Belgian Research Action
through Interdisciplinary
Networks

2012-2017

CCSOM
Constraining CMEs and shocks by Observations and Modelling

Dr. Jasmina Magdalenic, SIDC — Royal Observatory of Belgium, Belgium

Prof. Dr. Stefaan Poedts, CmPA — KULeuven, Belgium

Dr. Jens Pomoell, University of Helsinki (Finland) — international partner
Dr. Manuela Temmer, University of Graz — international partner

Axis 2: Geosystems, universe and climate

/T be

belspo



Belgian Research Action
through Interdisciplinary

2 Networks
3 2012-2017

NETWORK PROJECT

CCSOM
Constraining CMEs and shocks by Observations and Modelling

Contract — BR/165/A2/CCSOM

FINAL REPORT

PROMOTORS:
1. Dr. Jasmina Magdalenié, SIDC — Royal Observatory of Belgium, Belgium
2. Prof. Dr. Stefaan Poedts, CmPA — KULeuven, Belgium
3. Dr. Jens Pomoell, University of Helsinki (Finland) — international partner
4. Dr. Manuela Temmer, University of Graz — international partner

AUTHORS:

1. Dr.Jasmina Magdaleni¢, Dr Luciano Rodriguez, Evangelia Samara, Immanuel Jebaraj,
(SIDC — Royal Observatory of Belgium, Belgium)

2. Prof. Dr. Stefaan Poedts, Dr. Camila Scolini, Anwesha Maharana
(CmPA — KULeuven, Belgium)

3. Dr.Jens Pomoell, Dr. Emilia Kilpua, Dr. Eleanna Asvestari
(University of Helsinki, Finland) — international partner

4. Dr. Manuela Temmer, Juergen Hinterreiter, Andreas Wagner, Veronika Jercic
(University of Graz) — international partner

*
%% % K
S e e e !!@po be

* UNIVERSITY OF HELSINKI




Project BR/165/A2/CCSOM — Constraining CMEs and shocks through observations and modelling

Belgian Science Policy Office

belspo

Published in 2022 by the Belgian Science Policy Office
WTCIII

Simon Bolivarlaan 30 Boulevard Simon Bolivar
B-1000 Brussels

Belgium

Tel: +32(0)2 2383411

http://www.belspo.be
http://www.belspo.be/brain-be

Contact person: Koen LEFEVER
Tel: +32 (0)2 238 35 51

Neither the Belgian Science Policy Office nor any person acting on behalf of the Belgian Science Policy Office is
responsible for the use which might be made of the following information. The authors are responsible for the
content.

No part of this publication may be reproduced, stored in a retrieval system, or transmitted in any form or by any
means, electronic, mechanical, photocopying, recording, or otherwise, without indicating the reference :

Dr. Jasmina Magdalenic; Prof. Dr. Stefaan Poedts; Dr. Jens Pomoell; Dr. Manuela Temmer. Constraining CMEs
and shocks by Observations and Modelling. Final Report. Brussels : Belgian Science Policy Office 2016 — 2021
95p. (BRAIN-be - (Belgian Research Action through Interdisciplinary Networks))

BRAIN-be (Belgian Research Action through Interdisciplinary Networks)


http://www.belspo.be/

Project BR/165/A2/CCSOM — Constraining CMEs and shocks through observations and modelling

TABLE OF CONTENTS

ABSTRACT 5
1. INTRODUCTION 6
2. STATE OF THE ART AND OBJECTIVES 7
3. METHODOLOGY 9
4. SCIENTIFIC RESULTS AND RECOMMENDATIONS 15
5. DISSEMINATION AND VALORISATION 88
6. PUBLICATIONS 89
7. ACKNOWLEDGEMENTS 95
BRAIN-be (Belgian Research Action through Interdisciplinary Networks) 4



Project BR/165/A2/CCSOM — Constraining CMEs and shocks through observations and modelling

ABSTRACT
During the last decades our dependence on technological assets is increasing, inducing the need for
reliable space weather forecasting. The fast solar wind, coronal mass ejections (CMEs) and CME-
driven shock waves are the main drivers of the space weather at Earth and the cause of the
geomagnetic storms. The forecasting arrival of these disturbances, and their geomagnetic impact
strongly relies on the MHD models such as EUHFORIA. The CCSOM project aimed to improve our
knowledge on the space weather related phenomena and accuracy of their forecasting with
EUHFORIA model. The studies of solar wind modelling with EUHFORIA showed that the main source
of modelling inaccuracy arises from the EUHFORIA’s coronal model and from the different
morphological characteristics of the coronal holes that sourced the fast solar wind. We have
implemented and tested different CME models in EUHFORIA. In particular, the spheromak CME
model that contains the magnetic field, which allowed us to model the arrival of the magnetic
structure of the CME at Earth. The studies performed in the framework of the CCSOM project
significantly improved the accuracy of CME and solar wind modelling with EUHFORIA, and paved the

way to other presently ongoing project that aim to continue improvements of the EUHFORIA model.

Kewords: Sun, solar wind, CMEs, shock waves, space weather, EUHFORIA
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1. INTRODUCTION

The aim of the CCSOM project was to improve the modelling of CMEs and the
background solar wind with the recently developed a full three-dimensional (3D)
magnetohydrodynamic (MHD) model EUHFORIA (EUropean Heliospheric FORecasting Information
Asset; Pomoell & Poedts, 2018). Every model that is used not only for the scientific but also for
the operational purposes needs to be validated after its significant update or change.
Therefore, dynamically developing models, or newly developed models that aim to become
as realistic as possible, need to be constantly validated. The CCSOM project aimed to the
implementation of different coronal models in EUHFORIA, the CMEs containing magnetic
field, and to the model validation. The project resulted in a significantly improved and fully
validated EUHFORIA model of solar wind, CMEs and CME-driven shock waves.

BRAIN-be (Belgian Research Action through Interdisciplinary Networks) 6
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2. STATE OF THE ART AND OBIJECTIVES

The Sun is the closest star to Earth and therefore only star where many astrophysical processes
can be studied in details. We constantly observe the Sun and its surface activity and immediate
consequences in interplanetary space. The outermost layer of the solar atmosphere, the corona, is a
dynamic and complex plasma system in which the most energetic transient processes in the solar
system, flares and coronal mass ejections (CMEs) occur. CMEs are large amounts of plasma and
magnetic flux expelled from the Sun into the interplanetary medium. CMEs play the main role in
creating disturbed space weather conditions (geoeffective CMEs) by driving geomagnetic storms that
may disrupt satellite operations, navigation systems, and radio communications (e.g. Bothmer &
Daglis (eds.) 2006). Studies of CMEs, in particular of their initiation and propagation, are therefore a
key topic in solar physics and space weather research.

A CME is geoeffective if it arrives at the Earth and its magnetic field has a particular
configuration. Namely, the north-south component Bz of the interplanetary magnetic field needs to
be oriented southward, strong and long-lasting (e.g. Burton et al. 1975). In recent years, there has
been a significant progress in improving the accuracy of the CME arrival predictions (e. g. Millward et
al. 2013) but predicting the Bz configuration still remains to be difficult. The problem of Bz prediction
is very complex as the magnetic configuration of a CME close to the Sun is poorly known, and its
evolution on the way from the Sun to the Earth depends on several factors, including the interaction
of the CME with the background solar wind e.g., deceleration/acceleration, deformation, erosion,
shock wave formation. The resulting configuration at 1 AU may include the ICME (interplanetary CME),
the shock driven by the ICME, and the sheath region between them (e.g. Schwenn 2006). The simplest
ICME configuration is that of a magnetic flux rope. The geoeffective southward Bz may be contained
both inside the ICME and inside the sheath. In the latter case, the strength of the Bz component
crucially depends on the related shock parameters, which, in turn, depend on the ICME interaction
with the background solar wind. Another degree of complexity is added by the intrinsically three-
dimensional structure of CMEs and ICMEs.

Our current knowledge on the CME-ICME structure is poorly constrained by
observations. The remote-sensing instruments allow tracking the propagation of CMEs in
white light (from the corona up to more than 1 AU, see e.g. Mostl et al. 2009), but these
observations do not provide information on their magnetic field. From the white light
observations, it is often even difficult to distinguish between the CME and the CME-driven
shock wave. The in situ instruments provide one or several one-dimensional cuts though the
CME volume, which is insufficient to derive its full three-dimensional structure (Jacobs et al.
2009). Therefore, we need to rely on models, which are presently not realistic enough to
predict the magnetic field configuration of ICMEs at the Earth. In addition, the routinely
available in situ measurements were up to recently available only at 1 AU, which therefore
did not allow us forecast with a sufficient lead time (for satellite operators etc.).

At the time of the project writing, the state-of-the-art model of the solar wind and
ICME propagation in the inner heliosphere was ENLIL (Odstrcil et al. 2005). At the same time,
EUHFORIA (Pomoell & Poedts, 2018) was just recently developed model which also aimed to

BRAIN-be (Belgian Research Action through Interdisciplinary Networks) 7
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become the state-of-the-art model. The background solar wind in ENLIL and EUHFORIA is
similarly defined. It is data-driven and described on the base of the coronal field derived from
extrapolation of observed photospheric synoptic magnetograms, and empirical relations
determining the wind speed, its density, and temperature (Riley et al. 2015). In ENLIL, the
CME was almost exclusively a plasma “cone” without magnetic field structure. The concept
of the flux rope insertion at the inner boundary of the heliospheric domain (0.1 AU) planned
in the framework of the CCSOM project was promising the simulation of a number of physical
effects: the ICME and its driven shock being separated by the sheath (ENLIL simulates them
together as a single pressure pulse), internal magnetic configuration of the ICME and the
sheath, evolution of the ICME magnetic field on the way from the solar corona to 1 AU,
including deformation and erosion (e.g. Ruffenach et al. 2012). The starting advantage of the
EUHFORIA model in comparison with ENLIL is its large flexibility, and possibility to easily
replace different parts of the model which makes the model adaptation and improvements
rather straight forward.

The overarching science question that was addressed in the CCSOM project is: how do
CMEs propagate and evolve through the inner heliosphere?

To address this question, the main specific objectives of the project were:

1) to simulate the propagation of flux rope CME-ICME structures in realistic
background solar wind conditions, with the resulting model exceeding the current state of
the art, and

2) to compare the results of the obtained model with observations of a number of

events of different types.

BRAIN-be (Belgian Research Action through Interdisciplinary Networks) 8
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3. METHODOLOGY

The primary focus of the CCSOM project were improvements of the EUHFORIA model and
data constrained modelling, therefore we first present the main information about the model.
Additionally to the methods that were foreseen in the project description (described in this Section),
we also developed and employed some new methods, that are described in the Section 4, together
with the study for which they were developed.

3.1 EUHFORIA (European Heliospheric Forecasting Information Asset) model

Majority of presently available operational, physics-based solar wind and CME models lack
some key characteristics in order to provide accurate forecasts of the coronal and heliospheric
conditions. In particular, none of the presently available models (e.g. WSA-ENLIL etc.) is able to predict
the magnetic structure of CMEs, and accordingly the strength of the geomagnetic impact, the stand-
off distance of the associated shock wave, or the properties of solar energetic particle (SEP) events. In
order to address this growing need for accurate space weather predictions, a new model named
EUHFORIA was recently developed by KU Leuven and University of Helsinki.

EUHFORIA is a coupled model consisting of three essential parts: a coronal model, a
heliospheric model and an eruption model. The main purpose of the coronal model is to provide the
inner boundary conditions necessary for the initiation of the heliospheric part. In the default
EUHFORIA set-up (EUHFORIA_O0), the same as in Pomoell & Poedts, (2018), the MHD wind parameters
at 0.1 AU are provided with 2 deg resolution by the semi-empirical Wang-Sheeley-Arge (WSA; Arge et
al. 2003, 2004) model, in combination with the potential field source surface (PFSS) model (Altschuler
& Newkirk 1969; Wiegelmann et al. 2017) and the Schatten current sheet (SCS) model (Schatten et al.
1969). Using these initial boundary conditions in an MHD relaxation procedure, we obtain a steady
heliospheric background wind.

The task of the heliospheric model is to compute the time-dependent evolution of the plasma
from the inner boundary of EUHFORIA to the distance of typically up to 2 AU (in order to include the
orbit of Mars within the domain). This is done by numerically solving the MHD equations with the
boundary conditions provided by the coronal model. In the default set up of EUHFORIA the CMEs are
injected at the interface radius determined by the eruption model. Thus, from 0.1 AU onwards,
EUHFORIA provides a time-dependent, three-dimensional model of the heliosphere that self-
consistently captures effects such as solar wind stream interactions, shock formation and the
interaction of CMEs with structures in the solar wind. An important feature of EUHFORIA is its
flexibility, namely the three models are fully autonomous and each part of EUHFORIA can be easily
substituted with other model in a modular way, e.g. it is possible to replace the coronal model or the
eruption model. This characteristic of EUHFORIA is particularly important and it was strongly

employed in this project.
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Figure 1

The coronal magnetic field as reconstructed by the PFSS and the SCS in EUHFORIA with a GONG ADAPT
magnetogram on 2018-05-05 at 00:00 UT. Red and blue colors indicate the opposite magnetic field polarity
between the two solar hemispheres. The inner grey sphere depicts the solar photosphere while the outer
transparent sphere marks the radius of 2.3 Ro, beyond which the SCS starts taking place (adapted from Samara
etal, 2021).

After the magnetogram insertion EUHFORIA employs the PFSS (potential field source surface
model; Altschuler & Newkirk 1969; Wiegelmann et al. 2017) model until the height of 2.6 Ro, to
reconstruct a current-free magnetic field (Fig. 1a). Starting from the height of 2.3 Ro onwards, the SCS
model (Schatten current sheet; Schatten et al. 1969) is used (Fig. 1a). This model starts before the end
of the PFSS domain in order to reduce possible kinks in the magnetic field lines due to incompatible
boundary conditions between the two models (see e.g. McGregor et al. 2011; Asvestari et al. 2019).
The purpose of the SCS is to create an approximately uniform coronal magnetic field away from the
Sun, maintaining a thin structure for the heliospheric current sheet (HCS). A more uniform magnetic
field is necessary in order to obtain a better agreement between the model and the observations.

The initial version of the CME model in EUHFORIA consists of a hydrodynamic cone-like model
whose parameters (width, speed, direction) were constrained from fitting the cone to coronal imaging
observations of CMEs (see Section 3.3 and Fig.3).

Initial tests with EUHFORIA O (performed before this project) indicated that the model is
producing results comparable with the state-of-the-art ENLIL model. However, before the CCSOM
project EUHFORIA model was not yet ready for the frequent runs for the scientific or operational
forecasting purposes. The improvements and modifications of EUHFORIA, as well as the validation of

the model were planned to be performed within the CCSOM project.

3.2 Solar wind

In order to address the accuracy of the solar wind modelling with EUHFORIA we used the error
analysis of the simulated evolution of the solar wind speed and density, employing the simple methods
as e.g., cross-correlation, arithmetic mean and standard errors. Additionally, to evaluate the
performance of the different model runs (i.e., EUHFORIA_O, EUHFORIA_1, each with different

BRAIN-be (Belgian Research Action through Interdisciplinary Networks) 10
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magnetic field input, etc.) we computed the ““confusion matrix”’. A confusion matrix, contains the four
elements TP (true positive: HSS predicted and observed), FP (false positive: HSS predicted but not
observed), FN (false negative, no enhanced solar wind predicted but HSS observed), and TN (true
negative, no enhanced solar wind predicted and no enhanced solar wind observed). The evaluation of
the solar wind modelling with EUHFORIA is presented in Section 4 and in the publication Hinterreiter
et al. 2019.

solar wind speed in 3D space modelled by EUHFORIA

Figure 2

The background solar wind and heliospheric current sheet (grey isosurface) modeled by EUHFORIA and shown
in the 3D presentation. The blue sphere presents Earth. The colorful sphere in the middle of the domain shows
the solar wind velocities at the inner boundary of EUHFORIA (0.1 AU) while the colorful isosurfaces depict

velocities between 530 and 650 km/s (see e.g. Samara et al. 2021).

In the course of the CCSOM project it was found that the available methods do not enable us
to estimate, with sufficient accuracy, the performance of EUHFORIA. The reason for the problem in
validation of the modelled solar wind characteristics and the in situ observations of the plasma
characteristics is a strong variability of the solar wind time series. Therefore, a new method was
developed, the so-called dynamic time warping (DTW) (Samara et al. 2022). This method is an
alternative way of evaluating the performance of models and, in particular, of quantifying the
differences between observed and modelled solar wind time series. The DTW can warp sequences in
time, aiming to align them with the minimum cost by using dynamic programming. It can be applied
for the evaluation of modelled solar wind time series in two ways. The first calculates the sequence
similarity factor, a number that provides a quantification of how good the forecast is compared to an
ideal and a nonideal prediction scenario. The second way quantifies the time and amplitude
differences between the points that are best matched between the two sequences. As a result, DTW
can serve as a hybrid metric between continuous measurements (e.g., the correlation coefficient) and
point-by-point comparisons. DTW is a promising technique for the assessment of solar wind profiles,
providing at once the most complete evaluation portrait of a model. More details about the method

can be found in the Section 4 and Samara et al. (2022).

BRAIN-be (Belgian Research Action through Interdisciplinary Networks) 11



Project BR/165/A2/CCSOM — Constraining CMEs and shocks through observations and modelling

3.3 Three-dimensional reconstruction of CMEs and their propagation in the inner heliosphere

In order to model CMEs better and to use them as input for EUHFORIA, we employed the state
of the art techniques in order to reconstruct the 3D structure of CMEs (Mierla et al. 2010). The
coronagraph data available in the past (prior to the launch of STEREO in 2006) provided us with a two-
dimensional representation of the CME three-dimensional structure projected onto the plane of the
sky. As a consequence, the measured quantities like angular width, height, speed of CMEs are also
projected on this plane and therefore, represent lower limits of the true, un-projected CME properties.
The projection effects of these main quantities affect in turn the derived quantities like mass and
energy. By observing CMEs from multiple viewpoints (STEREO, SOHO) it is possible to derive their true
direction of propagation and true speeds in the coronagraph field of view (up to 15 Rs).

Figure 3

The 3D reconstruction of the CME observed on September 28, 2012. The CME reconstruction was done using
forward modelling technique by Thernisien et al. 2006, 2009.

The panels: (a) STEREO B/COR 2; panel (b) SOHO/LASCO C3, and (c) STEREO A/COR 2, are at approximately the
same time. The reconstructed flux rope is denoted with the white grid croissant (adapted from Jebaraj et al.
2020).

To derive the position of a feature in 3D from two view directions (either from two STEREO spacecraft,
or from one STEREO spacecraft and one Earth direction (PROBA2 or SOHO)) we will use different
methods (e.g. Mierla et al. 2009). The most common technique is tie-pointing and triangulation (e.g.
Inhester, 2006).

The second method used for 3D reconstruction is forward modelling (Thernisien et al. 2006,
2009, see Fig.3). This method can reproduce the large-scale structure of a CME by using a magnetic
flux rope-like model. It consists of a tubular section forming the main body of the structure attached
to two cones that correspond to the "legs" of the CME. A similar forward model (using an ellipsoid)
can be used to reproduce the 3D structure of a CME-driven shock (e.g. Kwon et al. 2014). Finally, a
third technique is known as polarized ratio. It uses the properties of Thomson scattered light, which
depends on the scattering angle between the direction of the incident light and the direction to the
observer. The result is the position of the feature with respect to the plane of the sky.

For some events we employed also the observations by Heliospheric Imagers (HI) onboard the

NASA STEREO mission to track the propagation of density structures i.e. CMEs in the heliosphere. The
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trajectory of bright elements in the HI field of view carries information on the 3-dimensional
propagation path and speed of solar wind transients. However, the one-dimensional time-elongation
profiles of solar wind transients need to be converted into 3D coordinates. Three geometrical models
are generally used, based on different assumptions on the shape of the transient. In the fixed-phi
model (e.g. Rouillard et al. 2008), the solar wind transient is assumed to be a point-like source. The
harmonic mean model (e.g. Lugaz, 2010) assumes the shape of a circle attached to the center of the
Sun, The self-similar expansion model (Davies et al. 2012) assumes the solar wind transient to be a
circle that is not attached to the Sun but is limited by a constant angular width in solar longitude.

3.4 Radio bursts associated with the eruptive events

Together with the studies of solar wind and CMEs we also studied the CME-driven shock waves
employing the multiwavelength observations with the main focus to radio observations. While the
white light coronagraph observations can give a good indication on the geometry of the shock and its
driver, it is not always easy to identify a shock wave in a coronagraph image. The only way to exactly
locate the 3D position of (a part of) the shock wave in the inner heliosphere employing observations
is by using the radio signatures of the shock wave, so called type Il radio bursts (Fig. 4) and a novel
radio triangulation method (e.g. Magdalenic et al. 2014, Jebaraj et al. 2020, 2021). Type Il radio bursts
are observed in dynamic spectrum as a slowly drifting emission lanes, usually showing fundamental
and harmonic bands (Fig. 4). Assuming the coronal electron density model, the drift rate of the type Il
radio bursts can provide us the estimate of the shock wave velocity (see e.g. Magdalenic et al. 2008).

In the framework of the CCSOM project we employed the direction-finding or
goniopolarimetric observations, from WIND and the twin STEREO spacecraft. The direction of arrival
of an incoming electromagnetic radio wave, its flux, and its polarization were derived from these
observations. Because of the different types of antenna on these spacecraft, we have used different
direction-finding methods. For the WIND observations, the standard spinning demodulation method
(Manning & Fainberg, 1980) was applied. For the STEREO observations, we used goniopolarimetric
inversion of a signal measured on nonorthogonal antennas using the singular value decomposition
(SVD) technique (Krupar et al. 2012). From the direction-finding data we can retrieve the wave vector
directions, which allow estimation of the radio source location for a case when the radio emission is
observed by two or more spacecraft. The position of the radio sources in the 3D space is then
considered to be the closest point between the two wave vectors. The shortest distance between
wave vectors gives an indication of the source position in the 3D space. The described radio
triangulation method was so far applied only very rarely, in most cases to study the propagation path
of so called type lll radio bursts (e.g. Reiner et al. 2009; Thejappa et al. 2012). In the framework of
CCSOM project the radio triangulation method was extensively used in study or propagation of shock
waves (e.g. Jebaraj et al. 2020, 2021).
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Figure 4

Dynamic radio spectrum i.e. the time/frequency diagram, with color-coded emission intensity, shows the radio
event on 2014 August 25 observed by LOFAR radio telescope. Three types of solar radio bursts, type Ill bursts
(radio signature of electrons accelerated along the open field lines), type Il burst (radio signature of electrons
accelerated at the shock front) and type IV continuum (radio signatures of electrons associated with the CME
propagation) are marked. All these types of radio bursts were studied in the framework of the CCSOM project
e.g. Palmerio et al. 2019; Jebaraj et al. 2020, 2021; Magdalenic et al. 2020. (Adapted from Magdalenic et al.,

2020).
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4. SCIENTIFIC RESULTS AND RECOMMENDATIONS

In the framework of CCSOM we have addressed number of objectives, in order to answer to
the overarching science question of CCSOM: how do CMEs propagate and evolve through the inner
heliosphere? To answer to the science question, we simulated the background solar wind and the
propagation of flux rope CME-ICME structures in the realistic solar wind conditions and compared the
modelling results with observations. Some of the project results opened new scientific questions, that
were then also addressed in the project. The main project results are group in three parts addressing
the solar wind, CME-ICMEs and the CME-driven shock waves.

4.1 Modeling of the background solar wind

4.1.1 Assessing the performance of EUHFORIA modeling

This section presents mostly work published in Hinterreiter et al. (2019).

In this study we employed the so-called default setup of EUHFORIA (Section 3 and Pomoell &
Poedts, 2018). We describe this set up in details because it was employed in a number of studies in
the CCSOM project. In EUHFORIA the solar wind speed depends on several parameters and the
functional form of the empirical relation can be selected by the user. In Hinterreiter et al. (2019) we
employed the following form:

g oW oy - ENE
v(f,d) =vy+ a1 7)° [1—0.8exp(—(d/w)")]", "

where f and d are the flux-tube expansion factor and the angular distance from the footpoint of each
open field line to the nearest CH boundary, respectively. The parameters in Eq. 1 are set to vo = 240
km/s, vi =675 km/s, a = 0.222, 6 = 1.25 and w = 0.02 rad. Since the original WSA relation is designed
to provide the wind speed at Earth, and as the solar wind continues to accelerate beyond the inner
boundary in the heliospheric MHD model, we have additionally subtracted 50 km/s to avoid a
systematic overestimate of the wind speed. To compensate for solar rotation, we rotate the solar wind
speed map at the inner boundary by 10°. We have also limited the minimum and the maximum solar
wind speed at the inner boundary to 275 and 625 km/s, respectively (McGregor et al. 2011). In
addition to the wind speed, the remaining MHD variables need to be determined. While the topology
of the magnetic field is directly obtained from the SCS model, the magnitude of the solar wind

magnetic field is set to be directly proportional to the speed. The plasma number density is given by:
n = Nfsw (stw/Vr)Z; (2)

with the number density of the fast solar wind nsw = 300 cm™ (e.g. Venzmer and Bothmer, 2018), the
fast solar wind speed viw =675 km/s, and v, coming from the empirical speed definition. We used a
constant plasma thermal pressure of 3.3 nPa, at the inner boundary of EUHFORIA, which is in
accordance with the fast solar wind temperature of about 0.8 MK. For more details see also Pomoell
and Poedts (2018).

The angular resolution of the daily runs in this study was 42, and 512 grid cells were chosen in
the radial direction to cover the 0.1 to 2 AU domain. We used the EUHFORIA daily runs based on the
synoptic GONG magnetograms (the start time was about 23:30 UT each day) and do not include
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modeling of possible CMEs. The study comprises years 2008 and 2012. Each daily run, based on one
magnetogram input, simulates the background solar wind at the heliocentric distance of 1 AU over a
total time span of 14 days (+7 days) covering £92.42 in longitude (gray slice in Fig. 5) with a temporal

resolution of ten minutes.

4.1.1.1 Combining individual EUHFORIA runs for obtaining average EUHFORIA time series

The central region of the Sun has the magnetic field information with the smallest projection
effects, and it is thus the most reliable part of the magnetogram. In order to combine the individual
daily runs of EUHFORIA, which overlap in time, we developed a method containing information with
highest weight on the central region of the Sun. The central region is defined as 1 day around the
central meridian at 0 2 (schematic drawing in Fig.5a). The weighting of each curve is done by a Gaussian
distribution with the central part receiving the strongest weight (Fig. 5b). This procedure does not
include blending of the entire 3D solutions, but only combining the solutions in order to extract a time
series at on exact location in space at the Earth. Studies that include CME modeling with EUHFORIA

do not combine the runs.

a)

June 13 jyne 12 June 11

b)
June 13 June 12 June 11

Figure 5

Panel a) Schematic representation of combining EUHFORIA modeling time series for consecutive days. Different
colors represent the selected range (+13.2° from the solar central region) for each day. In grey color we indicate
the full range (+92.4°) provided by EUHFORIA model. Panel b) Gaussian weight used for the model properties
shown for three individual days. (Adapted from Hinterreiter et al., 2019).
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Figure 6
Applying the method for the construction of average EUHFORIA time series. Three panels show the solar wind
speed in time interval July to August 2008. The top panel shows full EUHFORIA model output (tseven days). The

middle panel shows EUHFORIA model output limited to * one day and the bottom panel shows model output
(different colors for each daily run) and resulting time series (thick red). (Adapted from Hinterreiter et al., 2019).

Figure 6 shows how the method was applied. The top panel of Fig. 3 shows the solar wind
speed modeled by EUHFORIA for the full model output (+ seven days). Different colors represent
results from 32 daily runs. As can be seen, the simulated solar wind speeds for consecutive days may
show significant offsets. In order to obtain a smooth time series we first limit the curves in time to +
one day (middle panel) and then combine them by using a Gaussian distribution (cf. Figure 2b). The
obtained combined time series which is used for the analysis is represented in the bottom panel of
Fig. 6 by the thick red curve. We also tested different limits of temporal ranges for the individual runs;
e.g. = three days, in order to check the quality of the method when combining individual runs. The
resulting combined time series are similar, and slightly more smoothed compared to using a time
range limit of + one day.

We have also evaluated how the combined time series for the modeled solar wind speed are
affected when shifting the weighting to a region different from the central part of the Sun. With this,
we take into account that compared to the central region of the magnetogram the eastern or western
region could influence more strongly the simulated solar wind. Although the results show some
differences between the combined time series, for the longer time ranges the general trend is
retained.

4.1.1.2 Comparison of observations and modelled solar wind

In order to assess the accuracy of the EUHFORIA’s modeling of the background solar wind we
chose two intervals of different levels of solar activity. At first, a quiet period during year 2008 is
considered, for which only three ICMEs, at the end of the year, were reported in the near Earth solar
wind according to the Richardson and Cane ICME list (Richardson and Cane, 2010, see
www.srl.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm). This period is used as a benchmark

time interval for the model performance as it quite optimally represents the background solar wind

without significant transient perturbations. A second interval considered covers the year 2012, a

period with a rather high level of solar activity during which 35 ICMEs are reported (cf. Richardson and
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Cane ICME list). In order to evaluate how well EUHFORIA models the background solar wind, we
compare the combined time series with the in situ measured plasma speed and density as provided
by the Solar Wind Electron, Proton and Alpha Monitor onboard the Advanced Composition Explorer
(ACE/SWEPAM: McComas et al. 1998). Figure 7 shows the obtained results. The grey curves represent
observed values by ACE, while red and blue curves represent modelled values of the solar wind speed
and density, respectively. The statistics presented of the background solar wind modelled with
EUHFORIA show on average lower values of the modelled solar wind speed than the in situ measured
velocity. On the other hand, the modelled solar wind density is considerably higher than the observed
one (in the default setup of EUHFORIA these two parameters are coupled, see Eq. 2). We note that
the correlation between modelled and observed values is significantly better in the first half of the
year 2008. In the second half of that year, the maximum fast solar wind speeds are lower than
observed ones while the minimum values are significantly different, i.e., larger than the observed
ones. For the year 2012 the discrepancies between the modelled values and observations are more
pronounced. Nevertheless, periods of lower wind speeds during 2012 are rather well reproduced,
which might be simply a consequence of a very low wind speed in general obtained for this year. The
in situ solar wind speed was also compared to the individual daily runs in order to assess the
probability of artificially enhanced or reduced fast wind flows due to combining of the daily runs
(Section 2.2). In the two studied years we found only one case of the fast solar wind that was observed
in the majority of the daily runs but not in the combined time series (around 22 August 2012). The
opposite cases, where the combined time series show significant increase of the solar wind speed that
was not modelled in the relevant daily runs, were not found. As a consequence of the, on average,
underestimated solar wind speed modelled by EUHFORIA, fast flows arrive with a systematic delay in
time. The amount of delay depends on the difference between the modelled and observed wind
speed. For example, the fast so lar wind with average speed of 600 km/s will need about 2.9 days to
arrive at the Earth, while those of about 500 km/s will need about 3.5 days. In this case the induced
latency of the modeled solar wind will be about 14 hours. We observe the influence of this effect
particularly strongly in the second half of the year 2008 (Fig. 7).
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Figure 7

The background solar wind modeling results of EUHFORIA compared with the in situ observations of the solar
wind characteristics during the year 2008 (top panel) and year 2012 (bottom panel). Red curve is solar wind
velocity and blue is solar wind density. During the first few months the amplitude of the solar wind velocity as
modeled by EUHFORIA is similar to observations. During about last 8 months of the year 2008 the solar wind

velocity and density are significantly underestimated (Adapted from Hinterreiter et al., 2019).

4.1.1.3 Hit-Miss statistic and evaluation of modeling results

In order to evaluate the accuracy of the EUHFORIA model we performed hit—miss statistics
using two different methods for comparing measured and modeled results. We also compare the
minimum and maximum phase of the results and give initial results on the effects of different input

parameters for the model. In this analysis we focus only on the solar wind velocity.

A) Hit—Miss Statistics by Automatic Peak—Peak Matching Method
To evaluate the model performance, we calculate continuous variables (e.g. root-meansquared error:
RMSE) and apply an event-based approach for detecting the maxima (peak finding algorithm) in the
solar wind observations. For the event based approach we used an automatic peak-finding algorithm.
To be defined as a peak, certain properties (minimum speed is 350 km/s, minimum gradient is 60
km/s, for further details see Reiss et al., 2015) have to be fulfilled. A hit is found if the modeled peak
appears within a time window of +two days around the measured peak, and a miss if the modeled
peak is out of this time window. If the peak is found in the combined time series of EUHFORIA and not
in observations, we consider this a false alarm. Since the study also encompasses the year 2012 with
a high level of solar activity, it was necessary to isolate intervals with possible ICMEs in the in situ
observations. The vertical pink lines in Fig.8 indicate the times of CME occurrences according to the
CME list (Richardson and Cane, 2010). For both years under study we obtain a similar result regarding
the RMSE, which is about 125 km/s. We detected 39 solar wind peaks in the EUHFORIA combined time
series and 43 in the in situ data. Applying the automatic peak-finding algorithm method, we obtain 18
hits, 21 false alarms, and 25 misses. In 2012 the EUHFORIA combined time series shows 21 peaks and

38 are detected in the in situ observations. This corresponds to 14 hits, 7 false alarms, and 24 misses.
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As this is a rather poor result we inspect the solar wind profiles in more detail and investigate the

reason for the poor performance.
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Figure 8
EUHFORIA modeled solar wind bulk velocity (blue) in comparison to in situ measurements (orange) for 2008
(top panel) and 2012 (bottom panel) using a peak-finding algorithm. The pink vertical bars indicate times of

CME occurrences according to Richardson and Cane (2010).

B) Hit—Miss Statistics by Manual Peak—Peak Matching Method

The in situ observations frequently show several subsequent local maxima of the solar wind speed
associated with a single fast flow generally originating from a large and extended, in latitude or in
longitude or both, CH. In such a case the automatic peak-finding algorithm finds several peaks, and it
is not possible to make a one-to-one identification with the usually smooth increase of the solar wind
speed modeled by EUHFORIA. In order to better understand such long-lasting flows and to
unambiguously relate modeled and observed velocity peaks with each other, we checked the
development of the CHs on the Sun two days before and three days after the CH started crossing the
central meridian. For this purpose we analyzed automatic CH areas detected by the CHIMERA software
(Garton, Gallagher, and Murray, 2018) and CH drawings. The peaks in the in situ measured solar wind
speed that could not be related to CHs were also excluded from the statistical study. We considered
observed and modeled solar wind peaks to be associated, i.e. a hit, if the increase started more or less
simultaneously and the peak was achieved within two days after the peak as modeled by EUHFORIA.
When the modeled solar wind increase did not have a counterpart in the in situ observations we
considered this a false alarm, and when the observed fast flow was not reproduced by EUHFORIA we
consider to have a miss. The manual identification of the CHs and associated fast flows shows 17 hits,
12 misses, and 6 false alarms for 2008 and 13 hits, 18 misses, and no false alarms for 2012. We note
that these results reveal a significantly smaller number of false alarms and misses in comparison to
the automatic method. This indicates that the CH development and its shape have strong influence
on the fast solar wind speed profile measured at 1 AU.

This analysis showed that is, the comparison of the modeled and observed solar wind time series, very

complicated task due to high dynamics of the compared time series. In order to improve the process
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of validation of the quality of the background solar wind modeling we have developed a new method,

so called Dynamic Time Warping. For details of this method see Samara et al. 2022.

4.1.1.4 Conclusions on the accuracy of solar wind modeling with EUHFORIA
In this Section we list some of the most important results of the study and refer to the parts of this
report where the related studies are presented.

e On how the open flux and the source surface heights influence modeling results.
Comparing CH sizes extracted from EUV observations, and modeled open-flux areas (i.e. CH areas) by
PFSS using GONG synoptic magnetograms shows that on average CHs are underestimated in the
model. It is found that the amount of modeled open flux is lower than actually observed, and open-
flux areas show up smaller in angular width (Section 4.2 and Asvestari et al. 2019). Failure in reliably
modeling open magnetic flux has consequences for proper solarwind modeling, in particular for the
fast solar-wind flow originating from CH areas. This will not only result in an underestimation of the
solar-wind speed but also might cause the fast flow to be too narrow, and hence, the flow may
completely miss the Earth. In a systematic test it was shown that changing the source-surface height
(one of the default input parameters to EUHFORIA) significantly influences the modeled open flux and
can even result in a shift of the position of the CH considered (Section 4.2 and Asvestari et al., 2019).

e How the shape and location of CHs influence the accuracy of modeled solar wind.
While manually associating the observed and modeled solar-wind flows (Section 3.1.2), we recognized
that the EUHFORIA performance is closely related also to the size, shape, and location of the CHs. The
gualitative study of the CH characteristics and the quality of the modeled fast solar wind (presented
in this section) shows that for circular and equatorial CHs occurring during the low level of solar
activity, EUHFORIA models well the associated fast flows. However, fast flows associated with narrow
CHs elongated in longitude are rarely reproduced well by EUHFORIA. In the case of the narrow CHs
elongated in latitude, the modeled solar wind is mostly underestimated, hence leading to a late arrival
at the Earth. And when the solar wind is originating from low/high-latitude CHs (greater than +309)
and/or the extensions of polar CHs, it will rarely be reproduced correctly by EUHFORIA. We also
noticed that fast flows associated with patchy CHs, irrespective of their latitudes and longitudes, are
poorly reproduced or not reproduced at all by EUHFORIA. Furthermore, the fast flows originating from
low-latitude CHs might pass South or North of the Earth (when the associated CHs are situated at the
southern or northern solar hemisphere, respectively) and they will not be observed in the EUHFORIA
time-series output at the Earth (see also Hofmeister et al. 2018). The extensive study on the

relationship of the CHs and the associated fast solar wind is presented in Section 4.3.

e Input parameters and resolution of EUHFORIA runs.
In order to understand how different input parameters and resolution of the EUHFORIA runs influence
the accuracy of modeled solar wind, we vary the resolution of the heliospheric model and the input
density of the fast solar wind at the inner boundary compared to the default settings (we considered

the time interval of 19 days).
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The results show that a decrease of the solar wind density by 50% (initial value is 300 cm™ at 0.1 AU)
induces an increase of the modeled solar wind speed from several percent up to 15% (absolute value
depends on the part of the flow that is considered).

We also found that the high resolution runs (22 and 512 cells, respectively) result in an increased solar-
wind speed (up to about 20%) and in an earlier arrival time of the high-speed stream at 1 AU (up to
several hours). If we compare the two extreme cases, the default EUHFORIA runs (angular and radial
resolution of 42 and 256 cells, respectively) i.e. low resolution and high density, and the high-
resolution and low-density runs, we find a shift of the arrival time of the fast flow of about -12 hours,
and a significant increase of the solar wind speed (from about 6% to more than 40%, depending on
which part of the fast flow is considered). These results indicate that the quality of the modeled fast
solar wind varies a lot depending on the input parameters to the model. We note that when more
than one parameter is modified the solar-wind speed changes in a non-linear manner and that the
changes strongly depend on the flow considered.

These results bring forward the need for a detailed ensemble-parameter study that will provide a well-
defined benchmark for solar-wind modeling with EUHFORIA. The parameter study of EUHFORIA’s
modeling background solar wind employing the novel PSP observations is in the progress (Samara et

al., in preparations).

4.1.2. Reconstructing coronal hole areas with EUHFORIA and adapted WSA model: Optimizing the
model parameters

This section presents mostly work published in Asvestari et al. (2019).

In order to inspect how the coronal model of EUHFORIA reproduces the fast solar wind we
tested one of its main components, i.e. WSA model (See Section 3.1).
According to the generally accepted opinion, coronal holes are sources of open flux, and therefore
also sources of fast solar wind. In order to test how good EUHFORIA reconstructs the open flux we use
remote sensing EUV observations and CATCH tool (Collection of Analysis Tools for Coronal Holes;
Heinemann et al. 2019) to extract CH areas and compare them to the open flux areas modeled by
EUHFORIA.
We consider the adopted WSA model that is part of the default set up of EUHFORIA. In the coronal
model of EUHFORIA we employed only the Potential FieldSource Surface (PFSS) model for the inner
corona and the Schatten Current Sheet (SCS) model for the outer regions (PFSS+SCS). The height Rss,
of the outer boundary of the PFSS, known as the source surface, and the height ,Ri, of the inner
boundary of the SCS are important parameters which can strongly affect the modeled CH areas. This
study is focused to understanding which impact the two model parameters can have on the modelling
results.
We vary Rss within the interval [1.4, 3.2] Ro with a step of 0.1Ro, and Ri within the interval [1.3, 2.8]
Ro with the same step, and the condition that Ri < Rss. This way we have a set of 184 initial parameters
to the model, and we assess the model results for all these possible height pairs. More detailed

description is presented below.
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4.1.2.1 Data set and methodologies

Although the WSA model performs a global simulations and provides open-closed field regions
for the entire surface we focus to the modeling results for the front side of the Sun, as seen from
Earth, where the selected CHs are located. We also do not analyze results toward the limb, with one
exception, that of the CH on 3 January 2017, which is linked to a polar CH.

In order to avoid any effects on the modeled results due to quantitative differences among
magnetograms (Riley et al. 2014), we employed magnetograms provided by the Global Oscillation
Network Group (GONG) and developed with the Air Force Data Assimilative Photospheric flux
Transport (ADAPT) model (ftp://gong.nso.edu/adapt/maps/gong/).

The studied data set consists from 15 CHs observed in the time interval 2012-2017. All CHs have
longitudinal position of center of mass (CoM) located along or within 102 of the central meridian of
the Sun.

For extracting the CH boundaries, we employed CATCH tool and the EUV observations from
the Atmospheric Imaging Assembly (AlA; Lemen et al. 2012) on board the Solar Dynamic Observatory
(SDO; Pesnell et al. 2012). Although CHs might appear somewhat different when observed at different
wavelengths, we used the full disk images at 193 A (size 1,024x1,024), which are the most frequently
used for studies of CHs. TheCATCH tool is an intensity threshold algorithm that is modulated by the
intensity gradient along the CHs boundary.
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Figure 9

Model generated maps of open-closed field regions based on magnetic field reconstructions by the adopted
WSA model in EUHFORIA. Dark blue and red regions represent open field areas of positive and negative polarity,
respectively. Regions marked with cyan and orange are accordingly positive and negative closed field areas. The
green outlines overplotted on the maps are the EUV defined optimal boundaries of the CHs as extracted with
CATCH. Although the model generates the map for the entire solar surface, we plotted only a fraction of the
map aiming to improve the clarity of the CH areas and the over plotted boundaries. (Adapted from Asvestari et
al. 2019).
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The reconstruction of open flux areas was done using EUHFORIA. For each of the selected CHs
we run the coronal model of EUHFORIA for a large sample of [Ri,Rss] heights. To define the height
pairs, we started with Ri taking the value of 1.3Ro up to 2.8Ro with a step of 0.1Ro, and for each Ri we
varied Rss from 1.4Ro to 3.2Ro with the same step, and the condition that Ri < Rss. ADAPT
magnetograms, at date-time as that of the analyzed EUV images, were used as input to EUHFORIA
model, which then produced maps of the open and closed magnetic regions for the specified input
heights Ri and Rss.

To create the open-closed flux maps, the solar surface is divided in a regular mesh consisting
of pixels covering 22x22 per pixel. For each pixel the procedure assigns a field line and traces it from
the solar surface upwards toward the source surface. If the tracked field line is curved below the
source surface and can be traced back down to the solar surface, it is assigned as a closed one. On the
other hand, if the traced field line pierces through the source surface, it is accredited as an open one
(see Figs. 1 and9).

4.1.2.2 Results

A) CH reconstruction using the default model boundary heights

The results presented in Fig. 9 are the output of the model run for the default pair of heights,
[2.3, 2.6] Ro. To better visualize the modeled CH area and the over plotted EUV-based boundaries,
especially in the cases of very small CHs, we only plot the front side of the Sun (Earth view). In addition,
for CHs that do not extend to polar regions, high latitudes of Northern and Southern Hemispheresare
excluded from the images. The light green contours are the optimal CH boundaries derived from EUV
observations using catch, as described in the previously.
The Fig. 9 also shows that, for most of the CHs, the model runs based on the default heights [2.3, 2.6]
Ro fail in reconstructing well the area and geometry as compared to the EUV extraction. Not only are
the CHs modeled thinker and overall smaller but also for some cases (i.e., 9 June 2012, 23 May 2013,
and 18 January 2014) the CHs appear to be shifted. For the CH of 24 June 2014 the model is
unsuccessful in modeling open flux both within the expected boundaries and in the surrounding area.
A CH that appears to be well modeled by EUHFORIA is the one on 3 January 2017, which is a southern
polar CH with a large extension that reaches to low Northern Hemisphere latitudes. We note that the
CH boundaries extracted with CATCH are only the part of the CH that is visible from Earth's line of
sight. This explains why also in the EUHFORIA output open/closed field map we do not focus on
longitudes beyond +£909.

B) Assessing for systematic shifting of open flux regions

Maps of open-closed flux indicate the possibility of shifting of the modeled CH areas with
respect to the expected location. To assess this, we investigated the likelihood of a systematic shifting
(see Fig. 10). All directions (eastward/westward and northward/southward) were investigated. In
addition, we considered both a 22 and a 42 shifts in each direction. From this analysis no systematic
effect could be identified. The role of CH characteristics, such as mean intensity, elongation, size, CoM

latitude, and hemispheric position, in shifting effects was evaluated independently. Regardless of
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whether the sample is assessed as a whole or divided in groups based on the CH characteristics, the

conclusion for possible shifting remained negative for all cases.

C) Finding the optimum paired values for [Ri, Rss]

Figure 10 is a collective plot for the coverage resulting from the model runs for each of the 184 height

pairs and the 15 CHs. Each panel represents the results for a particular CH. The x-axis is the source

surface height, the y-axis is the coverage, cov; and the color map defines the height of the inner

boundary of the SCS model, Ri. The striking feature in this figure is that for the vast majority of the

CHs reducing Ri significantly improves the modeled results. That is, the modeled open flux areas grow
to cover more of the total expected area outlined by the EUV defined CH boundaries and thus better
capture it. This is reflected in the improvement of the coverage,cov, parameter plotted on the y-axis
of Fig.10.

4.1.2.3 Conclusions

This study aims to assess how accurate is the PFSS+SCS part of the adopted WSA model in

modeling CH areas. Although values between 1.6 to 3.25 Ro are considered realistic

Figure 10
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axis is the source surface height, and the color bar is the height of the inner boundary of the SCS model increasing
from dark to bright colors. The y axis shows the coverage, cov. For the majority of CHs best coverage is achieved

for lower height values for the inner boundary of the SCS model. (Adapted from Asvestari et al. 2019).

for the source surface height, a commonly used value is 2.5Ro (e.g., Arge & Pizzo, 2000). McGregor et
al. (2008) concluded that for the modified WSA model, which is also used in EUHFORIA, the optimal
heights of the source surface and the SCS model inner boundary are [2.3, 2.6] Ro, which we
consideredas the default pair of heights.

Our main result is that the default heights employed so far, [2.3, 2.6] Ro, fail to model the
expected CH areas and/or their locations, with coverage below 60%.This suggests that CH areas are
not properly modeled using the default setup of EUHFORIA. This also explains the underestimated
solar wind velocity discussed in Section 4.1 and in Hinterreiter et al. (2019). This result might also
provide some explanation for the discrepancy between the open flux output by the WSA model and
that measured in situ at Earth (Linker et al. 2017; Riley et al. 2015).

We note that in some of the studied cases even the whole CH was not reconstructed, but missed. This
study clearly shows that lower heights (Ri below 1.5 Ro and Rss below 2.3 Ro) lead to an improved
coverage (cov > 60%) of the CH areas defined by the EUV extracted boundaries, i.e., the modeled open
field area better represents the EUV observed CH area. However, it also strongly results in opening
flux outside the EUV defined CH boundaries as well. More precisely, modeled open flux areas mark a
much larger region than the CH areas observed in EUV. This suggests the possibility that open flux can
originate beyond CHs, which diverge from the standard paradigm according to which CHs are the
sources of open field. This result also suggests that EUV-defined CHs might only provide a lower limit
of the actual open field region. This last point is in agreement with Linker et al.(2017) result, that is,
that lowering the heights leads to overestimating open flux regions. Assuming that the standard
paradigm for open flux origin is correct, this raises the question of how low the source surface height
can be placed in order to properly model CH areas and at the same time not model excess open flux
areas outside the EUV defined boundaries. Considering modeling the SW velocity at 1 AU, it will be
very interesting to see the effect of the modeled open flux areas outside the EUV defined boundaries
can have. Our analysis also shows that it is rather the height of the inner boundary of the SCS model
and not of the source surface that has a stronger effect on the modeled result. We also deduced that
low values of this boundary lead to better results in terms of CH area reconstruction. It is noteworthy
that this result is based on analyzing a CH sample from only one solar cycle and considers CHs located
in the central meridional zone. Increasing the size of the sample and also extending it over a larger

period of time can potentially lead to different height selection.

4.1.3 Influence of coronal hole morphology on the solar wind speed at Earth

This section presents mostly work published in Samara et al. (2022).

The results of study presented in Section 4.1 and 4.2 (Hinterreiter et al. 2019 and Asvestari et
al. 2019) indicate large importance of the shape of CHs on the modeling results of EUHFORIA. The
study by Samara et al. (2022) was performed in order to improve our knowledge on the association of

the fast solar wind characteristics and the morphology of CHs, their sources on the Sun. The final aim
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of this work is to implement newly obtained knowledge and further modify and improve EUHFORIA
model.

It is generally accepted that the high-speed stream (HSS) peak velocity at Earth directly
depends on the area of the CHs on the Sun, however, different degrees of association between the
two parameters were obtained by different authors. We revisit this dependence employing the data
set for which also all needed observations are available for modeling of the background solar wind
with EUHFORIA. The aim of the study is to understand how CHs of different properties influence the
HSS peak speeds observed at Earth and draw from this to improve solar wind modeling with
EUHFORIA.

Our data set encompasses a sample of 45 nonpolar CHs observed during the minimum phase
of solar cycle 24. The CH characteristics were extracted by the CATCH tool using EUV observations.

We first examined all the correlations between the geometric characteristics of the CHs and
the HSS peak speed at Earth for the entire sample. The CHs were then categorized in two different
groups based on morphological criteria, such as the aspect ratio and the orientation angle. We also
defined the geometric complexity of the CHs, a parameter which is often neglected when the
formation of the fast solar wind at Earth is studied.

The quantification of complexity was done in two ways. First, we considered the ratio of the
maximum inscribed rectangle over the convex hull area of the CH. The maximum inscribed rectangle
provides an estimate of the area from which the maximum speed of the stream originates. The convex
hull area is an estimate of how irregular the CH boundary is. The second way of quantifying the CH
complexity was carried out by calculating the CH’s fractal dimension which characterizes the
raggedness of the CH boundary and internal structure.

Considering the entire sample, we obtained the best correlations between the HSS peak speed
observed in situ, and the CH longitudinal extent. When the data set was split into different subsets,
based on the CH aspect ratio and orientation angle, the correlations between the HSS maximum
velocity and the CH geometric characteristics significantly improved in comparison to the ones
estimated for the whole sample. By further dividing CHs into subsets based on their fractal dimension,
we found that the Pearson’s correlation coefficient in the HSS peak speed — CH area plot decreases
when going from the least complex toward the most complex structures. Similar results were obtained
when we considered categories of CHs based on the ratio of the maximum inscribed rectangle over
the convex hull area of the CH. To verify the robustness of these results, we applied the bootstrapping
technique. The method confirmed our findings for the entire CH sample. It also confirmed the
improved correlations, compared to the ones found for the whole sample, between the HSS peak
speed and the CH geometric characteristics when we divided the CHs into groups based on their aspect
ratio and orientation angle. Bootstrapping results for the CH complexity categorizations are,
nonetheless, more ambiguous.

Our results show that the morphological parameters of CHs such as the aspect ratio,
orientation angle, and complexity play a major role in determining the HSS peak speed at 1 AU.
Therefore, they need to be taken into consideration for empirical models that aim to forecast the fast

solar wind at Earth based on the observed CH solar sources.
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4.1.3.1 About data sets and methods

The starting data set were the 1-minute in situ solar wind observations during the recent solar
minimum interval from November 2017 to September 2019. The solar wind in situ signatures (bulk
speed vb; proton density n; temperature T; magnitude of the interplanetary magnetic field (IMF) B;
the IMF latitudinal component Bz ; and the IMF longitudinal ¢-angle) observed at the Lagrangian point
1 (L1) by the Wind spacecraft (Ogilvie et al. 1995) were examined in order to identify clear HSS cases.
In order to focus only on clearly undisturbed HSSs, we excluded all the intervals for which an
interplanetary coronal mass ejection (ICME) was recorded based on the RichardsonCane list
(Richardson & Cane 2010).

In the considered time window of 25 Carrington rotations, we isolated 63 events that
contained all the signatures of a HSS following the common definition. A HSS was identified when a
simultaneous increase in the solar wind speed and the temperature was recorded, preceded by a
density increase. The density increase indicated the arrival of the compression region that was formed
from the interaction of the upcoming fast solar wind with the preceding slow solar wind. An increase
in the total magnetic field strength was also observed due to that compression. Additionally, the
longitudinal angle of the IMF vector (¢-angle), indicated if the field was pointing toward or away from
the Sun. This angle should be predominantly in one of those two directions and match the polarity of
the source CH in order to confirm the arrival of the HSS. It was calculated by taking into account the
arctan of the Bx, By components of the IMF in the Geocentric Solar Ecliptic (GSE) frame.

The criteria for the detection of HSSs also consider velocities above 400 km/s (Schwenn 2006;
Vrsnak et al. 2007). After isolating the HSSs in the in situ observations, we searched for the CHs from
which these fast streams originated. For that purpose, we inspected images of the Sun two to five
days (which corresponds to the usual travel time of HSSs from the Sun to Earth) prior to the beginning
of each HSS. The inspection was done by employing EUV observations at 193 A, recorded by AIA.
Additionally, we examined the NOAA full-Sun drawings in order to confirm the position and polarity
of the CH. The NOAA drawings are based on H-alpha observations, sunspots, magnetogams, as well as
on He |1 10830A ground-based observations which help define the CH boundaries. In order to confirm
the association between a HSS and a particular CH, we required that the polarity of the ¢-angle
detected in the in situ observations was the same as the polarity of the CH in the NOAA drawings.

The CH characteristics were extracted using the CATCH tool (Heinemann et al. 2019). The basic
principle of the CH extraction relies on an intensity-based threshold technique applied to EUV
filtergrams of sufficient contrast, a preliminary form of which was developed by Rotter et al. (2012a).
We note that, even if all CHs are individually processed and extracted by CATCH, the procedure is not
sufficiently accurate for polar CHs due to the strong projection effects and the lack of reliable
information from the Sun’s polar regions. Therefore, we excluded all the extensions of the polar CHs
(18 out of the total 63 CHs) from our set and only focused on the nonpolar ones (45 out of 63 in total).
Our data set includes all nonpolar CHs found in the time interval November 2017 - September 2019,
and which are associated with HSSs observed at Earth and their center of mass (CoM) is found on (or
very close to) the central meridian since the connectivity of the CH with Earth, through the produced
HSS, is optimal in this case. No other preselection criteria were applied, i.e., our sample contains CHs

of different sizes and shapes.

BRAIN-be (Belgian Research Action through Interdisciplinary Networks) 29



Project BR/165/A2/CCSOM — Constraining CMEs and shocks through observations and modelling

4.1.3.2 Defining geometric complexity of CHs & CHs as fractal objects

In the process of modeling and forecasting the HSS arrival, one of the frequently ignored
parameters is the CH geometric complexity. This parameter was, up to now not systematically
discussed in the literature. We have quantify the geometric complexity of the CHs in the two different
ways: a) by taking the ratio of the maximum rectangle that can be inscribed within the CH, over the
convex hull area of the CH, and b) by calculating the fractal dimension (FD) of the CHs. We note that
the first way is simpler and more approximate. The second way is more precise since fractality
estimates the self-similarity of a structure over different scales.
Abramenko et al. (2009) was, to our knowledge, the only other author that addressed the fractality of
CHs. Their work was focused on the complexity of the CH magnetic fields and not on the morphological
structure of the CHs.
Reiss et al. (2016) were the first to mathematically introduce the parameter of “compactness” as a
measure to quantify how irregular the shape of a CH is and distinguish among CHs and filament
channels. Based on shape analysis, compactness (C) is defined as follows:
C=U?/4nA, (1)
where U denotes the perimeter of the structure and A is the CH area. The definition by Reiss et al.
(2016) is not applicable to this study because it does not take into account how hollow the internal
part of the CH is. The meaning of CH complexity should not be restricted to the irregularity of the
outer boundary of the structure, but further include the internal part of it. This area is not always
compact and it may well influence the maximum HSS velocity. Therefore, we sought a more
encompassing measure to quantify the geometric complexity of the CHs by considering both the
fragmentation in the interior and the raggedness along the boundary.

A) Solidity: the ratio of the maximum inscribed rectangle over the convex hull area

The first, more approximate way to quantify the CH complexity is by estimating the ratio of
the maximum rectangle that can be inscribed within the interior of a CH, over the convex hull area of
that CH. The convex hull area envelops all line segments that join any two points of the edge of the
structure. We refer to this parameter as “Solidity”. Figure 10 shows a small (Fig. 10a) and large (Fig.
10b) value of the Solidity, corresponding to a fragmented and compact CH, respectively. The maximum
inscribed rectangle (red rectangle in Fig. 10) is an approximation of the biggest, most compact area
found inside a CH. As a result, this quantity should be a good approximation of the area from which
the fastest part of the solar wind originates. To calculate the maximum inscribed rectangle within the
CH, we used the MATLAB function from Seibold (2020). We chose a rectangular shape instead of a

circular or square one, as it accounts for the maximum area of the compact part of the CH better.

B) CHs as fractal objects

Another way of quantifying the complexity of a CH area is by calculating the fractal dimension
(FD) of its contours (both internal and external). The fractal analysis is a mathematical method for
measuring complexity in nature and it has been long used in different scientific domains. The

complexity and FD of an object increases as the object’s border is more ragged; the branching pattern
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is more irregular and lines get more twisted. Fractality characterizes the self-similarity of a structure

over different scales.

(b)

Figure 11

Examples of the maximum inscribed rectangle in the interior part of CHs (red box) and the convex hull area (the
area included inside the yellow lines of each structure). Panel (a): Very fragmented and patchy CH with a
maximum inscribed rectangle = 1.08 x 1010 km2 , a convex hull area = 31.69 x 1010 km2 , and Solidity = 0.03.
Panel (b): More compact CH with a maximum inscribed rectangle = 0.49 x 1010 km2 , a convex hull area = 1.87
x 10 km?, and Solidity = 0.26. (Adapted from Samara et al., 2022).

On the other hand, the convex hull area (the area included inside the yellow lines shown in Fig. 10)
provides a quantification of the smallest convex set that contains all points of our structure. The more
irregular the boundary of a CH is, the larger the convex hull area becomes. Therefore, for a Solidity
close to 1, the CH is compact enough to have its edges close to its main body (Fig. 11b), whereas a
Solidity much smaller than 1 implies a very fragmented, inherently hollow, structure (Fig. 11a).

The landmark book of Mandelbrot (1983, and references therein) has shown that the
boundary length of a fractal object can be mathematically expressed as a power law of the following
form: N(r) = const x r ® ,where N(r) presents a measure of the fractal structure at scale r. The
parameter D is called “fractal” because it is not an integer number and is called a “dimension” because
it provides a measure of how completely an object fills the space. If D is an integer number, then it is
equal to the Euclidean dimension in which an ideal point has dimension 0, a line has dimension 1, a
plane has dimension 2, and an ideal solid volume has dimension 3. Applying this to our CH maps, which
are not straight lines and do not cover the whole two-dimensional space, the FD is in the range 1< D
< 2. Anumber of methods have been developed to estimate the FD of an object such as the Hausdorff
dimension, the Minkowski-Bouligand, or the box-counting method.

In the framework of our analysis, we followed the dimensionless box counting procedure by
Georgoulis (2005, 2012). Based on this method, the binary image of interest is covered by (L/A)? boxes,
where L corresponds to the linear dimension of the image and A is the size of the box’s edge. By varying
A, we counted the number of boxes N(A) that contain part of the structure of interest. The complexity
results for our CHs, which are based on both the fractal dimension and Solidity measures can be found
in Table 3 by Samara et al., 2022. The first two columns show the ranking based on the Solidity, while
the next two columns show the results based on the fractal dimension. Figure 11 presents the relation

between the Solidity and the FD. We note that the two parameters are inverted quantities. Namely,
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less complex CHs correspond to higher values of the Solidity and lower values of FD. On the other
hand, more complex CHs correspond to lower values of the Solidity, and higher values of FD.

Figure 12 presents the Solidity and the FD (panels (a) and (b), respectively), as a function of
the CH area. The HSS peak velocity is color-coded. We find that small CHs are statistically less complex,
while large CHs show a high degree of complexity. From the same plots, we also deduce that smaller
HSS peak speeds, namely between 400 - 500 km/s, stem from smaller, less complex CHs with areas
below 4 x 10%° km? (dark blue-shaded circles). Faster HSSs stem from progressively more complex, but
importantly larger, CHs.

To understand how the CH complexity influences the HSS velocity at Earth, we studied the
relation between the HSS peak velocity and CH area by splitting the CHs into groups based on their FD
and Solidity. For our sample, the FD ranges between 1.10 and 1.40. Therefore, three different groups
were taken into account, namely, FD = (1.1, 1.2], FD = (1.2, 1.3], and FD = (1.3, 1.4], beginning from
the least complex to the most complex structures, respectively. Figure 13 shows how the HSS peak
velocity depends on the CH area for the three defined categories. For the least complex CHs (Fig. 13a),

we obtain a good correlation (cc = 0.74) between the two parameters.
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Figure 12
Panel (a) Solidity as a function of the CH area. Panel (b) The fractal dimension as a function of the CH area. The
HSS peak velocity is color-coded.
(Adapted from Samara et al., 2022).

We note that this subset contains CHs of small sizes (mostly below 4 x 10'° km? ). As the geometric
complexity increases (see Fig. 13b), the CH size becomes bigger and the correlation between the peak

velocity of the HSS at Earth and the CH area decreases (cc = 0.57). For the most complex CHs (see Fig.
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13c), a weak, possibly not very important correlation is obtained. We repeated the same procedure

by splitting our points based on the Solidity (see Fig. 14)..
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Figure 13

HSS peak velocity as a function of the CH area for different FD ranges, going from the least complex (panel a) to
the most complex (panel c) CHs. Green circles in panel (c) indicate the points responsible for the second peak
observed in the Pearson’s cc distribution after the application of the bootstrapping technique (Fig. C.1c).
(Adapted from Samara et al., 2022).
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Figure 14

HSS peak velocity as a function of the CH area for different Solidity ranges, going from the least complex (panel

a) to the most complex (panel c) CHs. (Adapted from Samara et al., 2022).

The latter parameter ranges from between 0 - 0.5. We divided this interval into three groups as well
based on the ranges [0, 0.125), [0.125, 0.25), and [0.25, 0.50), which go from the most complex to the
least complex structures, respectively. Our results in Fig. 14 show that the cc in the HSS peak velocity
— CH area plots for the different Solidity subsets follow the same pattern found based on the FD
grouping, but only for the medium and most complex CHs. Namely, the cc for CHs of medium
complexity (Fig. 14b) is 0.60 and drops for the very complex CHs to cc = 0.33 (Fig. 14c). For the first
subgroup (Fig. 14a) cc = 0.36, which is lower than the one estimated for the medium-complexity group.
The noticeably less significant association seen in Fig. 14a, compared to the one seen in Fig. 13a,
possibly happens due to the definition of the Solidity which, as explained earlier, is a rougher

complexity measure compared to the FD.

4.1.3.3 Some results
In this Section we listed some of the results obtained in the framework of this study, for more details

please see Samara et al. 2022
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In this study we inspected CH characteristics such as the CH area, CH longitudinal and latitudinal
extent, CH CoM latitude, and their relationship with the maximum velocity and duration of the HSS at
Earth. We divided our sample into different groups based on geometric criteria such as their aspect
ratio, orientation angle, and geometric complexity.

Main conclusions of this study are summarized as follows:

e For the full data set, the best correlation is obtained between the CH longitudinal extent and
the HSS peak velocity in situ with a cc = 0.57. The better correlation between these two parameters,
compared to what was estimated between the HSS peak velocity and the CH area or HSS peak velocity
and CH latitudinal extent, is a consequence of the propagation effects that a HSS undergoes on the
way from the Sun to Earh. CHs with larger longitudinal extents produce faster HSSs at Earth, up until
the extent of 32 deg for our sample (cc = 0.75). Beyond this threshold, regardless of the increase in
the longitudinal width of a CH, the HSS peak speed no longer increases.

e We did not found a good correlations between the CH area and the latitudinal extent do not
seem to be very strongly associated with the HSS duration observed in situ. As expected, the HSS
duration has the best correlation with the CH longitudinal extent (cc = 0.68).

e When dividing data sample into two different groups based on their aspect ratio (longitudinal
over latitudinal extent), we find that CHs with an aspect ratio < 1 show better correlations between
the HSS peak velocity and the CH characteristics (area, longitudinal, and latitudinal extent), not only
compared to the CHs with an aspect ratio higher than one, but also compared to the entire sample. In
the case of an aspect ratio < 1, the associated HSSs more probably directly impact Earth, not just brush
it off with their flanks. Furthermore, the majority of the CHs in this group have comparable latitudinal
and longitudinal extents, which induce the longer impact of the HSS and assures arrival of the fastest
part of the HSS.

e We also divided the main data set into groups based on the CHs’ orientation angle, with
respect to the solar equator. The majority of CHs with negative orientation angles are situated in the
northern solar hemisphere, and have their leading edge toward the equator. This subset shows very
good correlations between the CH geometric characteristics and the HSS maximum velocity at Earth,
which are better than the ones found for the entire sample. The same was obtained for the CHs with
positive orientation angles, after the removal of outliers. Most CHs in this subset are situated in the
southern solar hemisphere with their leading edge toward the equator.

e We also categorized our sample based on the degree of geometric complexity, a parameter,
that, to our knowledge, is not usually considered in similar studies. We introduced two parameters to
guantify the complexity: the ratio of the maximum inscribed rectangle over the convex hull CH area,
which we call “the Solidity,” and the fractal dimension (FD) of the structures. Both methods consider
the irregularity of the CH boundary, but also the hollowness within the interior part of the CHs. We
have found that the correlation between the HSS peak velocity at Earth and the CH area systematically
decreases with the increase in the FD (increase in complexity). A good correlation (cc = 0.74) is
identified for the least complex CHs, a medium correlation (cc = 0.57) for the medium-complex CHs,
and a poor correlation (cc = 0.30) for the most complex structures. When categorizing our sample
based on the Solidity, our results show a decrease in cc for the medium complex to the most complex

CHs, whereas the results are more ambiguous for the least complex CHs.
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e To confirm the reliability of the obtained results for the entire data sample and the different
subsamples, we applied the bootstrapping method. This method is usually applied to small data sets
in order to validate the statistical significance of the results obtained with other methods.
Bootstrapping led to the same results for the entire sample compared to what we found based on the
original data set. Namely, when treating the data set as a whole, the best correlation is obtained
between the HSS peak velocity and the CH longitudinal extent, rather than the CH area or latitudinal
extent. Bootstrapping also confirmed our results in the cases of the aspect ratio and orientation angle.
The associations of the CH area, as well as longitudinal and latitudinal extents with the HSS peak speed
in situ are stronger when we split our data set based on these two parameters, rather than when we
dealt with the entire sample at once. Therefore, we conclude that both the aspect ratio and
orientation angle are significant geometric factors that influence the way a HSS encounters Earth. They
should be considered for empirical relationships and models that aim to predict the fast solar wind
based on the CH properties observed on the Sun. Moreover, results with bootstrapping show that the
median value of the Pearson’s cc decreases while going from the least complex to the most complex
CHs, based on the criterion of FD. This result agrees with our findings obtained from the original data
set. The very low correlation found between the HSS peak speed and CH area for the most complex
CHs is somewhat ambiguous, though. The bootstrapping method shows the existence of a second
peak in the distribution, indicative of the possibility that some combinations of data points can give a
very high cc. Such high cc values mainly occur when the two data points, circled in green below the
linear regression line of Fig. 13c, are not considered during the resampling of the bootstrapping.
Nevertheless, we should not assume that they are outliers or remove them from the statistics because
they correspond to big and patchy CHs according to the criteria of that subsample. We note that this
was the smallest subsample among the three considered. A bigger and more diverse sample of CHs
would clarify if the Pearson’s cc continued to decrease or not, in the case of the CHs of very high FD.
Regarding the CHs’ categorization based on the Solidity, the results with bootstrapping show that the
median Pearson’s cc drops when going from the medium complex to the most complex CHs. Our
findings for the least complex group are ambiguous because of the large scattering of the points (Fig.
13a) and the large interquartile range of the cc, after the bootstrapping application.

This study highlights the need to better understand the CH characteristics. It helped us identify the
most important parameters and correlations that need to be addressed and, ideally, understood to
forecast the solar wind at Earth better. We have found that out of all the different CH characteristics,
their aspect ratio, orientation angle, and complexity seem to be parameters that need to be taken into
account for solar wind modeling and forecasting purposes. A follow-up study will aim to understand

how the revealed correlations can help improve solar wind modeling with the EUHFORIA.

4.2 Modeling CME-ICMEs with EUHFORIA

In the framework of the CCSOM project significant number of scientific papers was
published with the topic related to the CME modeling and implementation of different CME models
or different coronal model into EUHFORIA. In this section some of these publications will be briefly

addressed.
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4.2.1 Selection of the CME models & methodology for obtaining the CME parameters needed as
input to EUHFORIA

At the beginning of the CCSOM project we investigated the implementation of CME models in
EUHFORIA that include an internal magnetic field structure. Altogether four new CME models were
inspected: 1) A spherical hydrodynamic model; 2) A linear force-free spheromak model (LFF model);
3) A magnetohydrostatic spheromak model and 4) The Gibson-Low flux rope model.

During the initial testing of the models, the spheromak models (Fig. 15) were selected to
receive the focus of the development efforts, in the framework of this project. The reason for that was
the relative simplicity of the models in relation to the Gibson-Low (GL) model. In the GL model, a
significant complication is that the legs of the model CME remains attached to the Sun (Fig.16). When
modelling several consecutive events, as is often the case, the CME needs to detach in order to allow
other CMEs to take over.

Figure 15

Three different views of the spheromak CME model.

On the other hand, the spheromak-type models do not suffer from this as they are closed
magnetic structures enclosed within a sphere. This considerably simplifies the insertion of the CMEs
into the dynamic solar wind. In addition, the models have only a few additional parameters as
compared to the hydrodynamic models regularly used with EUHFORIA.

However, at the beginning of the project it was not clear how well the spheromak models will perform
in modelling of CMEs and CME-driven shock waves. Therefore, although the main focus, was on the
spheromak models, also the GL model was implemented. In addition, a spherical hydrodynamic CME
was also implemented to serve as the hydrodynamic counterpart of the spheromak models. Two
spheromak models were implemented in EUHFORIA: a linear force-free model and a
magnetohydrostatic version. In the later, the CME model fulfils the condition of magnetohydrostatic
equilibrium,

JxB-VP=0 (3)

while in the former the Lorentz force vanishes which requires the thermal pressure to be uniform
within the CME. The two models allow us to study the effect of internal pressure equilibrium on the
propagation and evolution of CMEs in the heliosphere.

Coronagraph observations from multiple points of view (e.g. obtained from SOHO/LASCO and
STEREO/COR) were used to reconstruct the 3D kinematic and geometric parameters of the selected
CMEs. In the reconstruction of the CME velocity, particular focus was put on the development of a

method which allows us to separate the contributions of the radial/translational speed and of the
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expansion speed to the total 3D speed. We present the method and briefly discuss the importance of

this separation.

Figure 16

The schematic presentation of the Gibson - Low CME model.

When propagating in the solar corona, CMEs typically start exhibiting a self-similarly
expanding behaviour starting from about 3 Ro. In such a cases (this is true for majority of CMEs), the
total speed of the CME central leading edge, also called CME nose, is the sum of two contribution.
One part is coming from the displacement of the CME centre of mass, and one associated to the
increasing of its size/radius (Fig. 17). When the CME is observed from one point of view only, the
separation of the two speed components is almost impossible due to projection effects and
insufficient vantage points of view. However, when fitting white-light CME images, i.e., coronagraph
observations, with some of the 3D reconstruction model, it is possible to estimate the expansion speed

and the radial speed of the CME nose using analytical relations.
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Figure 17
The schematic presentation of the contribution of the radial and expansion speeds to the total speed of the

CME at the nose, for a self-similarly expanding CME.

A sketch with marked parameters characterising the CME shape in the Graduated Cylindrical Shell
(GCS model; Thernisien 2006, 2009) is presented in Fig.18. In this model, the expansion speed can be
estimated from the variation in time of the radius R (8=m/2). The radial speed that corresponds to the
speed of the CMEs centre of mass propagating away from the Sun, can be estimated from the variation

in time of the segment marked as OC1.

BRAIN-be (Belgian Research Action through Interdisciplinary Networks) 37



Project BR/165/A2/CCSOM — Constraining CMEs and shocks through observations and modelling

H hfrunt

R(p=n/2)

Figure 18

The schematic presentation of the GCS model for reconstruction of the CMEs and obtaining the parameters
needed for modelling CMEs in EUHFORIA. The face-on (left) and edge-on (right) representations. In the case a =
0, the face-on and edge-on views coincide. (Adapted from Scolini et al., 2019).
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Figure 18

Example of 12 July 2012 event (AR 11520). Panel a): AIA 94 A image of the pre-eruptive sigmoid. Panel b): HMI
magneto-gram with PEA area overlaid (saturated at -100 gauss and +100 gauss). Panel c) PEA from AIA 193 A
with the area outlined by a polygon. (Adapted from Scolini et al., 2019).

Additionally to the CME kinematic and the magnetic parameters, we also investigated the
determination of the CME magnetic field orientation, helicity, and strength from photospheric and
low-coronal observations of CMEs and their source Active Regions (ARs). An accurate determination
of those magnetic parameters is crucial for making reliable predictions of the ICME properties at Earth.
Moreover, this is particularly important for modelling with EUHFORIA that has implemented the new
spheromak flux-rope CME model.

e Asindication of the original orientation of the flux-rope axis, the direction of the main Polarity

In-version Line (PIL) in the AR, and/or the orientation of the Post-Eruptive Arcade (PEA)
developing after the eruption needs to be considered. Although the CME magnetic field

orientation can be altered by rotations occurring in the low corona, based on observations of
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the source AR, we start from the simplest case in which the CME undergoes no or little rotation
during its propagation from the Sun to 0.1 AU.

e The helicity of the flux-rope structure is estimated from EUV observations of the source AR,
often showing evidence of pre-eruptive sigmoids.

e For the determination of the CME magnetic field strength, the approach proposed by
Gopalswamy et al. (2017), originally developed assuming a Lundquist flux-rope solution, can
be extended to a linear force-free spheromak magnetic field configuration (corresponding to
the same flux-rope model implemented in EUHFORIA). The method allows to estimate the
magnetic field strength and toroidal field in a flux-rope structure, based on the magnetic flux
that has reconnected in an AR in association to an erupting event. The reconnected flux is in
turn estimated by combining observations of the AR photospheric magnetic field with that of
the PEA developing after the eruption. The method, adapted to the equations of a spheromak
configuration, has been tested on several test case events. The properties of NOAA AR 11520,

source region of the halo CME studied by Scolini et al. 2019, are presented in Figure 19.

4.2.2 The evolution of coronal mass ejections in the inner heliosphere: Implementing the
spheromak model with EUHFORIA

This section presents mostly work published in Verbeke et al. (2019).

This publication presents the implementation of a new model for CMEs in the
magnetohydrodynamics (MHD) inner heliosphere model EUHFORIA. Utilising a linear force-free
spheromak (LFFS) solution, the model provides an intrinsic magnetic field structure for the CME
(Fig.19). As a result, the new model has the potential to predict the magnetic components of CMEs at
Earth. In this paper, we present the implementation of the new model and show the model capability.
We present the initial validation runs for the new magnetised CME model by considering the same set
of events as used in the initial validation run of EUHFORIA that employed the cone model. In particular,
we have focused on modelling the CME that was responsible for creating the largest geomagnetic
disturbance (Dst index). Two scenarios are discussed: one where a single magnetised CME is launched
and another in which we launch all five Earth-directed CMEs that were observed during the considered
time period. Four out of the five CMEs were modelled using the Cone model.

In the first run, where the propagation of a single magnetized CME is considered, we find that the
magnetic field components at Earth are well reproduced as compared to in-situ spacecraft data.
Considering a virtual spacecraft that is separated approximately seven heliographic degrees from the
position of Earth, we note that the centre of the magnetic cloud is missing Earth and a considerably
larger magnetic field strength can be found when shifting to that location. For the second run,
launching four Cone CMEs and one LFFS CME, we notice that the simulated magnetised CME is arriving
at the same time as in the corresponding full Cone model run. We find that to achieve this, the speed
of the CME needs to be reduced in order to compensate for the expansion of the CME due to the
addition of the magnetic field inside the CME. The reduced initial speed of the CME and the added
magnetic field structure give rise to a very similar propagation of the CME with approximately the

same arrival time at 1 AU.
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Figure 19
Snapshots of the magnetic Bz structure [nT] of the LFFS CME as tracked through the inner heliosphere for
different time stamps. Top panels: view from Earth towards the Sun, that is hidden behind the magnetic

structure, bottom panels: side view. (Adapted from Verbeke et al., 2019).

In contrast to the Cone model, however, the magnetised CME is able to predict the magnetic field
components at Earth. However, due to the interaction between the Cone model CMEs and the
magnetised CME, the magnetic field amplitude is significantly lower than for the run using a single
magnetised CME.

We can conclude that the LFFS model is able to simulate and predict the magnetic field components
and the propagation of magnetised CMEs in the inner heliosphere and at Earth. We note that shifting
towards a virtual spacecraft in the neighbourhood of Earth can give rise to much stronger magnetic
field components. This gives the option of adding a grid of virtual spacecrafts to give a range of values
for the magnetic field components.

For more details of this study see Verbeke et al. (2019).

4.2.3 Observation-based modelling of magnetized coronal mass ejections with EUHFORIA
This section presents mostly work published in Scolini et al. (2019).

Coronal mass ejections (CMEs) are the primary source of strong space weather disturbances
at Earth. Their geo-effectiveness is largely determined by their dynamic pressure and internal
magnetic fields, for which reliable predictions at Earth are not possible with traditional cone CME
models. This study was focused to modeling of two well-observed Earth-directed CMEs, testing for the
first time the predictive capabilities of a linear force-free spheromak CME model initialised using
parameters derived from remote-sensing observations. We have employed observation-based CME
input parameters, in modeling with EUHFORIA and the cone and spheromak CME models.
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Simulations show that spheromak CMEs propagate faster than cone CMEs when initialised with the
same kinematic parameters. We interpret these differences as the result of different Lorentz forces
acting within cone and spheromak CMEs, which lead to different CME expansions in the heliosphere.
Such discrepancies can be mitigated by initialising spheromak CMEs with a reduced speed
corresponding to the radial speed only. Results at Earth provide evidence that the spheromak model
improves the predictions of B (Bz) in comparison to a cone model. When considering virtual spacecraft
located within +102 around Earth, B (Bz) predictions reach 45—-70% (58-78%) of the observed peak
values. The spheromak model shows inaccurate predictions of the magnetic field parameters at Earth
for CMEs propagating away from the Sun-Earth line, so extra care due to limitations related to the
assumed spherical shape is needed. The spatial variability of the modelling results and the typical
uncertainties in the reconstructed CME direction indicate the need to consider predictions at Earth
and at virtual spacecraft located around it.

4.2.3.1 Some findings on modeling CMEs with cone and spheromak model

The main aim of this study, focused on the two Earth-directed CME events, was assessing the
capabilities of the new spheromak CME model in predicting the ICME magnetic properties at Earth.The
CMEs were initialised using CME parameters derived directly from remote sensing observations. We
discuss here the differences in terms of the dominating forces acting on the CMEs in the MHD
description. For each event, we simulated the CMEs using both the cone model and the spheromak
model. Our analysis indicates that the use of a spheromak model initialised with observations-based
CME input parameters significantly improves the prediction of the ICME internal magnetic field
intensity and orientation at Earth (see Figs. 20 and 21) These results also make us expect a net
improvement in the prediction of the CME geo-effectiveness in terms of impact on the terrestrial
environment. The prediction of the CME arrival time at Earth was found to be highly dependent on
the CME model and CME input parameters used, and a detailed investigation of the forces acting on
the CMEs was needed in order to understand its dependence on the CME initialisation.

The key findings of this work can be summarised as follows.

1. The determination of the CME parameters at 0.1 AU from remote-sensing observations is
an extremely challenging process. It can be performed only in the case of well observed events, and
even then it still needs to be complemented by a number of assumptions and approximations.

Being aware of such limitations, we performed this first analysis for two CMEs that were observed by
the full constellation of spacecraft monitoring the Sun and its atmosphere from different view points
on the ecliptic plane.

We focused on relatively simple CME events, characterised by almost no rotation and deflection in
their magnetic structure after the eruption, so that their evolution from the eruption site up to 0.1 AU
could be considered approximately radial and self-similar. Both events were also observed as clear
magnetic cloud (MC) signatures at 1 AU, making the comparison with simulation outputs easier as

magnetic field rotations were smooth and easy to identify.
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Figure 20

The comparison of the EUHFORIA time series (red curves) and in situ data (1 min OMNI data marked with black
curve). The dark red and light red shaded areas show the maximum variation of EUHFORIA predictions at
positions separated by 52 and 102 in longitude and/or latiitude from Earth. From top to bottom: speed, number

density, magnetic field strength, Bx, By, Bz components in GSE coordinates.

2. In this publication a new observational method was presented, based on GCS fitting
outputs, to separate the radial and expansion speeds of CMEs (see also Section 4.2.1). Testing this
method against empirical relations in the literature, we observed that single spacecraft observations
and multi spacecraft observations provide quite different estimations of the CME expansion and radial
speeds. On one side, the geometrical approach based on multi-spacecraft observations is based on 3D
geometrical relations, and hence it is in principle more consistent with the geometry used in the
coronagraphic reconstruction of the CMEs and in heliospheric simulations.

On the other hand, it can only be applied to CME events that were observed from more than one view
point, and it has not been tested yet on a large set of events, as is the case of the empirical relations

considered here.
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Figure 21

EUHFORIA time series at Earth compared to in situ data (1 min OMNI data marked with the black curve). The
dark red and light red shaded areas show the maximum variation of EUHFORIA predictions at positions separated
by 52 and 102 in longitude and/or latitude from Earth. From top to bottom: Speed, number density, magnetic

field strength, Bx, By, Bz components in GSE coordinates.

Although additional testing would be needed in order to assess the performance of this approach in
the case of a statistical set of CME events, the geometrical approach has two major additional
strengths compared to the empirical ones: (1) it allows us to go beyond empirical relations that may
work on large sets of events but may fail in single cases, and (2) it allows us to quantify the contribution
of the expansion and radial speeds for any CME, and not only to those that were observed as full halos.

3. The separation of the radial and expansion speeds is critical in order to model the
propagation of spheromak CMEs in the heliosphere and to predict their arrival time at Earth. The
simulation results show that spheromak CMEs propagate significantly faster than cone CMEs when
initialised with the same kinematic parameters. For both case studies, it was shown that those
differences in the propagation can be mitigated by initialising spheromak CMEs at 0.1 AU using a
reduced speed (Vrag ) that considers only the radial motion of the CME centre of mass, instead of the
combination of the radial and of the expansion motion of the CME apex (Vrad + Vexp). Based on further

analysis of the simulation outputs, we interpreted these differences as the result of the different
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Lorentz force acting on cone and spheromak CMEs (particularly at the CME-solar wind interface due
to magnetic pressure gradients), which in turn leads to different CME expansions in the heliosphere.

4. Considering predictions of the peak ICME magnetic field parameters at Earth, results for
presented case studies show that using the spheromak CME model improves the predictions of B (Bz)
at Earth by up to 60 (40) percentage points for Event 1, and 12 (22) percentage points for Event 2, in
comparison to the cone model. At the same time, the model predictions appear to be sensitive to the
exact position sampled in the heliosphere. Considering virtual spacecraft separated by 52 and 102 in
longitude and latitude from Earth, B (Bz) predictions improved significantly, reaching up to 70% (78%)
of the observed peak value for Event 1, and 45% (58%) for Event 2. This provides an indication of the
spatial variability of the predictions at 1 AU. As such separations are consistent with the typical
uncertainties in the reconstruction of the CME direction of propagation from the GCS model, in the
case of a background solar wind that is uniform at angles up to 102 around the Sun-Earth line, results
obtained from virtual spacecraft around Earth can also be used as efficient alternative to otherwise
time-consuming ensemble simulations of CMEs performed varying the CME direction of propagation.

5. In both studied events, the predicted magnetic field time series show very extended MC
radial (temporal) signatures. That suggests that the spheromak model tends to overestimate the radial
size of the CME at 1 AU, not fully accounting for global shape deformation effects such as pancaking.
This was also visible in the time delay of the magnetic field peaks compared to observations. Extending
the current CME model to include the possibility to introduce ellipsoidal spheromak CMEs could
mitigate this effect, and is something that needs to be quantified in future study.

6. Event 1 (12 July 2012 CME) represents a well-understood CME event in terms of its solar,
coronal, and heliospheric evolution, and it was associated with a successful prediction of the ICME
magnetic properties using the spheromak CME model. Event 2 (14 June 2012 CME) on the other hand
turned out to be a more complicated event than expected. In fact, it appeared to be a single non-
interacting CME event considering its evolution along the Sun-Earth line (including its in situ signature
characterised by a nicely rotating magnetic field structure), but it was actually associated with a CME-
CME interaction occurring between the main CME and a previous CME that erupted from the same
AR on 13 June 2012. The analysis and modelling of this event was per se already more complicated
than that of Event 1. Moreover, Event 2 also provided an example of the limitations of the spheromak
CME model in reproducing the global shape of flux-rope structures in the heliosphere. The simulations
of CME2 using the latitude and half width derived from the GCS reconstruction predicted the CME to
propagate almost completely south of the ecliptic, so that almost no magnetic field signatures
associated to the ICME were predicted at Earth. On the other hand, in situ observations of the event
show magnetic signatures compatible with an almost-central crossing of Earth through the flux-rope
structure. A way to cope with such limitations and have a correct prediction of the magnetic field
rotations observed at Earth is by launching the spheromak CME directly on the equatorial plane.

To summarize, this study was focused on Earth-directed CME events that were associated with
clear MC signatures at Earth, with the aim of benchmarking the current EUHFORIA prediction
capabilities in the case of well-observed CME events. Initial results indicate significant improvements
in the predictions of the ICME magnetic field structures at Earth when using a more realistic

spheromak CME model compared to a traditional cone CME model. However, most CME events are
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more complex than the case studies presented in this work, either due to their interaction with other
structures in the solar wind, including other CMEs, or due to the limited observations available. This
particularly will become a critical issue in the next years as observations from the STEREO spacecraft
will reduce towards the end of the mission, eventually preventing 3D reconstruction of CME events
until the launch of new missions. Therefore, several efforts to assess the predictive capabilities of the
EUHFORIA model in more complex scenarios are also needed. In particular, a detailed analysis of the
EUHFORIA capabilities in modelling CME-CME interactions is addressed in the following Section 4.2.4.

4.2.4 Evolution of Interplanetary Coronal Mass Ejection Complexity: A Numerical Study through a
Swarm of Simulated Spacecraft

This section presents mostly work published in Scolini et al. (2021).

In-situ measurements carried out by spacecraft situated in radial alignment are critical to
advance our knowledge on the evolution of CMEs and their magnetic structures during propagation
through interplanetary space. Yet, the scarcity of radially aligned CME crossings restricts investigations
on the evolution of CME magnetic structures to a few case studies, preventing a comprehensive
understanding of CME complexity changes during propagation. This study focuses on EUHFORIA
simulations of CMEs interacting with different solar wind streams using the linear force-free
spheromak CME. The novelty of the approach lies in the investigation of the evolution of CME
complexity using a swarm of radially aligned, simulated spacecraft. Our scope was to determine under
which conditions CMEs exhibit variations of their magnetic structure and complexity during
propagation, as measured by spacecraft that are radially aligned.

The first results indicate that the interaction with large- scale solar wind structures, and
particularly with stream interaction regions, increases the probability to detect an increase of the CME
magnetic complexity between two spacecraft in radial alignment, compared to cases without such

interactions.

4.2.4.1 Identification and Classification of CME Structures and about the Spheromak Magnetic
Structure

At each virtual spacecraft, the start of the CME-driven perturbation i.e., a shock-like
discontinuity is determined through our algorithm by scanning the radial speed, density, and magnetic
field time series forward in time and applying conditions similar to those typically used to detect fast-
forward interplanetary shocks at 1 AU. The detailed identification criteria can be found in Appendix
B.1 of Scolini et al. (2021).
At locations where a CME-driven perturbation is detected, time series are scanned in order to assess
whether there is a magnetic ejecta (ME) after the shock-like discontinuity. The exact criteria used to
determine the ME start and end times vary with heliocentric distance and for differentsolar wind
regimes. However, they are in overall based on two typical characteristics of Mes, i.e., an enhanced
magnetic field strength, and a low plasma B compared to the surrounding solar wind. After having
identified the nominal boundaries of the in situ CME substructures (i.e., sheath, ME) at each virtual
spacecraft, we classify the ME signature using a classification scheme inspired by Nieves-Chinchilla et

al. (2019) and based on the amount of rotation of the magnetic field components, i.e., Bg, Br, and By,
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in the local radial-tangential-normal coordinate system. This analysis provides information on the ME
structure that is later used in the study on how CME complexity varies with distance, for various
propagation scenarios. Because our simulations employ a spheromak magnetic structure for which
rotations >180° are expected for a large variety of spacecraft crossings (as shown in Appendix A), we
have adapted the original classification to better distinguish rotations up to 360°. We also further
assign a numerical index (C) to each ME class in order to rank the level of complexity of the detected
structure. If an ME is detected at a spacecraft located at coordinates (r, 6, f), the defined classification

scheme is applied (see Scolini et al. 2021).
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Figure 22
Spheromak magnetic structure used in EUHFORIA simulations.
Top: 3D visualization of selected magnetic fields from three perspectives: front view (a), side view (b), angled
view (c). Different colors mark field lines characterized by different morphologies.
Bottom: (d): Longitude—latitude 2D map showing the spatial distribution of the ME signature classifications,
obtained by radially crossing the structure at various impact angles. (e): Probability to detect the different ME

signatures considering all possible radial crossings throughout the structure. (Adapted from Scolini et al. 2021.)

Starting from the ME nominal boundaries, the ME start and end times are varied by +25% of
the total ME duration, in order to assess the variability of the classification with respect to slight
variations of the boundaries. The final ME classification is chosen as the most probable classification
obtained among all possible combinations of boundaries. We included two additional categories
representing the non-detection of an interplanetary shock-like perturbation (N ), and the detection of
an interplanetary shock-like perturbation, which was not followed by a ME (S). In these cases, we do
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not assign a complexity index to the observed signatures because of their intrinsically different nature
compared to ME signatures. We tackle the known limitations of the spheromak model in reproducing
CME global magnetic structures by focusing the investigation of CME magnetic complexity to central
regions only.

An overview of the nominal, standalone magnetic field structure of the linear force-free

spheromak model used in the two set of modeling rounds and without accounting for any interaction
with the solar wind is presented in Fig. 22. As visible from panels (a)—(c), all magnetic field lines are
confined within a spherical surface. Panel (a) provides a frontal view of the structure, similar to the
one that would have been seen by an observer located near the ecliptic plane along the Sun—Earth
line in run A before the insertion of the CME into the heliospheric domain. Panels (b) and (c) provide
additional side and angled views of the magnetic structure.
By crossing the spheromak structure in the radial direction at various impact angles (varying the
crossing directions by A% = Af = 1° incremental steps) and calculating the rotations of the magnetic
field components along each direction, we generate a longitude—Ilatitude 2D spatial distribution map
of the ejecta classifications. The distribution is symmetric with respect to the spheromak main axis,
oriented along the equatorial plane, and is dominated by a central core of F»70 ejecta types surrounded
by F3o classifications in the north and south flank regions. Minor contributions from Figoand Fso types
are visible in the core-to-flank transition region, while E types are detected only by crossings at the
very edge of the structure. In the panel (e) we present the probability to the detect the different ME
types over the totality of crossings considered. The detection probability is highest for Figo (44%) and
F30 (33%) types, and significantly lower for the remaining types (11%, 8%, 3% for E, Fs, Fiso types,
respectively).

4.2.4.2 Discussion and conclusions

The main scope of this study was determining under which conditions and to what extent
CMEs exhibit variations of their magnetic structure and complexity during propagation through
interplanetary space.

e We had torestrict to the central part of the CME structure in order to limit the effect of known
limitations arising from the use of a spheromak CME model.

e From the comparative analysis of non-interacting/interacting scenarios, distinct evolutionary
behaviors characterizing CMEs propagating through different ambient conditions have
emerged. Our results provide evidence that the interaction with such structures, and
particularly with SIRs, can double the probability for a CME to increase its magnetic complexity
during propagation. This result is independent from the CME impact angle, suggesting that
the detection of complexity changes is likely an indication of interactions with other
structures, rather than the result of a crossing far from the CME center. The present work
provided first evidence that CME structures propagating through different solar wind
backgrounds develop different complexity evolutionary patterns, based on numerical
simulations employing a spheromak flux- rope model.

e Another way to look at the development of CME magnetic complexity during propagation

involves consideration of the coherence of the magnetic structure as a function of heliocentric
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distance and in our simulations, we find that the Alfvén speed in the ME at 1 AU is
about120km/s (~97km/s). The higher Alfvén speed retrieved in run A may indicate a more
coherent evolution of the ME structure than in run B, in agreement with our results of the
complexity changes.

e This work represents the first attempt to quantify complexity changes in CME magnetic
structures using numerical simula- tions. Our simulations assumed very idealized solar wind
conditions and did not include any latitudinal dependence of its properties, enabling us to
quantify the effect of the presence of a HSS and SIR on CME complexity, and the comparability
of different runs. Therefore, the results presented here shall be interpreted as lower limits, as
ubiquitous distortions of the local solar wind properties are likely to induce higher complexity
changes in real CMEs both in the absence and presence of SIRs along their path. Investigations
exploring a broader range of CME—solar wind interactions, the spatial dependence of CME
complexity and its changes, and the comparison with observations for real events, will be
explored in future studies.

e QOur results shed new light on the evolution of CME magnetic structures, helping the
identification and interpretation of CME conjunction observations involving both past and
current missions (such as Parker Solar Probe, Solar Orbiter, and BepiColombo), and providing

guidelines for the planning of future missions involving alternative alignment configurations.

4.2.5 Modelling a multi-spacecraft coronal mass ejection encounter with EUHFORIA
This section presents mostly work published in Asvestari et al. (2021).

In this study we employed the spheromak CME model to reconstruct a well observed CME
and compare model output to in situ observations. We focus on an eruption from 6 January 2013 that
was encountered by two radially aligned spacecraft, Venus Express and STEREO-A. We first analysed
the observed properties of the source of this CME eruption and we extracted the CME properties as
it lifted off from the Sun. Using this information, we set up EUHFORIA runs to model the event.

The EUHFORIA predicted arrival times from half to a full day ahead of the in situ observed ones, but
within errors established from similar studies. In the modelling domain, the CME appeared to be
propagating primarily southward, which is in accordance with white-light images of the CME eruption
close to the Sun.

In order to get the observed magnetic field topology, we aimed at selecting a spheromak rotation
angle for which the axis of symmetry of the spheromak is perpendicular to the direction of the polarity
inversion line (PIL). The modelled magnetic field profiles, their amplitude, arrival times, and sheath

region length are all affected by the choice of radius of the modelled spheromak.

4.2.5.1 About the methods and analysis
To determine the helicity sign of the magnetic field structure of the CME, we investigated

observational proxies for determining the helicity sign using remote-sensing imaging observations
(Chen et al. 2014; Palmerio et al. 2017)

The filament was visible for several days before the eruption. On 27 December 2012, it was
within the field of view of Earth and, therefore, we used SDO/HMI magnetograms to analyse its

magnetic field topology. The photospheric magnetic field is positive to negative from the solar east to
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the solar west, with the filament lying above the PIL (top left panel in Fig. 23). We note that Ha images
(Fig. 23, top right corner) show that the orientation of the filament barbs (marked with arrows) relative
to the filament axis along the PIL indicate a sinistral, positive helicity, flux rope. STEREO-A EUV images
(bottom panels) of the post eruption arcade (PEA) show the flaring arcades being right-skewed in
comparison to the underlying magnetic PIL. This supports the positive helicity sign indicated by the
pre-eruption signatures of the filament.

Figure 24 shows illustrative magnetic field lines for two different orientations of the
spheromak together with the direction of the PIL and filament in the corona indicated by the magenta
dashed line. In this study, we selected the rotation angle according to panel b. With this choice, the
axis of symmetry of the spheromak is perpendicular to the direction of the PIL. The choice is motivated
in order to obtain magnetic field rotation (blue field lines) consistent with the observationally inferred
magnetic field structure. It is important to note, however, that the maximum of the field strength
occurs along the axis of symmetry in the spheromak. We also performed model runs using the rotation

indicated in panel a and confirmed that incorrect rotation of the magnetic field vectors was obtained.

HMI Kanzelh6he Ha
2012-12-27700:00:20 ) °* . 2012-12-28709:50:04

N
Y

EUVI - 195A EUVI - 284A
2013-01-06T07:2580 | 2013-01-06708:18:30

Figure 23

Filament and post-eruption characteristics used in identifying the flux rope helicity sign. The images in the top
left corner show the magnetic field topology at the HMI magnetogram a few days prior to the eruption. The
black line marks the PIL. In the top right corner there are Ha images of the Sun taken with the solar telescope at
Kanzelhéhe Solar Observatory and compensated for limb-darkening following the method by Chatzistergos et
al. (2018). Barb structures are indicated with yellow arrows. The STEREO-A EUVI filtergrams at 195 A and 284 A
( left and right images in the bottom row, respectively), show the post-eruption arcade and flare ribbons. The
latter is indicated by blue arrows in the bottom row zoomed images, while the black dashed line indicates the
PIL. (Adapted from Asvestari et al. 2021.)
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Figure 24

o)

Magnetic field topology of the modelled spheromak CME based on the selected tilt. Left: magnetic structure for
the case when injecting a spheromak with a tilt value obtained from the GCS fitting. Right: spheromak with
rotation angle equal to the tilt increased by 90 degrees anticlockwise. The magenta dashed line marks the
orientation of the observed filament and thus the GCS tilt. (Adapted from Asvestari et al. 2021.)

4.2.5.2 Discussion and results
In this study, we analysed a multi-spacecraft CME encounter in order to investigate whether the

EUHFORIA model can reconstruct the evolution of the flux rope observed by two radially aligned
spacecraft. The event, an extended filament eruption that occurred on 6 January 2013, created clear
in situ signatures at Venus Express and STEREO-A, while it only produced a mild disturbance at
MESSENGER. The location of the eruption did not allow for information about the magnetic flux
content of the CME to be extracted. However, EUV and white-light images allowed for the
determination of the eruption time and the CME helicity sign, as well as the extraction of kinetic and
geometric parameters of the large-scale structure using the GCS model. Although two more eruptions
occurred close to the event under study, we deduced from the analysis of an observational and from
a modelling assessment that neither of these eruptions significantly interfered with the primary event
in this study. The CME was modelled using three different sets of parameters. The three simulation
runs were done for different radii for the spheromak (Ruto , (R), and Ruro ). Based on the orientation
of the PIL and spheromak, we justified that it is necessary to rotate the spheromak by 90 degrees
anticlockwise from the GCS-derived tilt, and we submitted the runs using this modified tilt. The main
conclusions of the observational and modelling analysis are as follows.

1. Magnetic field and plasma measurements by Venus Express and STEREO-A suggested that the
observed CME did not significantly evolve between the two spacecraft measurements.
Remote-sensing observations indicated a direction of propagation pointing southward.
Matching the GCS fitted structure to that of the spheromak used in EUHFORIA is not unique
and can be difficult, introducing different possibilities reflecting the fact that the magnetic
field structure is not directly manifested in the white-light emission and thus poorly

constrained.
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4. The radius of the modelled spheromak had an impact on the modelled magnetic field profiles
and their amplitude, the arrival times, and the distance between the shock and the flux rope
arrival.

5. Similarly to what was indicated by the white-light images, the model showed that the direction
of propagation of the CME was mainly southward. The modelled time series at the real
spacecraft locations did not fully agree with the in situ measurements, while virtual spacecraft
placed at the same radial distances but lower in latitude showed better agreement to the in
situ observations. The same holds true for a longitudinal displacement further east relative to
the Sun—-Venus Express—STEREO-A line. This suggests that a better agreement between
observations and modelled result is found in these areas.

6. One possible explanation is that the observed CME underwent deflection from its initial
course in the inner heliosphere (Zuccarello et al. 2012). The possibility of pancaking of the
CME, which would have resulted in flattening and stretch- ing, and which are not modelled by
the simulation, may also be a contributing factor. In this case, despite a more south- ward
propagation of the CME, the flux rope could still have been stretched to higher latitudes,
resulting in a more nose encounter of the CME with the two spacecraft. This would be in
accordance with the in situ signatures that indicate an encounter closer to the nose. This kind
of effect would not have necessarily been captured by EUHFORIA, at least not to a full extent
especially if the front flattening took place before 0.1 AU.

7. The predicted arrival times are well ahead of the ones extracted from the in situ signatures
but within errors previ- ously established from other studies and possibly a result of both the
propagation and the expansion speed being included in the GCS fitting approach.

The aim of this study was to assess the degree to which the EUHFORIA—spheromak model is able

to capture the evolution of CMEs in the context of multi-spacecraft encounters. Although there

were some unexpected inaccuracies in the output, we conclude that the model predicted the B-

field and most importantly the Bz-component at the nose of the CME well, which appeared to

have been encountered in situ by Venus Express and STEREO-A. This is of crucial importance when
studying Earth-directed CMEs.

4.3. Tracking CME-driven shock waves using radio observations

Modeling of the shock waves with EUHFORIA was a challenging task as the CME models of
EUFHORIA had the CME insertion at the height of 0.1 AU, when the CME-driven shock, in the majority
of cases is already formed. Thus, preliminary studies were done for implementing different coronal
models that would allow us to model the shock already in the low corona. Our results show that the
CME-driven shock waves can be modelled by EUHFORIA, but the stand-of distance between CME and
the shock is modeled well only at close-to 1 AU distances.

In the framework of CCSOM project several papers were published addressing the physics of
shock waves and modeling their propagation. Herein, we will address some results from several
related publications. For all related publications see the reference list.

Studying the shock waves using radio observations (Palmerio et al. 2019; Magdaleni¢ et al.

2020; Morosan et al. 2020; Mann et al. 2022), and tracking them using radio triangulation resulted in
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important scientific findings (Jebaraj et al. 2020). We modeled the CME-driven shock waves and
associated radio emission (Kouloumvakos et al. 2020, 2021; Jebaraj et al. 2021) employing the
Magneto-Hydrodynamic Around a Sphere Thermodynamic model (Lionello et al. 2009; Riley et al.
2011). The recommendation is to implement in EUHFORIA coronal models which include the CME

insertion in the low corona.

4.3.1 Coronal Conditions for the Occurrence of Type Il Radio Bursts

This section presents mostly work published in Kouloumvakos et al. (2021).

Type Il radio bursts are generally observed in association with flare-generated or coronal-
mass-ejection-driven shock waves. The exact shock wave and coronal conditions necessary for the
production of type Il radio emission are still under debate. Shock waves are important for the
acceleration of electrons necessary for the generation of the radio emission. Additionally, the shock
geometry and closed field line topology, e.g., quasi-perpendicular shock regions or shocks interacting
with streamers, play an important role for the production of the emission. In this study we perform a
3D reconstruction and modeling of a shock wave observed during the 2014 November 5 solar event.
We determine the spatial and temporal evolution of the shock properties and examine the conditions
responsible for the generation and evolution of type Il radio emission. Our results suggest that the
formation and evolution of a strong, supercritical, quasi-perpendicular shock wave interacting with a
coronal streamer were responsible for producing type Il radio emission. We find that the shock wave
is subcritical before and supercritical after the start of the type Il emission. The shock geometry is
mostly quasi-perpendicular throughout the event. Our analysis shows that the radio emission is
produced in regions where the supercritical shock develops with an oblique to quasi-perpendicular
geometry.

4.3.2 Some conclusions

In this study we modeled a shock wave associated with a solar event and a complex type Il radio burst.
We performed a detailed comparison between the shock model and the radio observations in the
metric and decametric range. Our key findings can be summarized as follows:

1. We show that the shock formation precedes the start of the type Il radio burst; however, the
shock wave is then subcritical and electron acceleration is at that time too weak to produce
radio emission.

2. We show that the start of the type Il radio burst occurs about when the shock becomes
supercritical. The early intense phase of the type Il burst occurs when the shock is mostly
confined to closed field regions. This likely explains why no escaping energetic electrons are
observed as additional type lll emissions. Part of the shock wave interacts with a streamer,
and the shock geometry is mostly quasi-perpendicular at this time.

3. We show that type Il radio emission most probably originates, throughout the event, from
regions where the shock wave is strong and supercritical, with relatively high density
compression ratio and quasi-perpendicular geometry (high Jsn). This strongly supports the
notion that shock drift acceleration generates the electron beams that are ultimately

responsible for type Il radio emission. A comparison between the shock model and the radio
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observations from NRH confirms that the radio sources are situated near strong shock regions
with oblique to quasi-perpendicular shock geometry.

4. The evolution of the shock wave inside a streamer seems to play a very important role in the
enhancement of the shock strength and the formation of a supercritical shock. Most
importantly, we find that this condition will favor the efficient electron beam acceleration by
the shock and the production of type Il radio emission.

For more details on this study see Kouloumvakos et al. (2021).

4.3.3 Using radio triangulation to understand the origin of two subsequent type Il radio bursts

This section presents mostly work published in Jebaraj et al. (2020) & Jebaraj et al. (2021).

Eruptive events such as CMEs and flares accelerate particles and generate shock waves which
can arrive at Earth and can disturb the magnetosphere. Understanding the association between CMEs
and CME-driven shocks is therefore highly important for space weather studies. Herein we present a
study of the CME/flare event associated with two type Il bursts observed on September 27, 2012. The
aim of the study is to understand the relationship between the observed CME and the two distinct
shock wave signatures.
The multiwavelength study of the eruptive event (CME/flare) was complemented with radio
triangulation of the associated radio emission and modelling of the CME and the shock wave
employing MHD simulations by EUHFORIA.
We found that, although temporal association between the type Il bursts and the CME is good, the
low-frequency type Il (LF-type Il) burst occurs significantly higher in the corona than the CME and its
relationship to the CME is not straightforward. The analysis of the EIT wave (coronal bright front)
shows the fastest wave component to be in the southeast quadrant of the Sun. This is also the
guadrant in which the source positions of the LF-type Il were found to be located, probably resulting
from the interaction between the shock wave and a streamer.
The relationship between the CME/flare event and the shock wave signatures is discussed using the
temporal association, as well as the spatial information of the radio emission. We also discuss the
importance and possible effects of the frequently non-radial propagation of the shock waves.
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Figure 25

Calibrated dynamic radio spectra (solar flux units, i.e. sfu) observed by the Wind/WAVES, STEREO A/WAVES, and
STEREO B/WAVES show the radio event associated with the September 27/28 event flare/CME. The LF-type I,
i.e. the low frequency type Il burst (indicated by the red arrow), observed by all three spacecraft, shows
fundamental and second harmonic emission lanes. The HF-type Il, i.e. the high frequency type Il burst, which is
indicated by the black arrow was best observed by Wind/WAVES. The flare impulsive (FI) type lll group (marked
by the green arrow) and the type Il associated with the flare decay (FD and FD*) phase are indicated by the blue
and pink arrows, respectively. (Adapted from Jebaraj et al. 2020.)

4.3.3.1 Shock waves signatures in radio observations

The shock waves associated with eruptive events can manifest via a variety of signatures.
Chromospheric Moreton waves, EIT waves (coronal bright fronts associated with solar eruptions; see
e.g. Zhukov & Auchere 2004, and references therein), and type Il radio bursts (Fig 25) are often
considered to be signatures of the same shock wave propagating in the solar corona (e.g. Warmuth et
al. 2004; Vrsnak et al. 2006).
This study is focused on type Il radio bursts which are the longest known signatures of shock waves in
the solar corona, and are also excellent means for tracking the shock wave propagation (e.g. Wild &
McCready 1950; Klassen et al. 1999; Magdalenic et al. 2012)
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Figure 26

Panels a—c: graduated cylindrical shell (GCS) reconstruction of the CME body. Coronagraph images from: (a)
STEREO B/COR 2, (b) SOHO/LASCO C3, and (c) STEREO A/COR 2 at roughly the same time (September 28, 2012
at 01:24 UT).

Panels d and e: CME modelled by EUHFORIA. (d) Propagation of the modelled cone CME in the ecliptic and
meridional perspectives. (e) CME speeds at the cone surface as seen from Earth. The grey sphere shows the solar

wind radial velocity at the inner boundary of EUHFORIA. (Adapted from Jebaraj et al. 2020.)

We employed EUHFORIA model to analyse the CME propagation. The simulations were
performed using the EUHFORIA v1.0.4 version of the model (Hinterreiter et al. 2019) The CME
parameters such as the half width, direction of propagation (longitude and latitude), and 3D speed
obtained from the GCS reconstruction were used as input for the cone CME model. The obtained

results are presented in Fig. 25.

4.3.3.2 Summary of findings on the origin of type Il radio bursts
The relationship between CME/flare events, shocks, and associated type Il radio bursts has been
extensively discussed for several decades (e.g. Cairns et al. 2003, and references therein). This study
brings some new and important findings on the association of the radio emission and solar eruptive
phenomena.
Bellow, we list the most important results:
e Radio triangulation studies of type Ill bursts have been performed in the past, but we show
for the first time that the source positions of type Il bursts observed during a single eruptive
event were located in significantly different locations. We find that the Fl-type Il bursts

(observed during flare impulsive phase) originate from close to the western CME-flank region,
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and the FD-type Il bursts (observed during the flare decay phase) originate from close to the
eastern CME-flank region (Figs. 25 and 27.).
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Figure 27

Panel a: Results from radio triangulation studies of type Il and type Ill radio bursts. The yellow sphere represents
the Sun, while the red and green spheres represent STEREO A, STEREO B and Wind, respectively. The spheres of
varying size represent the radio source regions. The green spheres mark the radio source positions of the Fl-type
Il close to the CME flank. The LF-type Il and the FD-type Ill, denoted by the red and blue spheres, have source
positions at the southeast side of the Sun, i.e. close to another CME flank. Panel b: FI-type Ill, FD-type Ill, and LF-
type Il plotted from a different perspective. Panel c: three different type Ills plotted together. (Adapted from
Jebaraj et al. 2020.)

e We find the propagation path of two subsequent type Ill bursts are very similar (FD- and FD*-
type lll, Fig. 27), with differences smaller than the source region sizes (i.e. distance between
two wave vectors). We do not find any significant difference in the source positions for the
same frequency pairs for these two bursts, which would be expected if the scattering
processes in this event were significant. The accuracy of the radio triangulation is therefore
within the limits induced by the radio triangulation method.

e One of the two type Il bursts (HF- and LF-type Il, Figs.25 and 27.) associated with the studied
event, the LF-type Il, starts at an unusually low frequency. We find that the LF-type Il was

associated with the interaction of the shock wave and a streamer region. Although appearing
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at very different parts of the CME (different flanks), both of the type Il radio bursts seem to
be driven by the CME.

e The radio triangulation study of the LF-type Il burst provides evidence of the strongly non-
radial propagation of the radio sources. Although this has already been discussed previously
(e.g. Bougeret 1985, and references therein), only the 3D information obtained in the radio
triangulation allows us to quantify the effects associated with the non-radial propagation.

e The coronal electron densities obtained in the present radio triangulation study show that all
radio bursts in this event are generated in the regions of higher density than what is usually
considered when employing 1D density models. This is to be expected in particular during
periods of high solar activity and at times when the global magnetic field of the Sun is very
complex. Therefore, employing the 1D density models for explaining radio emission should be
considered with great care, and only as a first level approximation.

e The EIT wave associated with the eruptive event acceler- ates (from 320 to 770 km/s) when
passing a nearby active region, in the direction roughly coinciding with the propa- gation
direction of the LF-type Il. The reconstructed dome

Radio triangulation is not dependent on a density model and therefore provides a unique
opportunity to study different aspects of the radio bursts and their association with the solar
transients. The radio emission can be influenced in different ways during its propagation through the
corona, and this will also affect the results of the radio triangulation. Therefore, as with all other
observations, gonipolarimetric observations need to be treated with care, and their limitations must
be taren into account. Nevertheless, direction finding observations provide unique information on the
3D positions of the radio emission, and can help us to understand the processes of radio emission

during eruptive events in an unprecedented way.

4.3.3.3 Generation of interplanetary type Il radiation and shock wave modelling

After understanding the origin of type Il radio bursts observed on 27 September 2012, we
focus our study to isolate and understand the shock wave properties necessary for accelerating
electrons and leading to the production of the radio emission.
First, we modelled the 3D expansion of the shock wave by exploiting multi-viewpoint reconstruction
techniques based on extreme ultraviolet imaging. The physical properties of the shock front were then
deduced by comparing the triangulated 3D expansion with properties of the background corona
provided by a 3D magnetohydrodynamic model. The radio triangulation technique provided the
location of radio source on the surface of the modelled wave in order to compare radio sources with
the shock properties. Study of the temporal evolution of the shock wave parameters and their role in
the generation of radio emission shows a close relationship between the shock wave strength and its
geometry. We deduce from this analysis that there may be several mechanisms at play that generally
contribute to the generation of radio emission. Further, the comparison between the reconstructed
sources of radio emission and the ambient shock wave characteristics reveals the complex relationship
between shock parameters and show how they can influence the morphology of the observed type Il

radio emission.
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Figure 28

Shock wave fitting was done using multi-viewpoint obser- vations from STEREO B/COR2 (top panel) and
SOHO/LASCO C2 (bottom panel) at 00:24 UT. This is the time of observation of the high- est triangulated
frequency pair of the LF-type Il burst. The red spherical mesh represents the fit to the white light shock. The
regions indicated as under-fitted are the regions that are not accounted for in the shock wave modelling. The
red and the fuchsia points are the centroids of the highest frequency LF-type Il sources and the dark-shaded

region is the full source region obtained from radio triangulation. (Adapted from Jebaraj et al. 2021.)

A) Shock wave modeling

In order to study the association of the shock wave characteristics and generation of the type
Il radio burst we modelled the shock wave. Details of the applied model are presented in Rouillard et
al. (2016) and Kouloumvakos et al. (2019). An example of the model application with the aim to explain
the generation of the low coronal shock signatures (i.e. metric wavelength type Il) was presented in
Zucca et al. (2018) and Kouloumvakos et al. (2021). The model of the shock wave used in this study
combines 3D shock reconstruction employing white light observations with the static MHD
simulations, allowing us to calculate the shock kinematics and the shock parameters in the 3D space.
We start with the 3D reconstruction of the observed pressure wave. The wave reconstruction is
performed using the multi-viewpoint EUV and white-light observations of STEREO (EUVI at 195 A,
COR1, and COR2), SOHO (LASCO C2 and C3), and the 193 A channel of SDO/AIA. An example of the
reconstructed wave surface is presented in Fig. 28. This reconstruction allows us to model the wave
in 3D space and calculate the speed along the entire wave front and along different propagation

directions. The wave modelling was done with a temporal resolution of one minute.
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We note that in the case of geometric reconstruction of the pressure wave, the assumed self-similar
expansion in the lateral directions will limit the accuracy of the modelled wave. The modelling errors
will be considerable for events where the shock wave is strongly asymmetric. Our reconstruction was
rather conservative in some directions, resulting in some under-fitting in the lateral regions (e.g. the
regions labelled in Fig. 28). Nevertheless, we expect that in the regions of interest, the wave fitting
was rather accurate. We estimate that the uncertainty in the reconstructions based on white light can
be about 1 Ro, at heights above 5 Ro.

Once the pressure wave was reconstructed, we used the magnetic field and plasma properties
of the solar corona provided by the Magneto-Hydrodynamic Around a Sphere Thermodynamic (MAST)
model (Lionello et al. 2009; Riley et al. 2011) to determine the properties of the expanding wave. The
shock parameters such as Mach number (Ma), compression ratio, and shock geometry (Jsn ) were then
computed on the surface of the mod- elled pressure wave. This technique provides the properties of
the pressure wave from the onset of the eruption in the low corona until the time when the
observation of the LF-type Il radio burst is stopped. We investigated the conditions on the surface of
the pressure wave and its association with both the HF and LF-type Il radio bursts. The source positions
of HF-type Il burst were approximated using intensity-directivity relationship and the LF-type Il burst

source positions were estimated employing the radio triangulation technique (Jebaraj et al. 2020).

B) Shock wave parameters in 3D

First, we analyzed the 3D evolution of the modelled pressure wave, starting at about 23:45
UT, when the wave was in the low corona and when the first shock wave signatures were observed in
dynamic spectrum (Fig. 25). In Fig. 29, we show a series of snapshots of the modelled pressure wave.
The colours present different shock parameters computed on the surface of the expanding pressure
wave using the upstream MHD variables obtained from the MAST model. The combination of the
three parameters plotted in Fig. 29 (arranged in columns) enables us to locate the regions where the
shock wave was most likely to be formed and it gives a good indication on the generation of the type
Il radio emission. Panels a to d in show snapshots of the modelled pressure wave at four different
times selected for a detailed analysis. The times are selected in such a way to correspond with the
different phases of the wave propagation and subsequent production of type Il radio bursts.

Figure 29 row a shows the modelled wave at 23:45 UT which corresponds to the onset of the
HF-type Il radio burst (23:43 UT). The fundamental component of the HF-type Il was observed at 28
MHz which is approximately 1.9 Ro from the solar surface (when considering 3.5-fold Saito density
model, Saito 1970). The starting frequency of the HF-type Il radio burst indicates that radio emission
was formed higher up in the solar corona opposed to the metric type Il radio bursts associated with

low-coronal shock wave.
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Snapshots of the modelled shock wave parameters at different times (a—d) and with different parameters
estimated at the reconstructed pressure wave front surface (1-3). The yellow sphere represents the Sun and
the colour coded ellipse represents the modelled pressure wave. The arrows indicate the propagation direction
of the different triangulated radio bursts, while the black arrow indicates the Sun-Earth line. The coloured
meridians visible on the surface of the Sun represent the solar central meridian as viewed from STEREO A (red),
STEREO B (blue), and Earth (black). The presented times are: the start of the HF-type Il (panel a), middle of HF-
type Il (panel b), start of LF-type Il (panel c), and the end of LF-type Il (panel d). The different parameters plotted
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the shock normal and the upstream magnetic field (8sn ). (Adapted from Jebaraj et al. 2021.)
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The modelled pressure wave at this time was at a height of about 2.1 Ro as it steepened to a
shock only in some regions as seen in Figs. 29al and a2. In other regions (coloured black and dark
blue) the compression ratio was less than one, indicating that a wave has not steepened into a shock.
The shock wave was strong along narrow regions on the flanks where both the density compression
and shock geometry had considerably high values of ~3.5 and ~60¢2 respectively.

Shock regions located near the apex of the CME are characterised by the high Alfvén mach
number (Ma > 6) and density compression (~3.5). However, in this region the shock geometry was
predominantly quasi-parallel (8sv << 302), suggesting that in this regions the shock drift acceleration
will not be very efficient.

Row b of Fig. 29 shows the wave at 00:00 UT which corresponds to the time of the middle of
the HF-type Il radio burst. The shock was formed near the apex of the CME, along its main direction
of propagation. Additionally, at a few locations along the flanks we found a median value of ~2.5 for
the Alfvén Mach number M, indicating that the pressure wave also steepened into a shock. We note
that these regions are located close to a coronal streamer where the Alfvén speed is low due to the
weak magnetic field and the plasma density higher than the ambient density. The shock wave strength
is enhanced when propagating through such a regions and, consequently, the shock is thus more
efficient in electron acceleration. The density compression ratio shows similar behaviour to the Alfvén
Mach number (e.g. Fig. 29b1). The highest values are found in the more extended region stretching
from flank regions (near the streamer) and across the apex region. Panel b3 of Fig. 29 shows that the
shock geometry was mostly quasi-parallel at the apex and was quasi-perpendicular towards the flanks.
At 00:30 UT, approximately after the onset of the LF-type Il radio burst, the apex of the modelled wave
was at a distance of 7.5 Ro. The shock wave continued to strengthen at the apex region and a region
along the eastern flanks. The propagation direction of the LF-type Il is marked by the red arrow (Fig.
29c1). This region was also located in close proximity to the heliospheric current sheet (HCS) which is
marked in panel ¢3 of Fig. 29 with the black strips on the shock bubble.

The shock wave continued to evolve but less rapidly than in the previous snapshots (Fig. 29d).
At approximately 00:50 UT the ending of the LF-type Il burst was also observed. Furthermore, the
shock compression in the lower regions of the flank are below unity suggesting that the shock wave
may have already passed from a piston-driven phase into mostly a blast wave propagation and

therefore subject to weakening.

C) Synthetic radio spectra

To explore the importance of different variables and their role in the generation of radio
emission, we assumed the shock drift acceleration mechanism (SDA; see e.g. Street et al. 1994; Ball &
Melrose 2001; Mann & Klassen 2005; Mann et al. 2018, and references therein). For SDA, a pre-
existing supply of non-thermal electrons is required since the acceleration of lower energy thermal
electrons is not very efficient in low 8 plasma (solar corona). Nevertheless, this can be offset if the tail
of the upstream thermal electron distribution can be accelerated to high-enough energies by a nearly-
perpendicular (Bsy ~ 902) shock wave geometry. For radio waves to be produced, high frequency

electrostatic Langmuir waves need to be generated efficiently. Langmuir waves are generated by an
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unstable distribution of streaming electrons where the faster non-thermal electrons outrun the slower
thermal electrons (e.g. Melrose 1980; Robinson & Cairns 2000; Mann et al. 2018).
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Figure 30

Histogram maps of different shock wave parameters plotted in a form of dynamic spectra. The four rows of 2D-
histogram maps were produced in different areas of the wave. The histogram maps were constructed
considering: (a) the full shock surface, (b) only L3 region of HF- type I, (c) region L2 of HF-type Il, and (d) region
R4 of LF-type. The three columns show different wave parameters: (1) the Alfven Mach number (Ma), (2) the
Shock wave geometry (sn), and (3) the Langmuir wave conversion ratio (LWC > 1). (Adapted from Jebaraj et al.
2021.)

After being excited, the Langmuir waves may undergo wave-particle and wave-wave nonlinear
interactions to produce radio emission in the fundamental and harmonic of the local plasma
frequencies. The intensity of the emission at both bands is highly dependent on few factors such as

the upstream electron and ion temperatures.
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Once the radio waves are emitted, the ambient density inhomogeneities may also suppress the waves
produced close to the local plasma frequency. Therefore, the chain of events leading up to the
production of radio emission are dependent on macroscopic details, such as shock wave and upstream
properties, as well as kinetic factors, such as the distribution of the electrons and their properties
(Knock et al. 2003a).

To quantify the relationship between the wave parameters (e.g. Maand Bsy) in specific regions
of the wave with the possibly associated radio emission, we used a novel approach introduced in
Kouloumvakos et al. (2021). We produced 2D histogram maps, which is a spectrum like presentation
of the wave parameters as a function of time (hereafter: synthetic spectra). The synthetic spectra was
produced at close to the plasma frequency which allows comparison with the fundamental
components of the radio emission observed in the dynamic spectra. Since the radio emission process
depends on the Langmuir waves, we also used the model described in Mann & Klassen (2005) and
Mann et al. (2018) to estimate the efficiency of the Langmuir waves production of this process can be
examined using the cross-shock potential obtained from the Rankine-Hugoniot jump conditions. Mann
et al. (2018) adopted the model described in Holman & Pesses (1983) for analysing the cross-shock
potential of nearly perpendicular shock wave geometries as this determines the distribution of the
unstable electron beams. Therefore, the efficiency at which Langmuir waves are produced and
subsequently converted into electromagnetic radiation can be used to map the regions that are most
favourable for the generation of type Il radio emission.

Columns 1 and 2 in Fig. 30 show a complex spectral evolution of the pressure wave’s strength
and geometry (Maand Bgy). The synthetic spectra presented in panels al and a2 show that there are
several regions where the pressure wave is super-critical and quasi-perpendicular, namely, where
shock wave characteristics are present. In these regions, Langmuir waves can be efficiently produced
and subsequently converted into electromagnetic radiation (see panel a3). This indicates that the
shock associated radio emission can be, in principle, generated co-temporally at more than one
location but with strongly different efficiency. The panel a3 of Fig. 30 shows one dominant high
intensity region, starting around 16 MHz (at 00:00 UT) and after a gap (region of low efficiency for
production of Langmuir oscillations) continuing about 30 min later at about 2 MHz. The patchy
signatures are again enhanced at 01:00 UT and continue till the end of the modelling time. For the
high frequency region we find a moderate shock strength and highly quasi-perpendicular geometry,
and for the low-frequency region, we find a high shock strength and an oblique geometry.

The panels in row b and c of Fig. 30 present the spectra of the wave parameters in the specific
regions L2 and L3 (see Sect. 5.2.2). Those two regions are possible source regions of the HF-type Il
radio emission. The two regions have similar By values, while the M, is more enhanced for region L3
(see also Fig. 7). Further, also the bandwidth of the Ma and Jsy in the region L3 is broader in
comparison to L2. Comparing the Lang- muir wave conversion (Figs. 9c2 and c3) for both regions, it is
clear that the L3 region is more likely to be the source of radio emission than the region L2. This result
indicates that even small difference in the shock wave strength, Ma, can be essential for the generation
of the radio emission. We note that although the major contribution to the HF-type Il radio emission
is probably from region L3, a small contribution from the L2 region cannot be completely excluded
(Fig. 30c3).
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Figure 31

The HF-type Il source regions on the pressure wave bubble. Panel a: modelled wave with the values of Ma plotted
on the wave’s surface roughly around the start of HF-type Il radio burst. Circles titled L1-L4 represent the regions
where the source of HF-type Il could be located. Panel b: temporal evolution of the Alfvén mach number (Ma) in
the selected regions which are represented by the colored median lines. The quartiles and decile values are
given only for L2. The temporal evolution of the geometry in these regions is presented in panel c. (Adapted

from Jebaraj et al. 2021.)

Figure 30 also shows the synthetic spectra of two main wave parameters and Langmuir wave
conversion rate for the region R4. The location of region R4 was obtained in the radio triangulation
study of LF-type Il radio burst (Jebaraj et al. 2020). The synthetic spectrum for Ma shows only a narrow
region with the high shock strength in the range between 2 MHz and 1MHz.
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The synthetic spectrum of ¥syv shows that the wave geometry was most of the time oblique.
The quasi-perpendicular regime was found only in the frequency range 3-1 MHz and in the very
limited time interval (00:20-00:50 UT). The synthetic spectrum of Langmuir wave conversion rate (Fig.
30d3) shows that the Langmuir waves can be efficiently produced in a very narrow, patchy and
intermittent region starting at ~00:40 UT at 2 MHz. This result does not fully coincide with the
observations (Fig. 25), as the observed radio emission starts at about 00:20 UT at 1 MHz for the
fundamental component that is modelled here.

We have previously shown that the emission could be originating also from the upper quartile
and decile regions of the localized area. Therefore, median histograms may not be completely
representative of the real situation, inducing discrepancy between observation and modelled shock
wave characteristics. Furthermore, our model considers a spherical surface for the wave, which is a

somewhat idealised picture.

4.3.3.4 Some conclusions on modeling of the shock wave and associated type Il radiation

In this study (Jebaraj et al. 2021), the position of the type Il radio bursts (see Jebaraj et al.
2020) was compared with the modelled pressure wave obtained from combined multi-viewpoint
observations in EUV and WL, and the MAST model.

The first part of the study was focussed to the south-west region of the pressure wave bubble,
most probably associated with the decametric HF-type Il radio burst (see Fig. 31). We found two
regions, i.e., L2 and L3 where the wave geometry exceeded Bsy ~ 702 and the strength was as high as
Ma ~ 5. Therefore, out of these two regions, region L3 appears to be most probable type Il source
region.

In the second part of the study, we found that the shock geometry at the time of the LF-type
Il radio burst was mostly oblique, between 552 at the start and 452 at the end of the observed LF-type
Il burst (see Fig. 32). The type Il source regions, obtained from radio triangulation, were located close
to the streamer and the HCS. It is quite probable that due to this position, the particular geometry
provided was favourable to the enhancement of the shock strength (Ma ~ 3.5) and, consequently, the
generation of the radio emission as well. The most important results of the study are summarised
below. Each point is also discussed in the framework of earlier studies.

e The comparison of radio observations and modelled pressure wave associated with an
eruptive event shows that the wave may steepen to a shock, however, if it remains sub-
critical, it will not produce type Il radio emission. We find that radio emission is generated
only when the shock wave is super critical, which is in accordance to the shock drift
acceleration model that we employed to make the histogram maps. In this study, both the HF-
and LF- type Il radio bursts were formed when the shock wave was super-critical (Ma = 2.0).
Comparing the modelling and radio observations, we found that the regions where the Alfvén
Mach number was greater than unity, but sub-critical (Mx < 2.0), did not provide any contri-
bution to the observed type Il radio emission. This finding is also in accordance to Gopalswamy
et al. (2010), who found that sub-critical shock waves are often radio quiet.

e QOur analysis shows that a specific combination of shock geometry, shock strength, shock

speed, and the presence of energetic electrons is essential for generation of radio emission.
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We found that a quasi perpendicular geometry was crucial for the generation of the herein

studied type Il bursts. We also found that the generation of the radio emission depends less

on the shock wave strength in the case of high values for f Ma 2 3.0. This is more pronounced
at larger heights where the shock strength and compression ratio show little variation.

The studies of the importance of shock wave geometry in the generation of radio emission
(e.g. Krauss-Varban & Wu, 1989) also showed that electrons are most efficiently energised in the
quasi-perpendicular regime. We found that the decametric HF-type Il was formed in regions where
the shock geometry was Osy = 709; this finding is similar to those from Kouloumvakos et al. (2021) for
metric type Il radio bursts. For the LF-type Il, the results were somewhat different. The type Il was
formed when the shock geometry, obtained from modelling, was more oblique than in the case of the
HF-type Il. We found small regions with the quasi-perpendicular regime and it is probable that the
patchy LF-type burst was generated in these small regions. According to Kuncic et al. (2002) for a quasi-
perpendicular shock wave geometry, the spatially varying cross shock potential only shows small
changes when M, 2 3.0. Given that the strength of the shock wave in the interplanetary space is, on
average, Ma>>2.0, the LF-type Il radio emission may largely depend on the shock wave geometry and
the upstream electron distribution.

e We showed that intermittency of the radio emission, in particular of the HF-type Il radio burst,
was probably due to localised source regions with rapidly changing geometry. We also
confirmed that the source of the HF-type Il is located close to the western CME flank, as
suggested by Jebaraj et al. (2020). This result also confirms that for the studied event, the
intensity of the radio emission was highest towards the direction of the emission.

The particular morphology of the studied type Il radio burst is a consequence of the changes
in shock wave geometry, namely, an only intermittently present quasi-perpendicular regime, despite
the rather strong shock wave: Ma 2 2.0. Mann et al. (2018) showed that the intermittent generation
of radio emission can be strongly pronounced during the early stage of the wave evolution when the
geometry of the wave can change rapidly.

e The synthetic spectra show that the shock associated radio emission can have contributions
from more than one source on the shock wave. However, in considering the morphology of
the type Il emission (only one dominant drift rate) we can speculate that only one of the
sources is dominant and that the radio emission originating from the additional sources is very
weak. In this study, we found that the region where the source of the HF-type Il is located had
other smaller regions, which switched on and off to Langmuir wave activity (and therefore
radio emission). The emission from these regions may be recorded as extremely intermittent
and could appear co-temporal and co-spatial with the primary source of the type Il burst.

e The LF-type Il sources were found to be situated in a region close to the HCS, but also close to
the nearby streamer (as suggested by Jebaraj et al. 2020). This work shows that the shock
wave characteristics, such as the strength and the geometry, nearby HCS and streamer regions

are indeed favourable with regard to efficient electron acceleration.
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Figure 32

Shock wave association with the LF-type Il radio burst. Panel a: modelled pressure wave with the values of Ma
plotted on its surface around the start time of LF-type Il radio burst. The colour-coded source regions named
R1-R4 represent the LF-type Il source regions observed in the time interval between 00:25 and 00:50 UT. The
varying diameters of the source regions account for the large source sizes obtained from the radio triangulation
results. Panel b: temporal evolution of the Alfvén mach number (Ma) in the selected regions which are
represented by the colored median lines. The quartiles and decile values are shown only for R4. The temporal

evolution of the Bav in all regions is presented in panel c. (Adapted from Jebaraj et al. 2021.)

While modelling showed that the shock wave during the LF- type Il was mostly quasi-parallel,
we found a region where the shock wave was quasi-perpendicular, namely: the region of the shock
crossing the HCS. Similarly, Reiner et al. (1998) found that IP type Il radio bursts can be efficiently
produced when shock waves cross the HCS or stream interaction regions (SIRs) where a large number

of moderately energetic electrons is present.
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Another possibility discussed by Pulupa & Bale (2008) assumes that the shock wave distortions
in the form of ‘cavities’ can form naturally near the HCS. When B > 1 (e.g. Robinson & Cairns 2000),
the shock front distortion can be naturally formed. The self-consistent modelling of the evolution of
such shocks with distortions (e.g. ripples or wavy features) is challenging and was done in 3D only
seldom. The extended discussion on the employed assumptions and model uncertainties can be found
in Jebaraj et al. 2021.

4.3.4 Role of the coronal environment in the formation of four shocks observed without CMEs at
Earth’s Lagrangian Point L1

This section presents work published in Pick et al. (2020).

The main goal of this study was to determine the solar origin of four single shocks observed
at the Lagrange point L1 and followed by storm sudden commencements (SSCs) during 2002. We look
for associated coronal mass ejections (CMEs), starting from estimates of the transit time from Sun to
Earth. For each CME, we investigate its association with a radio type Il burst, an indicator of the
presence of a shock wave. For three of the events, the type Il burst is shown to propagate along the
same, or a similar, direction as the fastest segment of the CME leading edge. We analyze for each
event the role of the coronal environment in the CME development, the shock formation, and their
propagation, to finally identify its complex evolution. The ballistic velocity of these shocks during their
propagation from the corona to L1 is compared to the shock velocity at L1. Based on a detailed analysis
of the shock propagation and possible interactions up to 30 solar radii, we find a coherent velocity
evolution for each event, in particular for one event, the 2002 April 14 SSC, for which a previous study
did not find a satisfactory CME source. For the other three events, we observe the formation of a
white-light shock overlying the different sources associated with those events. The localization of the
event sources over the poles, together with an origin of the shocks being due to encounters of CMEs,
can explain why at L1 we observe only single shocks and not interplanetary CMEs.

For more details on this study see Pick et al. (2020).

4.4 On the further improvements of EUHFORIA
In the framework of the CCSOM project number of scientific papers was published with the
topic related to the improvements of the EUHFORIA model. In this section some of these publications

will be briefly addressed.

4.4.1 Implementing the MULTI-VP coronal model in EUHFORIA: Test case results and comparisons
with the WSA coronal mode

This section presents mostly work published in Samara et al. (2021).

4.4.1.1 Summary

In this study, we focus on improving the EUHFORIA model. As described in the previous
sections, EUHFORIA consists of two parts covering two spatial domains: the solar corona and the inner
heliosphere. For the first part, the semi-empirical Wang-Sheeley-Arge (WSA) model is used by default;

this model employs the potential field source surface and Schatten current sheet models to provide
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the necessary solar wind plasma and magnetic conditions above the solar surface, at 0.1 AU, which
serve as boundary conditions for the inner heliospheric part of EUHFORIA. The background solar wind
modeling with EUHFORIA (Hinterreiter et al 2019) indicated the need of improvements of the coronal
model of EUHFORIA. This study presents first results of the implementation of an alternative coronal
model in EUHFORIA, the so-called MULTI-VP model (Pinto & Rouillard. 2017).

After we replaced the default EUHFORIA coronal setup with the MULTI-VP model, we compared their
outputs both at 0.1 AU and 1 AU, for test cases involving high speed wind streams (HSSs). We select
two distinct cases in which the standard EUHFORIA setup failed to reproduce the HSS plasma and
magnetic signatures at Earth to test the performance of MULTI-VP coupled with EUHFORIA-
heliosphere.

In order to understand the quality of modeling with MULTI-VP in comparison with the default coronal
model in EUHFORIA, we considered one HSS case during a period of low solar activity and another one
during a period of high solar activity. Moreover, the modeling of the two HSSs was performed by
employing magnetograms from different providers: one from the Global Oscillation Network Group
(GONG) and the second from the Wilcox Space Observatory (WSO). This way, we were able to

distinguish differences arising not only because of the different models but also because of different

magnetograms.
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Figure 33

Plasma and magnetic parameters at 1 AU as modeled by WSA* +EUHFORIA-heliosphere (red) and MULTI-
VP+EUHFORIA-heliosphere (blue) with a GONG magnetogram. The observed data as captured by WIND are
depicted in black for the HSS that reached Earth on 2018-01-21.

The results of the study indicate that when employing a GONG magnetogram, the combination MULTI-
VP+EUHFORIA-heliosphere reproduces the majority of HSS plasma and magnetic signatures measured
at L1. On the contrary, the standard WSA+EUHFORIA-heliosphere combination does not capture the
arrival of the HSS cases at L1. When employing WSO magnetograms, MULTI-VP+EUHFORIA-
heliosphere reproduces the HSS that occurred during the period of high solar activity. However, it is

unclear if it models the HSS during the period of low solar activity.
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For the same magnetogram and periods of time, WSA+EUHFORIA-heliosphere is not able to capture
the studied HSSs. The results show that the accuracy of the simulation output at Earth depends on
the choice of both the coronal model and input magnetogram. Nevertheless, a more extensive
statistical analysis is necessary to determine how precisely these choices affect the quality of the solar
wind predictions.

The example of modeled HSS with two different set-up is presented in Fig. 33. The blue curve
shows the significantly better modeling results for the MULTI-VP+EUHFORIA-heliosphere setup.
Namely the results of the WSA+EUHFORIA-heliosphere setup, show that the HSS of interest was not
captured at all. The same modeling results are presented in the 3D space on the Fig. 34.
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Figure 34

Contour plots of the radial solar wind velocities in 3D space as modeled with a GONG magnetogram (date: 2018-
01-17T23:14, CR2199). The range of the velocities shown in the figure is between [520,600]kms-1. The HCS (B=0)
is depicted in gray, while the light blue sphere represents Earth. The sphere in the center of the figure represents
the inner boundary (0.1 AU) and is color-coded based on the radial solar wind velocities at that radius, which

are provided by the correspondent coronal model each time. (a) MULTI-VP+EUHFORIA. (b) WSA*+EUHFORIA.

4.4.1.2 Conclusions

In this study, we implemented for the first time an alternative coronal model in EUHFORIA, the MULTI-
VP model (Pinto & Rouillard, 2017). We compared the output of the default coronal model with the output from
MULTI-VP at the inner boundary of the heliospheric domain of EUHFORIA to understand the differences
between the two models before they propagate to Earth. We also compared the performance of
WSA*+EUHFORIA-heliosphere and MULTI-VP+EUHFORIA-heliosphere against in situ observations at Earth. In
the frame of this study, we considered two different HSS cases: one during a period of low solar activity and
another during a period of high solar activity. We also employed two different magnetograms, that is, GONG
and WSO. Our results show that the choice of both the coronal model and magnetogram play an important role

in the accuracy of the solar wind prediction. However, it is not clear which component plays the most important
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role for the modeled results obtained at Earth. A statistical analysis with an appropriate number of simulations
is needed to confirm our findings.

In the process of implementing MULTI-VP model in EUHFORIA, we encountered a number of elemental flows
that are subcritical at 0.1 AU (typically less than 1% of the whole map and up to a few percent in the most
extreme cases). The MULTI-VP model cannot assure a priori that the solar wind solutions it computes are super-
fast at all angular positions at the target altitude of 0.1AU, as required for EUHFORIA. To correctly feed the
MULTI-VP data into the heliospheric part of EUHFORIA, we needed to transform these speeds to super-critical
such that all MHD characteristic curves are outgoing at 0.1 AU (Goedbloed et al. 2019). The correction was done
by interpolating the subcritical, fast magnetosonic pixels with their closest super-critical neighbors obeying the
mass-flux conservation. Once super-criticality was achieved at the boundary, we were able to study the vi, n, T,
Brmaps there. The analysis of inner boundary maps allowed us to obtain a first-order estimation regarding the
differences between the models. Moreover, it helped us to understand how the two coronal models deal with

different magnetograms.

MULTI-VP+EUHFORIA WSA*+EUHFORIA
Quiet solar period
1SS case HIT MISS
GONG ) .
Active solar period HIT MISS
HSS case
) Quiet solar period MISS? MISS
HSS case )
WSO
Active solar period
HSS case HIT MISS
Figure 35

Schematic summary of the background solar wind modeling results at 1 AU regarding the solar wind bulk speed.

In Fig. 35, we outline our conclusions, in schematical presentation, based on the modeled bulk speed signatures
at 1 AU. The results show that MULTI-VP+EUHFORIA-heliosphere is able to reproduce both HSSs cases when
using GONG magnetograms and the HSS case during the active solar period, when employing a WSO
magnetogram. However, it is not certain if it captures the HSS during the period of low solar activity when using
the latter type of magnetogram. This is the reason we describe it as a “miss” with a question mark in Fig. 35. The
WSA*+EUHFORIA-heliosphere combination, which we use as the reference model, does not reproduce any of
the two test-case HSSs, regardless the magne- togram. However, these HSSs were specifically chosen on
purpose, as cases that we knew a priori that were not reproduced well by the default EUHFORIA setup, to test
the performance of MULTI-VP in combination with EUHFORIA-heliosphere. A bigger sample of HSSs needs to be
simulated to determine if one of the models consistently outperforms the other.

The main reason that the two models provide different results at 1 AU, given the same input magnetogram, is
the way they calculate the solar wind state at 0.1 AU. Even though both coronal models use the PFSS model to
reconstruct the magnetic field in the low corona, they rely on different techniques to reconstruct the magnetic
field higher in the corona, up to the radial distance of 0.1 AU. The default EUHFORIA setup is based on the SCS
model to create a more uniform magnetic field, and on the WSA speed, which determines the solar wind plasma
and magnetic parameters at 0.1 AU. The WSA wind speed essentially depends on magnetic information at two
specific altitudes: the solar surface and 0.1 AU. On the other hand, MULTI-VP calculates the heating and

acceleration of all wind streams at every height (see Eqgs. (6)—(8) in Samara et al., 2021) and provides a uniform
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magnetic field away from the Sun by applying an additional flux-tube expansion profile to them. Therefore, the
dif- ferences in the numerical approach and underlying assumptions of the two models lead to distinctly different
outputs. It is also important to mention that even though WSA* does not reproduce the two particular HSSs in
this study, it is considered a reliable coronal model that is computationally inexpensive in comparison to MULTI-
VP.

4.4.2 ICARUS, a new inner heliospheric model with a flexible grid

To improve the shock capturing and speed up the simulations we developed ICARUS a new
heliospheric wind model for EUHFORIA. The ICARUS (Verbeke et al. 2022) combines radial grid
stretching with solution Adaptive Mesh Refinement (AMR). We note that combining AMR strategies
yields a speed-up in wall-clock time of up to 28.

This section presents mostly work published in Verbeke et al. (2022).

4.4.2.1 Summary

Simulating the propagation and predicting the arrival time of CMEs in the inner heliosphere

with a full three-dimensional (3D) magnetohydrodynamic (MHD) propagation model requires a
significant amount of computational time. For CME forecasting purposes, multiple runs may be
required for different reasons such as ensemble modeling (uncertainty on input parameters) and error
propagation. Moreover, higher resolution runs may be necessary, which also requires more CPU time,
for example for the prediction of solar energetic particle acceleration and transport or in the
framework of more in-depth studies about CME erosion and/or deformation during its evolution.
In this section we present ICARUS, a new inner heliospheric model for the simulation of a steady
background solar wind and the propagation and evolution of superposed CMEs. This novel model has
been implemented within the MPI-AMRVAC framework which enables the use of stretched grids and
solution adaptive mesh refinement (AMR). The usefulness and efficiency, i.e., speed-up, of these
advanced features are explored. In particular, we model a background solar wind with ICARUS and
then launch a simple cone CME and follow its evolution. The obtained modeling results are compared
with the modeling output of EUHFORIA (Fig. 36).

For the solar background wind simulation run, we limited the mesh refinement to the area(s)
of interest, in this case a corotating interaction region (CIR). For the CME evolution run, on the other
hand, we apply AMR where the CME is located by the use of a tracing function. As such, the grid is
coarsened again after the CME has passed.

The implemented AMR is flexible and only refines the mesh in a particular sector of the computational
domain, for example around the Earth or a single CIR, and/or for a particular feature such as CIR or
CME shocks. Radial grid stretching alone yields speed-ups of up to 4 and more, depending on the
resolution. Combined with solution adaptive mesh refinement, the speed-ups can be much larger
depending on the complexity of the simulation (e.g., number of CIRs in the background wind, number
of CMEs) and on the chosen AMR criteria, thresholds and the number of refinement levels. The ICARUS
model implemented in the MPI-AMRVAC framework is a new inner heliospheric 3D MHD model that
uses grid stretching as well as AMR techniques. The flexibility in the grid and its resolution allows an
optimization of the computational time required for CME propagation simulations for both scientific

and forecasting purposes.
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Ecliptic plane ICARUS. Ecliptic plane EUHFORIA. Difference ecliptic ICARUS - EUHFORIA.
Date: 2012-07-12T11-53-00. Date: 2012-07-12T11-53-00. Date: 2012-07-12T11-53-00.
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Figure 36
Comparison of the radial speed in the ecliptic plane between the ICARUS (left panel) and EUHFORIA (middle

panel) models, where the right panel represents the difference between the two models.

4.4.2.2 Discussion and outlook

We presented a novel inner heliospheric wind and CME evolution model called ICARUS, which
has been implemented within the MPI-AMRVAC framework. The usefulness and efficiency of radial
grid stretching and solution adaptive mesh refinement have been explored by modeling a typical solar

wind with ICARUS and then launching a simple (cone) CME and following its evolution.
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Figure 37

Simulation run with solution AMR limited to three grid levels applied to a single CIR region. The x- and y-axes
are shown in Ro. Both figures are zoomed-in versions of the ecliptic plane, showing the radial speed values.
The right panel displays the mesh grid resolution at the different AMR levels in addition to the radial speed.

We focused on the potential of radial grid stretching and two specific methods or criteria to trigger
solution adaptive grid refinement. For the steady background wind simulation, we limited the mesh
refinement to one of the CIRs and for the CME evolution run, we applied the refinement according
to the tracing function of the CME, in order to follow it from the inner boundary toward the outer
boundary as it propagates in the inner heliosphere. When the CME has passed, the grid is coarsened

in order to avoid unnecessary refinement in the domain.
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Radial grid stretching introduced a significant speed-up of the simulation because the load in
the domain is decreased and less information is processed at each step. In addition, due to the radial
grid stretching, the grid cells far away from the Sun do not have an elongated shape any more (see
Figs. 37 and 38). Moreover, the radial grid stretching yielded a speed-up of about 3.5 for the high
resolution grid.

Solution AMR also had a substantial effect on the wall-clock time of the simulation. The block-adaptive
AMR in AMRVAC is very flexible and allows for different AMR strategies and thresholds depending on
the needs. Several possible refinement conditions or criteria can be considered. In this work we
applied a grid refinement based on the CME tracing function, which refines the domain where the
(entire) CME is present. This enables high spatial resolution at the varying CME location, and grid
coarsening after the CME has past. In the following work we will apply a CME shock mesh refinement
condition. This will not only increase the resolution in the shock, but also, depending on the
background wind conditions, any other shock waves in the solar wind, like the CIR shocks that form at

the interaction regions of the high and slow speed streams.
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E xample of AMR grid with three grid levels (base + two refinements) applied to a cone CME. The x- and y-axes

show distance in Ro. Left panel: tracing function. Right panel: radial speed.

The simulation speed-up by introducing solution AMR was very notable, but depended on the required
resolution i.e., on the number of refinement levels. Since the shock refinement criterion was fulfilled
in larger portions of the computational domain, more grid cells were refined. Therefore, the
simulations needed slightly more CPU and wall-clock time than those in which the refinement criterion
was based on the tracing function. Depending on the requirements for the simulation, the AMR
criterion (or criteria) can be adjusted.

In this study we considered the effect of radial grid stretching in the domain and the effect of imposing
solution AMR on the original equidistant grid. While the stretched grid provided the highest speed-
up, AMR level 3 provided results much closer to the middle and high resolution cases while still adding
a considerable speed-up. As such, this setup may be preferred. However, in the followup work, we

will consider the combination of radial grid stretching and AMR. Radial grid stretching, in the way we
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implemented it here, decreases the number of cells in the domain and it decreases the spatial
resolution at larger radial distances. However, this can be compensated for, wherever high spatial
resolution is required, by combining the grid stretching with solution-adaptive grid refinement which
enables very high effective spatial resolution without the high CPU costs this induces when the spatial
resolution isincreased everywhere in the computational domain. As a result of keeping the high spatial

resolution local, only where needed, the simulation becomes much more efficient.
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5. DISSEMINATION AND VALORISATION
The Dissemination and valorisation of the project results was focused to presenting the project
products (e.g. lists of events studied and modelled in the CCSOM is presently used in the H2020 project
EUHFORIA2.0, modelling results of specific time intervals) and science to external scientists and the
users (e.g. space weather forecasting centres, satellite operators, etc.).
Within the project dissemination we have:
e Set up dedicated EUHFORIA project website with information about EUHFORIA, list of events
used to validate models, etc.
e Contributed to the STCE (Solar Terrestrial Centre of Excellence) Newsletter when the
milestones or some other exciting result was obtained,
o We provided the support to the EUHFORIA consortium members to present project results at
conferences and workshops.

In the framework of the CCSOM project significant number of invited talks, presentations and
posters was presented at different international conferences.

The studies that were conducted in the framework of CCSOM were presented, by project
members, at all together around 50 invited talks and lectures and around 70 oral and poster
presentations at different international conferences.

We list here some of the conferences at which the CCSOM project work was presented:

e EGU General Assembly: EGU 2018, 2019, 2020, 2021,2022

e Exploiting magnetograms in preparation for Solar Orbiter and Parker Solar Probe; MADAWG

meeting, 2018
e European Space Weather Week: ESWW14 in 2017, ESWW15 in 2018, ESWW16 in 2019,
ESWW17 in 2020, ESWW18 in 2021.

e European Solar Physics Meeting: ESPM 15 in 2017, ESPM 16 in 2021

e Numerical techniques in MHD simulations, 2017

e FLARECAST science workshop Observatoire de Paris, 2017

e Solar Wind 15, 2018

e The 45th European Physical Society Conference on Plasma Physics, 2018

e The 2nd China-Europe Solar Physics Meeting — CESPM, 2019

e The 5th Asia-Pacific Conference on Plasma Physics, e-Conference, 2021.

e The Royal Astronomical Society Specialist Discussion Meetings, 2022

Together with the biweekly teleconferences of all partners, weekly meetings of some project
members were taking place when needed Every 6 to 7 month the CCSOM project meetings, held in-
person, were organized. The meetings usually lasted 1-2 days and they were mostly taking place after
the international conferences in which project members were participating. The follow-up committee
members were occasionally participating in the regular teleconferences, and in several occasions also

at the in-person meetings.
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6. PUBLICATIONS
Direct output of the project were also more than 40 scientific publications in the refereed journals.
List of publications of the CCSOM project:

1. Asvestari, E., Heinemann, S. G., Temmer, M., Pomoell, J., Kilpua, E., Magdalenic, J., & Poedsts, S.
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the Model Parameters., Journal of Geophysical Research: Space Physics, Volume 124, Issue 11,
pp. 8280-829,
https://doi.org/10.1029/2019JA027173
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Poedts, S., Pomoell, J., Kilpua, E., Rodriguez, L., Scolini, C., & Isavnin, A. (2019). Assessing the
Performance of EUHFORIA Modeling the Background Solar Wind., Solar Physics, Volume 294,
Issue 12, id.170, https://doi.org/10.1007/s11207-019-1558-8
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