data availability
from the HI instruments onboard SolO and Parker Solar Probe (PSP) may make
the application of such methods feasible again, and a recovery of STEREO-B in the
coming years as it comes back closer to Earth would of course be beneficial as well.

With the study presented in Chapter 4, we shifted away from the mere analy-
sis of arrival times to the investigation of other FD properties. Based on the cata-
log assembled in Freiherr von Forstner et al. (2019) as well as larger independent
catalogs, we could reproduce a correlation of two FD parameters with the RAD
measurements that was already known from previous studies at Earth, though
the slope A of this relation (not to be confused with the steepness of the FDs them-
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selves) was different at Mars than at Earth. Through the consultation of analytical
FD models, we have found that this value A is likely independent of the particle en-
ergies observed by the different instruments and that it rather serves as a measure
of the increase of the ICME or sheath structure’s size between the two planets. This
result was also supported by comparing the obtained ratio of A values with the-
oretical first-order approximations of the expected magnitude of this broadening.
In future studies, this hypothesis should be further validated by analyzing large
samples of FDs at other heliospheric locations in the same way.

In the two publications in Chapter 5, we have shown RAD measurements of the
severe space weather events observed on the surface of Mars in September 2017.
These consisted of a solar energetic particle (SEP) event as well as the merging
of multiple CMEs en route to Mars, which caused an enormous FD following the
SEPs. This serves as a case study of a complex space weather event seen at both
Earth and Mars but should not be seen as a worst-case scenario, as the SEP source
did not have direct magnetic connection to Mars, and the increased radiation dose
during the event was coincidentally almost compensated by the following large
FD.

Finally, Chapter 6 introduced the measurement capabilities of the HET onboard
the SolO mission, which launched in early 2020. While the measurement of FDs is
not one of the main focuses of SolO and instruments for the direct measurement
of ICME plasma and magnetic field are also available on the spacecraft, the first
FD observations we obtained clearly show the high resolution with which such
events can be captured by HET. The close alignment of SolO and Earth during this
event also makes it a suitable candidate for multispacecraft studies, and this was
pursued in the publication with the application of the ForbMod model to the FDs
at SolO and Earth. The reason for the disagreement of ForbMod with the obser-
vations for this very slow CME needs to be examined in more detail in the future,
but our initial investigations presented in the article suggest that it may be due to
interaction with the following stream interaction region.

In a nutshell, this work, both in statistical and case-study form, has highlighted
many different aspects of the propagation of ICMEs in the inner heliosphere. Still,
there are numerous open questions in this field, and future studies building upon
our results will undoubtedly be important contributions to the better understand-
ing of space weather events as well as the development of enhanced forecasting
capabilities.
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ISOTROPIC SIMULATION OF THE HIGH ENERGY
TELESCOPE WITH THE SOLAR ORBITER SPACECRAFT
MODEL

This chapter describes a simulation performed using the Geometry and Tracking
4 toolkit (Geanty, Agostinelli et al., 2003) to model the response of the High En-
ergy Telescope (HET, Section 2.2) to an isotropic radiation field. HET is part of the
Energetic Particle Detector (EPD, Rodriguez-Pacheco et al., 2020) onboard Solar
Orbiter (SolO), and Geant4 is a software toolkit developed at CERN for Monte
Carlo simulations of the interaction of particles with matter. Geanty is widely used
in many different fields, such as high energy physics, medical physics and radia-
tion protection, as well as astrophysics and space science (Allison et al., 2006). A
Geant4 simulation typically requires the definition of a particle source (e.g. a par-
ticle beam, a surface or volume source), a model of the geometry and materials of
the experimental setup, and one or more sensitive detectors in which particle hits
are detected. A so-called physics list describes all possible interaction processes and
their probabilities, from which Geant4 then chooses stochastically for each simu-
lated particle. As a result, the trajectory of each particle and the detected particles
in each detector can be stored and used to calculate e.g. the response function of a
particle detector.

This simulation builds on top of the work by Elftmann (2020), who simulated
the nominal data products of HET with Geanty. In this case, particles were sim-
ulated only from a circular source in front of the A detector (see Elftmann, 2020,
Figure 5.1), which fills the nominal field of view (FOV') of HET. However, particles
entering HET from outside its FOV may also play a role for certain data products,
especially for the single-detector counters, which are sensitive to particles entering
the telescope from all directions (e.g., through the housing, cf. Figure 8). These
counters were used by Freiherr von Forstner et al. (2021) to observe Forbush de-
creases with HET. Thus, it makes sense to simulate the HET detector in an isotropic
particle flux to model its response to galactic cosmic rays (GCRs), and this will be
done in Section A.1.

For an isotropic particle flux, it is also important to take into account the SolO
spacecraft on which HET is mounted. This is less relevant for the nominal FOV, as
the HET telescopes are mounted at an edge of the spacecraft body so that neither
opening is obstructed by the spacecraft. But in the case of the single detector coun-
ters used by Freiherr von Forstner et al. (2021), the isotropic GCR flux is affected
by the spacecraft body, as a significant part of the 47t solid angle is covered by the
spacecraft. Thus, particles may be shielded away, or even generate secondary par-
ticles that are then detected within HET. This will be investigated in Section A.2.
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Al ISOTROPIC SIMULATION OF HET

For the isotropic simulation, the geometric model of the HET instrument and its
electronics box were reused from the simulation by Elftmann (2020). The reader is
referred to this work for further details about its definition. The simulation setup
was also very similar to the one from Elftmann (2020), using Geant4 version 10.1.2
with the pre-defined general-purpose physics list QGSP_BERT and a power law spec-
trum for the energy-dependent intensity I(E) of the input particles:

I(E) ~ E-1 (5)

When the simulation results are later histogrammed over the primary particle en-
ergy with logarithmically spaced bins, the bin width at a certain energy is propor-
tional to

d -1 _
AE o —log(E) = E™' = I(E) (6)

This means that using this intensity profile, (approximately) the same number of
particles are simulated in each primary energy bin, which facilitates the analysis
of the simulation results (Section A.3). Only protons between 5 MeV and 100 GeV
were simulated as input particles in this case, as other species were neglected in
the modeling approach of Freiherr von Forstner et al. (2021). Still, all secondary
particles generated by these primary protons are taken into account in the output of
the simulation. Of course, other primary species such as electrons and heavy ions
can be simulated in a similar fashion in the future, though in the case of heavy ions,
the quenching model for the scintillator needs to be taken into account as described
by Elftmann (2020, Section 5.4) and Tammen et al. (2015).

In contrast to the circular planar source surface used by Elftmann (2020), a
spherical proton source with a radius of 15cm (large enough to surround the
model of HET and its electronics box) was defined, and particles were injected
following a cosine-law angular distribution. This replicates an isotropic flux en-
tering HET from all sides. The simulation was run for Ny, = 5 x 10° primary
particles, and 1.6 x 107 particle hits (primary or secondary) were registered in the
HET detectors (ratio: 3.2 %).

A.2 THE SPACECRAFT MODEL

To simulate how the interaction of GCR particles with the SolO spacecraft affects
the HET measurements, the spacecraft needs to be included into the Geant4 sim-
ulation. Creating an accurate model of a spacecraft for the purpose of such a sim-
ulation is notoriously difficult, as it consists of numerous components and infor-
mation about their exact shape and composition is not always readily available.
Thus, simulations taking into account spacecraft effects often need to make many
assumptions and drastically simplify the geometry of the spacecraft (see e.g. Ap-
pel (2018) and Appel et al. (2018) for a similar simulation of the Mars Science
Laboratory rover).

In the case of SolO, ESA has provided a computer-aided design (CAD) model
of the spacecraft that can serve as a reference for simulations (D. Miiller, 2020,
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priv. comm.). This file (dpl7al_bulk.bdf) is provided in the BDF format of the
NASTRAN software, a finite element analysis toolkit that was used for structural
analysis of the spacecraft. The model contains the 3D geometry of the spacecraft, in-
cluding material properties such as the density. Using the freeware software FEX",
it is possible to inspect the model and measure the dimensions and total mass of
certain structures.

As shown in Figure 11, the model accurately represents the major structures of
the SolO spacecraft, such as the main body, the solar panels, the heat shield, the in-
strument boom and various communications and radio wave antennae. However,
not all parts are modeled in detail: Many small structures, such as the scientific pay-
load and electronics within the spacecraft body, are replaced with mass points that
are attached to the model (shown as colored tetrahedra in the image) for the pur-
pose of structural analysis, and thus no information about their spatial extent and
materials is provided. In addition, some parts of the spacecraft are constructed us-
ing composite materials, such as honeycomb structures instead of solid aluminium

— in these cases, the material properties given in the CAD file do not include the
correct densities, but are instead set to zero. Thus, the total mass of the spacecraft
according to the CAD file is 1202 kg, which is significantly less than the total launch
mass of ~ 18o0kg, or ~ 1600 kg without fuel (Miiller et al., 2020).

Figure 11: Density model of the SolO spacecraft as supplied by ESA. Colored tetrahedra
correspond to mass points that are inserted into the model as a replacement for
structures whose geometry is not modeled (e.g. scientific payload).

An automated conversion from the CAD file to a Geant4-compatible model
(GDML) is challenging to implement and would also not be very meaningful due
to the shortcomings of the CAD model described above. Also, such a detailed

1 http://www.f-e-x.com/
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geometry may cause the simulation to run very slowly. Therefore, as a first step to-
wards implementing the spacecraft model in Geanty, the dimensions of the main
box-shaped spacecraft body in the CAD file were measured to create a correspond-
ing box in Geant4. This assumes that the additional structures besides the main
body (e.g. the solar panels and other instruments) can be neglected. To estimate
the mass of this box, the following assumptions are made: The total mass of the
two solar panels in the CAD file is 110 kg, so the main spacecraft body (without
solar panels) has a mass of ~ 1100kg + 600kg = 1700kg (adding the 400kg of
mass that is “missing” in the CAD file as well as 200kg of fuel). This value is
used as the mass of the box in the Geant4 model. With regard to the material,
it is assumed that the mass is equally distributed throughout the volume of the
box, with 200 kg of hydrazine fuel, and the remaining mass split 50:50 between
electronics components and aluminium (750 kg each). Electronics were modeled
using the printed circuit board (PCB) material taken from Appel et al. (2018) and
Appel (2018). The dimensions and materials are summarized in Table 2.

PCB material

SolO spacecraft body
Cu 20 %
X dimension 1812 mm Si0, 15%
Y dimension 1461 mm PET  9.9%
Z dimension 2200 mm PP 4.8%
Mass 1700kg Al 2%
Density 291.89 kg/m3 Pb 5%
Composition 12 % hydrazine (N,H,) Ni 2%
44 % PCB material (see right table)

o Fe 8 %

44 % aluminium alloy (same as .
HET housing) Sn 4%
Mg  30%

Table 2: Details of the spacecraft model used for the HET simulation. The left table shows
the dimensions and composition of the box-shaped spacecraft body, while the
right table shows the PCB material taken from Appel et al. (2018) and Appel
(2018).

HET was then positioned next to the spacecraft body, at a location approximately
derived from the position of the corresponding mass point of HET 1 in the CAD
file, and with the correct orientation relative to the Sun. This setup is shown in
Figure 12. As both HET 1 and HET 2 are located near an edge of the spacecraft
body, the difference between the positions of HET 1 and HET 2 is not expected to be
significant for an isotropic radiation field — but of course, this may be verified with
another simulation in the future. As a source, a cube of edge length 260 cm was
used, which surrounds the spacecraft body and the HET sensor. Particles are again
injected following a cosine-law distribution from the surface of this cube. Due to
the large source size, the simulation needed to be run multiple times with different
initialization values for Geant4’s random number generator to achieve a sufficient
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amount of particles detected in HET. In total, Ny, = 1.6 X 10'° primary particles
were simulated, resulting in 5.6 x 10° hits in the HET detectors (ratio: 0.035 %).

To speed up future simulations, the spacecraft model may also be replaced
with smaller spherical shells of equivalent column density that are placed directly
around the HET sensor head. In this case, the source size could be significantly re-
duced and thus the fraction of simulated particles that reach HET would increase.
The simulation results with the actual spacecraft geometry could then be used to
validate this approach.

A.3 ANALYSIS OF THE SIMULATION RESULTS

For the study presented in Freiherr von Forstner et al. (2021), the data analysis ap-
plied to the results of the simulations described in the previous two sections was
fairly simple. To calculate the response function of the HET C detector single coun-
ters, the detected events were first filtered for hits in the C detector (detector ID 6 in
the Geant4 simulation) with a deposited energy larger than a certain threshold E,.
The C detector single counters have threshold energies of 4 MeV for the low-gain
channel and 10 MeV for the high-gain channel, so the calculation was done for both
of these values. Next, the primary energy of the particles corresponding to these
events was used to calculate a histogram with k = 200 logarithmically-spaced bins
spanning the whole primary energy range. To calculate the energy-dependent ge-
ometric factor G(E) for each primary energy from this histogram, the following
formula (based on Sullivan, 1971, equation 18) was used:

n(E)
G(E) = N(E) : Gsource (7)

where n(E) is the number of hits in the C detector for primary particles of energy
E, N(E) is the number of primary particles simulated at this energy, and

= NAsource (8)

Gsource

is the geometric factor of the particle source, which is calculated from the surface
area of the spherical or cubical particle source (Sullivan, 1971, equation 6). N(E) is
easy to calculate due to the chosen input spectrum (Equation 5), which results in
the same number of particles in each of the k energy bins, i.e.

N(E) = o (9)
The resulting response function G(E) is plotted in Figure 13. As explained by Frei-
herr von Forstner et al. (2021, Section 2.1), the narrow plateau below ~ 20 MeV
corresponds to particles entering through the nominal field of view (i.e., through
the A and B detectors), while the following increase is caused by particles that
penetrate the HET housing. The effect of the spacecraft model on the response is
as expected: A slight decrease for lower energies up to ~ 200 MeV due to shielding
and a significant increase for high energies above 1 GeV due to the generation of
secondaries in the spacecraft body.
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Figure 12: HET simulation setup with spacecraft model. The spacecraft (whose dimen-
sions are given in Table 2) is drawn in red, and the HET sensor head and elec-
tronics box are shown in gray and other colors.
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Figure 13: Response functions of HET C detector single counters, calculated from the
Geant4 simulation.

In future studies, the isotropic simulation data presented in this chapter may
also be used in conjunction with the simulated Level 3 trigger of HET to calculate
the response functions of the other HET science data products. From these, one can
derive the geometric factors for each data product, which can be used to validate
the results obtained by Elftmann (2020). However, the number of particles in the
simulation may need to be significantly increased for these results to be useful, as
only a small fraction of the isotropic radiation enters HET from the nominal FOV.
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IMPLEMENTATION OF THE GRADUATED CYLINDRICAL
SHELL MODELIN PYTHON

The graduated cylindrical shell model (GCS, Thernisien et al., 2006; Thernisien,
2011) is an empirical model that is commonly used to represent the three-dimensional
structure of flux rope coronal mass ejections (CMEs) near the Sun. It defines a
croissant-like 3D shape with conical legs whose ends are anchored to the center of
the Sun, as shown in Figure 14.

Yy Yy

apex

Figure 14: Illustration of the GCS model and definition of parameters /1, 1, ey, &, 6 and R ey,
based on Thernisien (2011). In this example, the parameters are set to & = 30°
and « = 0.35. The left panel shows a side view of the CME in the xy plane,
where the thick black line marks the outer contour of the flux rope and the red
line corresponds to its central axis. The dotted lines mark the boundary between
the front section and the legs. The dashed line is a circular arc around the central
point, showing that the front section does not have a constant radius. The right
panel shows a cut in the perpendicular yz plane, where the cross section of the
front is marked with a thick circle and the conical legs are indicated using the
thin lines.

The GCS geometry is constrained using three main parameters: The CME apex
height f1,,e, (or, alternatively, the leg height ), the angular half width « of the
CME, and the so-called aspect ratio x, which corresponds to the half angle ¢ of the
leg cones:

K =siné (10)

The origin of the coordinate system shown in Figure 14 is fixed to the center of
the Sun, with the y axis defining the propagation direction of the CME. Three ad-
ditional parameters describe its orientation: The heliographic latitude ¢ and longi-
tude ¢ (typically given in Stonyhurst or Carrington coordinates), and the tilt angle
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7, which defines the rotation around the y axis in Figure 14. For a detailed descrip-
tion of the mathematical derivation of the GCS model, please refer to Thernisien
(2011).

The GCS model is typically employed in a forward modelling approach, i.e., the
model is visually compared to coronagraph observations of a CME and the input
parameters are then iteratively adjusted by the scientist to achieve a good fit. This
manual fitting process is ideally applied simultaneously to coronagraph images
from multiple viewpoints, such as from the Solar and Heliospheric Observatory
(SOHO) /Large Angle and Spectrometric Coronagraph Experiment (LASCO) and
Solar Terrestrial Relations Observatory (STEREO) /Sun Earth Connection Coronal
and Heliospheric Investigation (SECCHI) coronagraphs, to avoid ambiguity due
to the line of sight effect. The resulting GCS parameters for the best fit can then be
used for further evaluation, e.g. as input parameters for modeling the subsequent
CME propagation. Additional properties of the flux rope, such as the radius at the
apex R,pex (see Figure 14) can also be calculated from these parameters, as derived
by (Thernisien, 2011). When applied to a sequence of consecutive images, the CME
kinematics can also be reconstructed.

The original implementation of the GCS model in the Interactive Data Language
(IDL)" and a corresponding graphical user interface (GUI) were developed by Th-
ernisien et al. (2006) and are included in the SolarSoft software package (Freeland
and Handy, 1998) under the name scraytrace?®. SolarSoft s a collection of IDL soft-
ware libraries that was originally developed in the 1990s by members of the Yohkoh
and SOHO mission teams and the NASA Solar Data Analysis Center (SDAC), and
some tools from other missions such as STEREO were also included later. Using
this GCS implementation requires a license of IDL, a local installation of Solar-
Soft and the corresponding database (SSWDB), which includes coronagraph im-
ages and calibration data. Obtaining and installing all these components is quite
involved for scientists that are not familiar with IDL and SolarSoft. Additionally,
the GCS implementation is only partially documented and not very flexible, as it
was initially hard-coded to work with only STEREO-A and -B data, with support
for SOHO being manually added later.

As described e.g. in the detailed review by Burrell et al. (2018), the Python pro-
gramming language is becoming increasingly popular in the solar and heliospheric
physics community, and consequently, various open source software libraries to
assist with the associated data analysis are available. Python is a modern, general-
purpose object-oriented programming language that is easy to learn and empha-
sizes code readability. According to the TIOBE Programming Community Index3,
it has recently surpassed Java as the second most popular programming language
in the world, and in contrast to IDL, it is open source software (OSS) and available
free of charge on all major operating systems.

SunPy (The SunPy Community et al., 2020), a library for working with solar
images from various missions, is one of the most widely-used Python toolkits for
solar physics. However, it does not yet provide any models for CME reconstruction

https://www.13harrisgeospatial.com/Software-Technology/IDL
https://hesperia.gsfc.nasa.gov/ssw/stereo/secchi/idl/scraytrace
https://www.tiobe.com/tiobe-index/
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in coronagraph images. Thus, an open source Python implementation of the GCS
model and a simple corresponding GUI application based on SunPy have been de-
veloped during the course of the study presented in Freiherr von Forstner et al.
(2021). It can be used both as as a standalone application as well as integrated into
existing Python-based plotting routines. The source code is available on GitHub at
https://github.com/johan12345/gcs python,andis also mirrored at Kiel Univer-
sity under https://gitlab.physik.uni-kiel.de/ET/gcs_python. It can be easily
installed with Python’s pip package manager as follows:

pip3 install git+https://github.com/johan12345/gcs python.git

(provided that Python 3.7 or above is already installed).
The following sections will describe the design and usage of this software pack-
age, and its validation against the original IDL version.

B.1 GCS GEOMETRY

The basic GCS geometry is implemented in the gcs.geometry module. This code
is a close translation of the corresponding IDL routines from SolarSoft. Two basic
functions are provided to calculate the geometry of the GCS structure based on
the input parameters: The skeleton function (based on shellskeleton.pro in So-
larSoft) calculates the shape of the central axis of the flux rope (thin solid line in
Figure 14), which consists of two straight segments in the legs and a curved seg-
ment in the front. The desired resolution, i.e. the number of points along each part
of the curve, can be passed to the function. This central axis, which lies in the xy
plane, then needs to be used to generate the outer shell of the flux rope, which con-
sists of circles that are perpendicular to the tangent vector at each point. For this
purpose, the skeleton function also provides the orientation of this tangent vector
as well as the radius of each circle. The gcs_mesh function (based on cmecloud.pro
in SolarSoft) then uses the output of the skeleton function to construct a 3D mesh
by generating these circles around the central axis with the appropriate radius and
orientation. The parameters of the gcs_mesh function are the half angle «, the CME
height /1., and the aspect ratio «, as well as the desired numbers of points along
the straight segments, along the front, and along each circle in the mesh.

In addition to these basic routines to construct the GCS mesh, there is also a func-
tion gcs_mesh_rotated, which uses the three angles 6, ¢, 7y to rotate the CME cloud
in 3D space, as well as the function gcs_mesh_sunpy, which converts the rotated
GCS mesh into a SunPy SkyCoord object. This object then contains the necessary
metadata about the coordinate system so that the model can directly be integrated
into a SunPy plot.

B.2 GRAPHICAL USER INTERFACE
In addition to the implementation of the GCS geometry, a convenient GUI was cre-

ated that can be used to fit the GCS model to coronagraph images. The GUI is based
upon SunPy, which already provides functions to obtain coronagraph images and
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Figure 15: Results of the functions from the GCS Python implementation. The left panel
shows the central axis of the flux rope, calculated using the skeleton function,
in orange, and the surrounding circles generated by the gcs_mesh function in
blue. The right panel shows a 3D wireframe representation of the same data.
The input parameters « and x are the same as in Figure 14.

to perform the coordinate transformations necessary to overplot arbitrary points
in space on these images. Thus, its implementation was relatively straightforward.
For starting the GUI, a command line interface is provided. For example,

gcs_gui "2013-05-13 16:54" STB SOHO STA

starts the GCS GUI with the closest available coronagraph images to the given date
and time from STEREO-B, SOHO and STEREO-A. Additional command line op-
tions are available to set which coronagraph should be used (-soho C2 or €3, and
-stereo CORI or COR2) and whether to use running difference images (-rd) or di-
rect images. Running difference images are calculated by subtracting a previous im-
age (e.g. 1h before) from the current one, so that moving features are highlighted.

The GUI components, e.g. sliders and text boxes for each input parameter, were
implemented using the PyQt5 library#, which provides Python bindings for the
popular GUI framework Qt. The GUI is defined in the gcs.gui module as the
GCSGui class. For embedding the solar images into the Qt window, it uses a plotting
canvas provided by the matplotlib plotting package (FigureCanvasQTAgg).

When the user starts the GUI, it first retrieves the desired coronagraph images
through the Internet. This is done using the Helioviewer.org Application Program-
ming Interface (API) 5, which directly provides images in JPEG2000 format to
which all necessary calibration and background subtraction routines were already
applied on the server side. This drastically simplifies and speeds up the process
compared to the IDL version, where images in FITS format need to be downloaded
manually from the respective mission sites, and where the calibration procedure
needs to be applied locally (requiring an installation of SSWDB). The JPEG2000
images provided by Helioviewer.org also include additional metadata about the
observer location and field of view, which are copied from the original FITS file

https://riverbankcomputing.com/software/pyqt/
https://api.helioviewer.org/docs/v2/
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and are necessary to plot the images in the correct coordinate system (solar lati-
tude and longitude).

When the images are downloaded, the GCS GUI plots them using SunPy and
displays the result in the plotting canvas (see Figure 16). The GCS croissant mesh
is then plotted on top of these images and the user can adjust the GCS parameters
interactively with the six sliders and numerical input boxes on the right side of the
window. Three additional controls are provided: A checkbox to show or hide the
GCSmesh, a text view showing the calculated apex radius of the flux rope (R;pex, f-
Figure 14), and a button to save the GCS parameters to a file. These data are stored
in the JavaScript Object Notation (JSON) format, a general-purpose data format
thatis human-readable and can be easily handled with most modern programming
languages. On the upper edge of the GCS window, the standard matplotlib controls
are also shown to allow zooming and panning in the images as well as saving the
current set of images to a file.
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Figure 16: Screenshot of the GCS Python GUI. The left part of the window shows the plot-
ting canvas with running difference coronagraph images of the April 15, 2020
CME (see Freiherr von Forstner et al., 2021). The user controls for the GCS pa-
rameters are shown on the right.

During the development of the GCS GUI, two problems with the data provided
to SunPy by the Helioviewer.org Application Programming Interface (API) were
discovered: First, the STEREO-B COR2 images were temporarily not available
through the API in October 2020, an issue which has since been resolved by the
Helioviewer.org team®. Second, there was an issue with the metadata included in
the SOHO/LASCO files: The SOHO spacecraft performs a roll maneuver every
three months to keep its high gain antenna oriented towards Earth. The files pro-
vided by Helioviewer.org already take this into account by rotating the images
accordingly, so that the solar north pole is always pointing upwards. However,
the metadata in the JPEG2000 files are not adjusted accordingly”, so SunPy still in-

6 https://github.com/Helioviewer-Project/helioviewer.org/issues/288
7 https://github.com/sunpy/sunpy/issues/4553
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terprets these images as though they were rotated by 180°. This obviously caused
the location of the GCS model results in the LASCO images to be incorrect. Thus,
a workaround was implemented into the GCS GUI to reset the rotation metadata
of the LASCO files and also submitted a patch® to the SunPy project to address
this issue, which is included in version 2.1 of SunPy.

Possible future improvements to the GCS GUI could include adding an option
to calculate base difference images as an alternative to the current options of direct
and running difference images, i.e. allowing the user to specify a fixed point in time
that should be used for the subtraction. It may also be helpful to include additional
controls for the user to adjust the contrast of the displayed images — this is already
possible in the IDL implementation, but only before starting the fitting process,
it cannot be changed interactively while already working on the fit. In addition,
further tools could be provided to facilitate the fitting of time series so that the user
can simply provide a start and end time, and the GUI would directly provide one
image after another and store the fitting results for each time step in one file. The
toolkit may also be easily extended to include support for additional data sources
as soon as they are implemented in SunPy, such as the Wide-Field Imager onboard
Parker Solar Probe (WISPR, Vourlidas et al., 2016), the Metis coronagraph onboard
Solar Orbiter (Antonucci et al., 2020) and the Solar Orbiter Heliospheric Imager
(SoloHI, Howard et al., 2020).

B.3 VALIDATION

To validate that the Python implementation of GCS yields the correct results, a
set of CMEs were re-plotted with the Python GCS GUI that have previously been
fitted using the IDL version to compare the resulting plots. One example of this is
shown in Figure 17 for a CME launched on May 13, 2013 (originally reconstructed
by Gou et al., 2020, Figure 2). The corresponding input parameters are shown in
Table 3.

Parameter Value

Stonyhurst Longitude ¢ [°] 270

Tiltangley [°] 35
Half angle a [°] 28
Apex height Rypex [Ro]  10.8

[
Heliographic Latitude 6 [°] 19

[

[

Aspect ratio « 0.35

Table 3: GCS parameters for the May 13, 2013 CME shown in Figure 17.

Similar comparisons were performed for other CMEs with different character-
istics: The June 21, 2011 CME (originally reconstructed by Heinemann et al., 2019,
Table 1), the May 25, 2014 CME (originally reconstructed by Dumboviéetal., 2018a,

https://github.com/sunpy/sunpy/pull/4561
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Figure 17: Validation of the GCS Python implementation. Both panels show the same CME
on May 13, 2013, with the GCS parameters listed in Table 3. The top image was
generated by the IDL implementation of GCS, while the bottom panel shows the
result of the new Python implementation.

Figure 5b), as well as the April 15, 2020 CME studied by Freiherr von Forstner et al.
(2021). In all cases, the GCS 3D meshes generated by the Python implementation
match the CME signatures in the coronagraph images as well as the original results
from the IDL implementation. This shows that the Python version is implemented
correctly and can be used for scientific purposes.
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