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Abstract

Aims

This paper presents a H2020 project aimed at developing an advanced space weather
forecasting tool, combining the MagnetoHydroDynamic (MHD) solar wind and Coronal
Mass Ejection (CME) evolution modelling with Solar Energetic Particle (SEP) transport and
acceleration model(s). The EUHFORIA 2.0 project will address the geoeffectiveness of
impacts and mitigation to avoid (part of the) damage, including that of extreme events,
related to solar eruptions, solar wind streams, and SEPs, with particular emphasis on its
application to forecast Geomagnetically Induced Currents (GICs) and radiation on geospace.

Methods

We will apply innovative methods and state-of-the-art numerical techniques to extend the
recent heliospheric solar wind and CME propagation model EUHFORIA with two integrated
key facilities that are crucial for improving its predictive power and reliability, namely 1)
data-driven flux-rope CME models, and 2) physics-based, self-consistent SEP models for the
acceleration and transport of particles along and across the magnetic field lines. This
involves the novel coupling of advanced space weather models. In addition, after validating
the upgraded EUHFORIA/SEP model, it will be coupled to existing models for GICs and
atmospheric radiation transport models. This will result in a reliable prediction tool for
radiation hazards from SEP events, affecting astronauts, passengers and crew in high-flying
aircraft, and the impact of space weather events on power grid infrastructure,
telecommunication, and navigation satellites. Finally, this innovative tool will be integrated
into both the Virtual Space Weather Modeling Centre (VSWMC, ESA) and the space weather
forecasting procedures at the ESA SSCC in Ukkel (Belgium), so that it will be available to the
space weather community and effectively used for improved predictions and forecasts of the
evolution of CME magnetic structures and their impact on Earth.

Results

The results of the first six months of the EU H2020 project are presented here. These
concern alternative coronal models, the application of adaptive mesh refinement techniques
in the heliospheric part of EUHFORIA, alternative flux-rope CME models, evaluation of
data-assimilation based on Karman filtering for the solar wind modelling, and a feasibility
study of the integration of SEP models.

1 GENERAL DESCRIPTION AND OBJECTIVE(S)

1.1 Aims and motivation

The EUHFORIA 2.0 project aims at developing an advanced space weather forecasting tool.
The project addresses the geoeffectiveness of the impacts of CMEs, CIRs, and SEPs and
mitigation of (part of) the damage these cause. It also considers extreme events, but the
emphasis is on improving the prediction of ‘normal’ space weather and its effects, in
particular on its applications to forecast Geomagnetically Induced Currents (GICs) and
radiation on geospace. The project thus addresses many challenging aspects of space weather
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that are interlinked in a complicated way from Sun to Earth and provides therefore also the
potential for some scientific breakthroughs.
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Figure 1: Above: Snapshot of a EUHFORIA simulation at 03:03 UT on June
21, 2015. Below: radial velocity at L1 as measured (red) and simulated (blue)
from (Pomoell & Poedts 2018)

Our society is becoming increasingly dependent on technologies and infrastructures that the
different space weather phenomena can damage, including power grids, satellites in orbit,
and global communication and navigation infrastructures. The ultimate driver of space
weather disturbances is the Sun. The most prominent forms of solar activity are Coronal
Mass Ejections (CMEs), enormous eruptions of plasma (up to 1013-106 g) and magnetic field
into interplanetary space at velocities up to several thousand kilometres per second (Webb
& Howard, 2012). When sampled in situ by a spacecraft, they are termed Interplanetary
CMEs (ICMEs). The background solar wind is bimodal and consists of fast and slow streams,
and their compressed interaction regions known as stream interaction regions (SIRs) or co-
rotating interaction regions (CIRs) (e.g., Owens and Forsyth 2013). Associated with these
bulk plasma phenomena are high-energy particle populations known as Solar Energetic
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Particle (SEP) events (e.g., Lario and Simnett 2004), which originate through energisation
processes occurring at the site of solar flares and at coronal and interplanetary shocks
associated with CMEs, and also with SIRs/CIRs (Fisk & Lee, 1980). Desai & Giacalone (2016)
state that “Solar energetic particles, or SEPs, from suprathermal (few keV) up to relativistic
(~few GeV) energies are accelerated near the Sun in at least two ways: (1) by magnetic
reconnection-driven processes during solar flares resulting in impulsive SEPs, and (2) at
fast coronal-mass-ejection-driven shock waves that produce large gradual SEP events”.

Direct interactions of CMEs and solar wind streams with the Earth’s magnetosphere and
SEPs represent two very different chains, both however crucial for space weather. While
solar wind, CMEs, and SIRs/CIRs arrive at Earth orbit typically in one to five days, high-
energy SEPs arrive only in tens of minutes. In contrast to the bulk plasma propagation, SEPs
with energies of keV to GeV follow trajectories constrained by the Interplanetary Magnetic
Field (IMF) orientation. CMEs and SIRs cause disturbances in the geomagnetic field,
radiation environment surrounding the Earth (so-called Van Allen Belts) and various
current systems in the magnetosphere and ionosphere with effects reaching to the ground.

CME:s are the key drivers of strong and extreme magnetic storms. They are most important
at solar maximum, but can cause (extreme) storms at any phase of the solar cycle, including
solar minimum (e.g., storm in February 1986; Riley et al., 2012) and also during weaker solar
cycles (e.g., Kilpua et al., 2015; Liu et al., 2018). CIRs/SIRs, in turn, drive mainly weak to
moderate storms, but they effectively enhance electrons to relativistic energies in the
radiation belts. SEPs can penetrate the magnetosphere posing a significant threat to
satellites. The most energetic SEPs can penetrate even down to the upper atmosphere, where
they can have a significant effect on chemistry and result in an atmospheric cascade called a
Ground Level Enhancement (GLE). The mutual interaction of CMEs can substantially
increase both their potential to accelerate particles, and their geoeffectiveness (e.g., Farrugia
et al. 2006). In a “perfect storm” scenario (Liu et al., 2014), the first CME “clears out” the
ambient solar wind plasma, such that the subsequent CME will experience a minimal drag
and will reach Earth with high speed resulting in major space weather effects throughout the
terrestrial system.

Current space weather modelling tools, however, lack several crucial aspects which clearly
limits their forecasting capability, namely related to 1) interfacing different models from the
Sun to the magnetosphere and ground effects models, 2) predicting in advance the internal
magnetic field of Earth-impacting CMEs (this is also a vital aspect to understand and forecast
CME-CME interactions), and 3) having capability to predict SEP events.

The information on the solar wind conditions impacting the Earth is currently basically only
available at the Lagrangian point L1 from where it takes only about 30 minutes to 1 hour to
reach our planet, i.e., clearly less than the 1-2 days required by most space weather end users.
Most critically, there are no measurements or practical tools to estimate the magnetic field
in CMEs before they arrive at the Earth’s magnetosphere. Even a fast and strong CME
impacting Earth may pass with only minor effects if its magnetic field is directed mainly
northward. SEPs and related effects, in turn, are primarily determined by the speed, shape
and extent of a CME when it is launched from the Sun, as well as by the properties of the
ambient corona the CME surges into. Considering the effects from direct interactions, there
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should be time to predict and mitigate their geoeffectiveness well in advance as we observe
the CME eruption 1-4 days before their arrival at Earth orbit. Although similar lead times
cannot be expected for SEPs, which propagate in some tens of minutes from the Sun to the
Earth in magnetically well-connected events, accurate modelling can crucially increase our
capability to predict the duration and severity of the solar radiation storms that have or are
about to commence after western flares and CMEs. For poorly connected eastern events,
however, physics-based modelling can significantly improve even the lead time, in
particular, if observations from L5 are available, which would allow one to assimilate
observations from a better-connected location.

1.2  Objectives

EUHFORIA has already been integrated into the ESA Virtual Space Weather Modelling
Centre (VSWMC) (Poedts 2018) and has been coupled to several other models within this
framework (see the example visualized in Figure 2). The VSWMC models are available to the
space weather user community via the SWE portal (http://swe.ssa.esa.int/), the main user
interface of the ESA SWE network (Poedts et al. 2019).

In the EUHFORIA 2.0 project, we will make several critical improvements to EUHFORIA.
Our main focus here is on the most urgent physical challenges and damaging impacts that
can be mitigated. Thus, the specific objectives are:

Objective 1. To provide accurate predictions of plasma and magnetic field in the Near-
Earth solar wind by improving our heliospheric wind and CME evolution
model EUHFORIA by implementing data-assimilation techniques (using both
available and potential L5 and Solar Orbiter data) as well as determine the
internal magnetic structure of CMEs using advanced flux-rope models
constrained by data-driven and machine learning techniques.

Objective 2. To develop a global coronal MagnetoHydroDynamics (MHD) model for
EUHFORIA, capable of quantifying the source regions of CMEs and the global
coronal magnetic field.

Objective 3. To integrate current state-of-the-art SEP transport models in EUHFORIA
for simulation of SEP emission from coronal shocks and to develop
methodology and tools for predicting the SEP emission from CMEs.

Objective 4. To develop an operational prediction tool for GICs in power grids.

Objective 5. To develop more reliable operational prediction tools for harsh radiation in
geospace.

Objective 6. To exploit EUHFORIA by creating completely novel space weather
forecasting service facilities tailored carefully to the needs of selected target
groups.

pg. 5


http://swe.ssa.esa.int/

186

187
188
189
190
191
192

193
194
195
196
197
198
199
200
201

202
203
204
205
206

207

208
209

210
211

212
213
214

215

216
217

218
219

OneWayRemote
EUHFORIA Visualizer

‘ OneWayRemote
OneWayRemote Geoeffect Kp e
EUHFORIA OneWayRemote EUHFORIA
Corona Heliosphere | —
‘ One\WayRemote Geoeffect Dst BAS-REM
OneWayRemote
FIEIiEES OneWayRem.ote

Figure 2: One of the Sun-to-Earth modelling chains implemented in the VSWMC that
became operational in 2019 (see Poedts et al. (2019)). In this chain EUHFORIA is coupled
to models to determine the Kp and Dst indices and the plasma sphere stand-off distance,
based on the synthetic wind data at L1 from EUHFORIA. The Kp index and the plasma
sphere stand-off distance (Dso) are then used to drive the British Antarctic Survey
Radiation Belt Model.

Referring to the modelling chain in Figure 2, we will replace the coronal model in
EUHFORIA with a more advanced one, improve the heliospheric part of EUHFORIA (using
data assimilation techniques), and couple our SEP transport and acceleration models to
EUHFORIA so that we put the SEP source much closer to the Sun and capture the high-
energy events too. The concept has been proven already (Wijsen et al. 2019a,b, see below).
Moreover, in addition to the geo-indices models mentioned in Figure 2, we will couple a
magnetospheric model (OpenGGCM) and GIC and radiation models to EUHFORIA 2.0. This
will enable us to replace the nowcasts given by these models to forecasts with up to 5 days’
notice.

To maximise the impact, our dissemination and exploitation plan is tailored carefully to the
needs of the target groups. The EUHFORIA 2.0 forecast tool will provide reliable
quantitative predictions of the space environment parameters at L1 and other satellite
positions in the solar system, and forecast GICs in elements of the interconnected European
power grid and radiation in the ISS, satellites and public airplanes.

1.3 Key science questions

The Key Science questions of the EUHFORIA 2.0 are also inspired by COSPAR roadmap
recommendations (Schrijver et al. 2015):

1. What is the global coronal field that drives the solar-wind plasma and magnetic field
from Sun to Earth and what coronal parameters affect the solar wind at 1 AU the most?

2. How and to what extent do the initial eruption features and the interaction with the
solar wind affect (erode, deform) the properties and geoeffectivity of CME-driven IP
shocks and ICMEs?

3. How are SEPs produced and transported to 1 AU over the course of CMEs?

4. To what extent does the ambient solar wind play a role in determining whether we
observe large SEP events when a big and fast CME event occurs?

5. What are the factors which control the generation of geomagnetically-induced currents
(GICs) and of harsh radiation in geospace (involving the coupling of solar wind
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disturbances to internal magnetospheric processes in the magnetosphere and the
ionosphere below)?

2 CONCEPT AND METHODOLOGY

2.1 Project concept

Interplanetary CMEs (ICMEs) are the main drivers of space weather. Therefore, the
modelling of CME onset, SEP emission, and their interplanetary propagation up to the
impact on the Earth’s magnetosphere (affecting the ionosphere, thermosphere, radiation
belts, etc.) is pivotal for reliable space weather forecasts. Regional warning centres, e.g. in
Brussels (at the Royal Observatory of Belgium), provide daily forecasts using several semi-
empirical and simulation models that have been developed for this purpose. There are,
however, two major problems related to our current forecasting capabilities. First of all,
many of the currently available space weather models are oversimplified, leaving out some
key physics, because these are complicated (multi-scale/multi-physics) and/or CPU
demanding. The second problem lies in interfacing the different models related to the
different domains involved (e.g., the solar corona, the heliospheric solar wind, the CME
onset and propagation, SEP events, the terrestrial magnetosphere and ionosphere, etc.) in a
consistent coupling framework. Therefore, a SEP prediction model needs to be coupled to
the CME propagation and impact model and a comparison between observations and
simulation outputs must be carried out to validate any new or upgraded model.

Current CME propagation models, including ENLIL (Odstrcil, 2003) and SUSANOO (Shiota
and Kataoka, 2016), all have limitations: 1) they use a very simplified background solar
wind model, 2) they use over-simplified CME models that take at most marginally into
account the structure of the magnetic field within the CME itself; 3) they describe the CME
early propagation only in a simplistic way or not at all (when introduced only at 0.1 AU
like e.g., cone CME models); 4) they do not provide any information about the SEP emission
and transport properties generated by solar flares and the CME leading shock fronts; and
5) they are not coupled with magnetospheric/ionospheric and effects models. Recently, first
attempts were made to include the internal magnetic structure of the CMEs in ENLIL, in the
Space Weather Modelling Framework (T6th et al., 2005), in SUSANOO (Shiota & Kataoka,
2016), and in EUHFORIA (Verbeke et al. 2019; Scolini et al. 2019), but none of them are yet
used for operational space weather forecasting

The EUHFORIA project offers an opportunity to build and validate a new advanced space
weather forecasting tool, covering both geomagnetic storms from direct interactions of
CMEs and other large-scale solar wind structures with the Earth’s magnetic environment,
and the SEPs generated radiation storms. This builds on the state-of-the-art model
EUHFORIA, a 3D MHD solar and heliospheric model that simulates the solar wind and the
evolution of a superimposed CME structure from 0.1 AU to 2 AU (i.e. including the orbits of
both Earth and Mars) (see Figure 1; Pomoell and Poedts, 2018). Wijsen et al. (2019a,b) have
already combined EUHFORIA output with a novel SEP transport model solving the focused
transport equation with Monte Carlo techniques. At the same time, advanced numerical
simulation models have been developed for the acceleration and transport of particles in the
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corona enabling to get a deeper understanding of the complexity of the interaction between
coronal shocks and solar magnetic fields (Afanasiev & Vainio, 2013; Afanasiev et al. 2014,
2015, 2018a, 2018b; Vainio et al. 2014).

In EUHFORIA, the CMEs are modelled with a magnetic flux-rope, thus taking into account
the crucial internal magnetic structure. This enables more reliable CME evolution
simulations, taking into account the effects of erosion and deflection (occurring through
magnetic reconnection of the internal magnetic field with the magnetic field of the ambient
solar wind) and deformation (due to the interaction with the ambient solar wind), and
predictions of the geoeffectiveness of an event (which depends largely on the sign and
magnitude of the Bz-component, i.e. perpendicular to the equatorial plane). It has been
shown that the use of a spheromak CME model significantly improves the predictions
(Verbeke et al. 2019; Scolini et al. 2019, 2020).

As mentioned above, all the current operational heliospheric wind and CME propagation
models completely ignore SEP acceleration and transport. Yet, solar energetic particle events
can affect communications and airline safety, and affect satellites by radiation damage to
electronics. Protons of more than 30 MeV could kill astronauts since these can penetrate
spacesuits and spacecraft walls. Hard particle energy spectra can contain large fluxes of
hundreds of MeV - GeV type super-energetic particles, which can reach Low Earth Orbit
(LEO) satellites and even penetrate into the safest areas of spacecraft. The major innovation
of the current project will thus be the integration of state-of-the-art SEP transport and
emission models into a physics-based and self-consistent model. This will enable to
understand, quantify and even forecast the origin and evolution of SEP events.

2.2 Methodology

The methodology of the proposed project is directly linked to the six specific objectives
mentioned in Section 1.2, namely as follows.

Objective 1: Implementing advanced flux-rope models for the internal structure of CMEs.

We will improve the current wind model in EUHFORIA using data-assimilation techniques
exploiting currently available satellite data and exploring the usefulness of L5 data. We will
also apply Machine Learning techniques to quantify the sensibility of the predictions on the
CME input parameters in order to optimize the ensemble modelling for the forecasts. We
will also explore Lagrangian methods to increase the cost-effectiveness, starting from the
SLURM code developed at KU Leuven (Bacchini et al. 2017), and coupling it to EUHFORIA
to demonstrate the ability to run a rapid simulation of CMEs.

A CME model should be capable of providing a reasonable 3D geometry fit, include typical
deformations (expansion, deflection, rotation, flattening (‘pancaking’), skew (due to solar
rotation)), and have a 3D internal magnetic field configuration with a low, nearly constant
twist. We will implement the Fri3D model (Isavnin 2016) as well as other flux-rope models.

Objective 2: Developing an improved coronal model for EUHFORIA.
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This objective will be tackled by developing novel models of the solar coronal magnetic field
and plasma environment and tools to determine realistic initial CME and shock
parameters from the low corona up to 0.1 AU. We will develop an advanced MHD-based
model of the solar corona by extending our current coronal model (Pomoell & Vainio 2012).
The new model will include a detailed description of coronal thermodynamics, including
anisotropic heat conduction, separate ion and electron temperatures and radiative losses.
The coronal heat input is provided by an Alfvén wave turbulence model that has shown to
reproduce well the coronal large-scale extreme ultraviolet emission (van der Holst et al.,
2014).

In addition, a 3D coronal shock wave propagation module will be developed to provide quick
modelling of shock wave properties in the corona and establish how these shocks connect to
specific points of interest in the inner heliosphere. This module will provide the critical shock
parameters modelled in 3Dwhich will be used as inputs for the SEP emission modelling.

We will also develop tools for obtaining realistic and practical information of initial CME and
shock parameters to constrain the new flux rope models (see Objective 1) and for the SEP
forecasting models (see Objective 5). We explore additionally a fully data-driven modelling
approach of erupting coronal magnetic fields provided by the supporting UH ERC project
SolMAG (PI: Emilia Kilpua) to obtain CME magnetic structure self-consistently and time-
dependently without the intervention of the modeller (Pomoell et al. 2019, Price et al. 2019).

Objective 3: Integrating current state-of-the-art SEP transport models in EUHFORIA.

The University of Turku (UTU) team has developed state-of-the-art numerical simulations
for particle acceleration at shocks, including the Coronal Shock Acceleration (CSA)
simulation model (Vainio & Laitinen 2007), which can accommodate global heliospheric
field configurations. The more recent model SOLar Particle Acceleration in Coronal Shocks
(SOLPACS), uses a physically accurate description of microphysics but is presently limited
to local simulation volumes around the shock (Afanasiev et al. 2015). For the downstream
side of the shock, the UTU model suite uses a test-particle Monte Carlo simulation called
DownStream Propagation Model (DSPM), solving the Parker equation in a prescribed bulk-
plasma flow field with a prescribed spatial diffusion tensor.
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Figure 3: Contour plots of the particle intensity at r = 1.5 AU, drawn on top of different
MHD solar wind variables, 15.5 hours after particle injection and for the simulations
with cross-field diffusion. The red parallels indicate the borders of the sampling region.
Four cases with different injection regions are shown. Upper left: intensities of case 1
drawn on top of the magnetic field magnitude. Upper right panel: intensities of case 2
drawn on top of the magnetic field colatitude component. Lower left panel: intensities
of case 3 drawn on top of the magnetic field magnitude. Lower right panel: intensities
of case 4 drawn on top of the longitudinal velocity component. (Wijsen et al. 2019b).

The UB team in collaboration with KU Leuven team have developed a Shock-and-Particle
(SaP) model (Pomoell et al. 2015), which is solving a focused transport equation in a Parker-
spiral magnetic field and constant solar wind flow. Unlike CSA/SOLPACS, SaP is not self-
consistent in terms of energy exchange with the scattering waves, but its advantage is that
the method is computationally efficient, which makes it an attractive alternative for
operational modelling.

Moreover, the KU Leuven, University of Barcelona (UB) and University of Helsinki (UH)
teams developed the Particle radiation asset directed at interplanetary space exploration
model (PARADISE, Wijsen (2020), see Figure 3), a Monte Carlo 3-D particle focused
transport model coupled with the EUHFORIA solar wind model to describe impulsive SEP
events in non-nominal solar wind conditions in the interplanetary domain (Wijsen et al.
2019a,b). Test-particle approaches are also the way to make the Monte Carlo modelling
compatible with operational requirements. From this variety of models, we will select the
best compromise between accuracy and efficiency.

Objective 4: Developing an operational prediction tool for GICs in the EU power grid.
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To provide a realistic description of the ionospheric medium and to determine ionospheric
horizontal electrical currents, the CNRS group will use the electrodynamics model IMM
(Hurtaud et al. 2007), which will be coupled to the first-principles ionosphere model IPIM
at both high- and mid-latitudes (Blelly et al. 1996; 2005; Marchaudon and Blelly 2015). All
these models have been developed in the IRAP/CNRS group and have been successfully
coupled in the past (Blelly 2003). Fed with sufficiently accurate energy inputs, e.g. from the
solar wind, the coupled models give an excellent description of ionospheric dynamics at
speeds suitable for operational space weather forecasting and will provide accurate
ionospheric conductivities and currents.

We will also develop and couple a Biot-Savart model to these different models to provide
forecasts of geomagnetic variations at any point on the ground. Using this forecast model,
the BGS team will simulate the flow of GICs, induced by rapid, high-amplitude magnetic
field changes, in national models that are part of the connected European and separate UK
electrical transmission systems and determine the impact on electrical substations within
these networks, including impacts within individual transformers at key locations. We will
build on previous work (e.g. Thomson et al. 2005; Kelly et al. 2017; EU FP7 ‘EURISGIC’)
through updated Earth conductivity models for Europe and the UK and updated electrical
network details that allow us to probe transformer level impacts at key substation sites
accurately.

To provide context and comparison the BGS group will compare the results of the coupled
EUHFORIA/CNRS model, in terms of prediction accuracy of dB/dt and predicted GIC, with
the dB output of an existing and tested geospace model, OpenGGCM (Raeder et al. 2017),
and, independently, a statistical model of 30-minute predicted peak dB/dt (Wintoft et al.
2015). These dB and dB/dt predictions will be coupled to a detailed UK power grid network
model, as a representative model for a complex national system within Europe.

Objective 5: Developing more reliable prediction tools for harsh radiation in geospace.

In order to provide a realistic description of the radiation dose in silicon and
tissue-equivalent material aboard the ISS and at aircraft altitudes, a concept that has
successfully applied to neutron monitor (NM) measurements (Bieber et al. 2004, Heber et
al. 2015) and dose rate computations (Mishev et al. 2015) will be adapted. The approach used
to interpret the NM data is based on so-called yield functions (Caballero-Lopez 2016) which
are computed by tracking particles through the atmosphere and determine the NM response
to the radiation environment caused by these particles. Different programs based on the
GEANT4 (Agostinelli et al. 2003) or CORSIKA library (Heck et al. 1998) have been utilised
computing the yield function (see Caballero-Lopez 2016). However, the yield function in the
rigidity range between 1 to 16 GV can be determined experimentally by latitudinal surveys
(Caballero-Lopez and Moraal 2012). We will follow a mixed approach. In order to determine
the yield function for the radiation dose in silicon, we will analyse DOSTEL measurements
aboard the ISS (see Labrenz et al. 2015) and aboard an aircraft (Moller et al. 2012) using
galactic cosmic ray spectra inferred from O’Neill (2010). In order to determine the yield
function in tissue-equivalent material we will set up a GEANT4 model of the DOSTEL within
the radiation environment that reproduces the yield in the range from 1 to 16 GV. Using our
(coronal+interplanetary) SEP transport model together with the detailed computation of
motion of charged particles in the variable Earth’s magnetic field (Desorgher et al. 2006),
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we will compute the radiation dose in silicon and in tissue during a SEP event within the ISS
and on typical polar routes.

Objective 6: Creating completely novel space weather forecasting service facilities.

To maximise the impact of the project, we want to distribute the science, software and
services developed within the project to target groups that have an interest or are impacted
by space weather in general. Therefore, we will disseminate a message tailored to the needs
of a stakeholder or client making use of the appropriate tactics and tools. We want to raise
awareness, reach involvement and come to a possible future collaboration.

Presently, various CME catalogues exist, but most of them focus only on one type of
observation/instrumentation, typically based on white-light coronagraph imaging. These
catalogues also typically provide rather basic CME parameters that are subject to projection
effects. A significant step in the direction of presenting combined and community-wide
catalogues was established in the FP7-funded HELCATS project (https://www.helcats-
fp7.eu). We will use realistic information of CME coronal parameters (Objective 2) to
constrain flux ropes in EUHFORIA, provided by different advanced reconstruction
techniques and data-driven modelling that apply a wide variety of state-of-the-art remote-
sensing observations and also upcoming data. The results will be compared to the real data,
in terms of metrics for continuous and binary variables. Initial preliminary comparisons
have been done by Scolini et al. (2019).

For shocks, we will apply EUV and radio triangulation to reconstruct the shock geometry.
The radio triangulation techniques use direction-finding observations of the SWAVES
instruments on-board WIND and STEREO spacecraft. As WIND is a spinning spacecraft and
STEREO is a 3-axis stabilised spacecraft, different direction-finding methods will be used
for these spacecraft (Magdalenic et al., 2014). The results of radio triangulation will be
combined with white-light based reconstruction techniques in order to provide the 3D
picture of the CME and the radio-emitting part of the CME-driven shock wave. We will make
use of radio-tracking of CMEs using Type II bursts. Using the Vrsnak et al. (2004) density
model, we will compile the distance maps of the CME-driven shock waves.

3 IMPLEMENTATION AND FIRST RESULTS

3.1 Some first results of the project

The EUHFORIA outreach website is online: https://euhforia.com/ and contains information
on the EUHFORIA 2.0 project and on the EUHFORIA model itself, and links to the Blog and
the Wiki. It also contains a link to the FEUHFORIA Online app
(https://www.euhforiaonline.com/ ). It provides a Graphical User Interface (GUI) to set all
the input parameters to run EUHFORIA Corona and EUHFORIA Heliosphere and provides
the standard output pictures and movies automatically.
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Below we briefly present some of the first scientific results obtained. Papers with more
detailed descriptions and discussions of these results, have been submitted or are in
preparation.

3.1.1 Global non-potential model of the coronal magnetic field

The development of a global model of the coronal magnetic field as an alternative to the
current PFSS + Schatten current sheet model in EUHFORIA, has started. The new model is
based on the magneto-frictional method (MFM) for time-dependent data-driven modelling
of active region evolution that has been developed by Pomoell, Lumme and Kilpua (2019).
For the global coronal magnetic field, the MFM code has been extended to support spherical
geometry. Preliminary tests with the new code have been performed. Relaxation of an initial
dipolar magnetic field to include the effect of stretching of field lines due to the solar wind
has been successfully performed. The resulting magnetic field structure resembles closely
those obtained from MHD-based coronal models, incl. an open streamer belt (Figure 4).

As an example application of more advanced boundary conditions, a second test involving
the energization of the coronal magnetic field via build-up of currents in the coronal
magnetic field has also been carried out. An example is illustrated in Figure 5, showing a
snapshot of the coronal magnetic field with the formation of a sheared arcade structure in a
multipolar magnetic field structure (for the full animation, see Supplementary

Material, Streamer_shear 3d_view). The MFM approach allows to perform such
computations very rapidly (a couple of minutes on a laptop for axisymmetric cases) in
contrast to much more costly MHD-based methods. This allows time-dependent modeling
of the coronal magnetic field to be performed at a reasonable computational cost. Such
modeling is also radically different from PFSS as the latter does not include currents in the
model solution. Currently, methods of specifying the low-coronal boundary conditions
driving the evolution based of the methods of Lumme et al. (2017) are being evaluated.

DB: wind_0000.vir
Cycle: 0

DB: wind_0050.vir
Cycle: 50

Var Jp
)00
.jv..‘,. 0%
5000808

0

Figure 4: Magneto-frictional relaxation simulation of a dipolar magnetic field to
include the stretching of the field due to solar wind outflows. At the left, the initial state
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of the simulation is shown, while on the right, the relaxed state at the end of the
simulation is shown.

481

Figure 5: Formation of a
sheared arcade structure in a
multipolar ~ magnetic  field
structure. The evolution of the
Coronal field is efficiently
computed using the MFM
developed at University of
Helsinki. This figure is a frame
from a movie that is published as
supplementary material to this

paper.

Ivo
504

3.1.2  Multi-VP model coupled to EUHFORIA

The physics-based model Multi-VP (Pinto and Rouillard, 2017) first makes a PFSS
extrapolation of a magnetogram and then solves the system of MHD equations describing
the heating and acceleration of a wind stream along a given magnetic flux-tube. Every such
flux tube is thus a 1D MHD wind solution. This is illustrated in Figure 6 using the WSO
magnetogram for CR2056 (2007 April-May) and showing a sample of magnetic field lines
obtained via PFSS extrapolation, which are used to initiate the model. Eventually, the total
of all these 1D solutions samples the whole solar atmosphere. Interpolation of the results on
a grid on a sphere at 0.1 AU, produces the MHD input file with density, pressure, magnetic
field and radial velocity distribution required for the heliospheric part of EUHFORIA.

In the framework of the ongoing validation of the solar wind modelling with EUHFORIA, we
implemented and tested the MULTI-VP model as an alternative coronal model, i.e. as an
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alternative boundary condition for the heliospheric wind simulation in EUHFORIA. In other
words, we replaced the semi-empirical WSA+SCS based coronal model in EUHFORIA by
Multi-VP, and coupled it to the heliospheric wind model in EUHFORIA. In doing so, some
difficulties appear as there are a number of sub-Alfvénic speeds at 0.1 AU in the Multi-VP
output. These need to be transformed to (super-)Alfvénic because the boundary conditions
programmed in the heliospheric model assume that all boundary velocities are super-
Alfvénic. Therefore, the sub-Alfvénic pixels were replaced by interpolations using their first
super-Alfvénic neighbors while obeying the mass-flux conservation.

The first results and comparisons of EUHFORIA modelled output at Earth produced by
employing the WSA+SCS and MULTI-VP coronal models have been obtained. The Multi-VP
based boundary conditions turn out to better capture the fast solar wind streams. Figure 7
shows a 3D visualization of the structures produced by MULTI-VP+EUHFORIA-heliosphere
throughout the inner heliospheric domain for a solar minimum test case. The heliospheric
current sheet is indicated in grey while the colorful isosurfaces represent solar wind speeds
between 520 and 600 km/s. A demonstration of the spherical inner boundary surface can be
seen in the middle of the domain. It depicts the radial velocities at 0.1 AU. The Earth is shown
in light blue color and it can be seen that a fast solar wind stream hits the Earth, which is
also seen in WIND data. The standard EUHFORIA set-up with the WSA+SCS coronal model,
however, does not capture this fast wind stream at Earth, regardless of the magnetogram
used. Another HSS case during maximum, showed similar results. Samara et al. (2020)
showed that the choice of the coronal model as well as the choice of the magnetogram play
an important role on the quality of the solar wind forecast and conclude that a statistical
analysis is needed to confirm these findings.

zA7

Figure 6: The grey scale on the
solar surface indicates the input
WSO magnetogram in the MULTI-
VP model for CR2056 (2007 April—
May). A sample of magnetic field
lines obtained via PFSS
extrapolation used to initiate the
model, are also depicted. The
transparent yellow surface indicates
the coronal hole boundaries (closed-
field regions are excluded from the
domain). For more details see Pinto
& Rouillard, 2017.
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3.1.3  Alternative CME flux-rope models

The current spheromak CME model in EUHFORIA (Verbeke et al. 2019; Scolini et al. 2019,
2020) significantly improves the predictions at L1 as compared to the ‘standard’ cone CME
model. Especially the magnetic field component predictions are much better and this, in
turn, yields better predictions of the geo-effectiveness of the CME impacts (Scolini et al.,
2020). However, the latter turns out to be true only in case of a ‘full hit’, when the ‘nose’ of
the CME hits the Earth. When the Earth is hit by a flank or ‘leg’ of the CME, the event cannot
be modelled very well with a spheromak model as this model does not have the typical flux-
rope shape of the CMEs. Therefore, we first implemented the Fri3D model (Isavnin, 2016)
as an alternative flux-rope CME model and this model is currently being tested (verification
of the modelling results and robustness of the implementation) before it will be committed
to the main EUHFORIA branch. A paper on the integration of the FrigD flux-rope CME
model in EUHFORIA is in preparation.

An alternative toroidal flux-rope CME model has been implemented already and is also
currently being tested. The preliminary results show improved connectivity and magnetic
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field profiles compared to the current spheromak-based model. As a matter of fact, this
model also has the typical flux-rope shape of the CMEs and enables one to keep the CMEs
connected to the Sun, as illustrated in Figure 8 which shows a snapshot of an EUHFORIA
simulation with this novel CME model. In this particular case, the CME propagates at the
interface of two slow and fast solar wind sections. The field line connected to the Earth is
shown as the thick blue/green curve (with the small sphere indicating the position of the
Earth). It can be seen that is exhibits a complex connectivity with the flux-rope magnetic
field. During its evolution through the heliosphere, the flux-rope experiences significant
asymmetric erosion, being more prominent at the western flank in this case, due to the
interaction with the fast solar wind section.
626

Lary
vr (km/s)

350.0 450.0 550.0 650.0 750.0

Figure 8: Snapshot of
EUHFORIA  simulation
employing a toroidal flux
rope currently being tested
at University of Helsinki.
The CME propagates at the
interface of a slow and fast
solar wind. The field line
connected to Earth is
shown as the thick
blue/green curve and
exhibits a complex
connectivity with the flux
rope magnetic field. The
flux rope experiences
significant asymmetric
erosion, being  more
prominent at the western
flank in this case.

3.1.4  Including solution adaptive mesh refinement techniques in EUHFORIA

We also started working on a Finite Volume Method based implementation based on MPI-
AMRVAC using a grid co-rotating with the Sun so that the obtained steady background wind
is time-independent, unlike the current EUHFORIA set up using HEEQ coordinates, i.e. in
which the Sun rotates in the grid and the Earth has a fixed longitude. A stretched grid has
been implemented for the background wind and the effect of grid stretching combined with
solution Adaptive Mesh Refinement (AMR) on the steady solar wind and evolving CMEs are
being investigated. Grid stretching is especially useful in spherical geometries, because when
the values of Ar, A3, and A (using spherical coordinates (r, 9, ¢)) are constant, the cell
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widths become ever larger the further away from the grid center while the radial cell length
stays the same. This results in deformed grid cells which affects the numerical accuracy.
Applying grid stretching results in more regular ‘cubic’ grid cells resulting in a better
accuracy. Moreover, the simulation is faster on a stretched grid because there are much fewer
cells needed in the radial direction.

The first results have been verified (comparison with non-stretched grid results, timings,
convergence study, adjusted visualization, etc.) on realistic winds (based on magnetogram
extrapolations). Also, the cone CME model has already been implemented and is currently
being tested and convergence studies have been done.

Next, different AMR strategies are tested and timed, i.e. with AMR thresholds on different
quantities like density gradient, tracing function (tracing the CME plasma), velocity
divergence (which is negative at CIR and CME shocks, i.e. where particles can get accelerated
and AMR is thus useful), etc. and combinations of these, in order to fine-tune the AMR both
on the CIR shocks in the background solar wind and at the CME shock wave and magnetic
cloud (to study erosion and deformation, for instance). The results are very encouraging: the
stretching of the grid yields a better performance and speed-ups of 2.23 to 2.8 were obtained,
depending on the resolution. Combining AMR with grid stretching is much more efficient.
The performed tests yielded a speed-up of 13.97 using 2 grid levels (i.e. one refinement level)
and up to 99 when using 3 grid levels, limiting the higher resolution to the regions where
necessary. However, these speed-ups of course depend on the case under study and on the
refinement criteria applied. For instance, when there are multiple CIRs and/or multiple
CMEs, much more refinement area will be required and the speed-up is lower.
687

roon

Figure 9: Above: Snapshot of a two-level
solution adapted mesh for a cone CME in a
stretched grid using TVDLF. Right: another
example snapshot of a different test with 3
levels of AMR. xoaxis
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Figure 9(left) shows a snapshot of such a CME evolution case using a two-level solution
adapted mesh for a cone CME in a stretched grid using a TVDLF solver. On the right-hand
side in this figure, another example is shown with a snapshot of a different test using 3 levels
of AMR in a more complex case where the CME is launched on an interaction of a slow and
a fast wind region. The colors correspond to the radial velocity component

The University of Helsinki team is also working on an alternative AMR strategy in the current
Constrained Transport scheme which guarantees the solenoidal condition (Div(B)=0) to be
satisfied up to machine accuracy. A preliminary example of the coronal model computed on
an AMR grid is shown in Figure 10, for a complicated case with many active regions.

708
Figure 10: Preliminary example
of the coronal model computed on
an AMR grid using constrained
transport - supported software
being developed at University of
Helsinki.

/<Y

730

3.1.5  Evaluation of data-assimilation based on Kalman filtering for wind modelling

We applied a Representer and Domain of Influence analysis (Bennett, 1992; Echevin et al.,
2000; Evensen, 2009; Skandrani et al., 2014), which are powerful statistical tools that
enable to estimate the effectiveness of data assimilation techniques when applied to a
specific code or model, even before assimilating actual data. Representer analyses based on
the “Domain of Influence” (Dol) have already been tested on several different problems
related to space weather. The cases examined are the propagation of a CME against a
background solar wind using the codes EUHFORIA (in full 3D), and the propagation of a
CME against a background solar wind using the PLUTO code (in axisymmetric 2.5D
simulations), illustrated in Figure 11. The left panel of this figure shows the domain of
influence calculated from a PLUTO ensemble, using the radial velocity as a criterion, in the
meridional plane. The perturbed quantities are the radial velocity of the CME and its size.
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This step was taken as a preliminary build-up phase to develop the tools in a reduced
dimensionality case. The right panel in Figure 11 shows the domain of influence calculated
from an EUHFORIA ensemble, but this time in the equatorial plane.

All tests use an ensemble of simulations, at least 50, where each member of the ensemble is
modified (compared to the reference run) using a perturbation selected from a Gaussian. We
then calculate the variance and the correlation of the ensemble using a physical quantity (e.g.
velocity) as a criterion.

In the EUHFORIA ensembles specifically, we first model the background solar wind using
real magnetograms. Then we inject a cone CME with different velocity and size in each
simulation. We tested additionally low- and high-resolution runs. We are currently
examining the effect of perturbations in the magnetograms.

The results of this study have been submitted for publication on a special issue of Frontiers

in Astrophysics dedicated to space weather modelling. The related paper is under review
(Millas et al., 2020).

Dol, Vr, t=14 Domain of influence 2015-06-25T13
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Figure 11: Left: Domain of Influence calculated from a PLUTO ensemble, using the radial

velocity as a criterion, in the meridional plane. The perturbed quantities are the radial velocity

of the CME and its size. Right: Same, from an EUHFORIA ensemble, image on the meridional

plane.

3.1.6  Integration of SEP models — feasibility study

The SEP modelling approaches being developed by the team members have been evaluated
with respect to their potential to be applied in EUHFORIA 2.0. Regarding the transport
modelling of SEPs, there are three simulation models available, as mentioned before: the
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PARADISE code of the KU Leuven, the DSPM code of the University of Turku, and the SaP
code of the University of Barcelona. The SaP code requires the least CPU time and does seem
to be the most appropriate to be integrated to obtain an operational model. However, it has
been assessed that among these transport models, PARADISE has the broadest range of
applicability in the various complex conditions that can take place in interplanetary space.
Therefore, the next step has been to explore whether PARADISE, which uses forward Monte
Carlo integration in time, is fast enough and can be applied directly or needs to be made
more efficient.

We have performed a scaling-test of the PARADISE model, using Skylake and the Broadwell
processor architectures available on Tier-1 of the Flemish supercomputer (VSC). The results
are depicted in Figure 12. For these simulations, protons were integrated forward in time for
a physical time of 42 hours, using high-resolution runs of EUHFORIA as input. The solar
wind was updated in PARADISE with a cadence of 5 minutes (physical time) on a grid with
1024x80x360 grid points, leading to an I/0 bound of Ti0 ~ 47 min and Tio ~ 62 min on the
Skylake and Broadwell architectures, respectively. The figure below illustrates that
PARADISE is an entirely parallel program, which is to be expected as there is no interaction
between the simulated test-particles, and hence there is no communication necessary
between the cores. Different options to reduce the I/O bound are being investigated,
including the use of stretched grids in the radial direction, reducing the latitudinal extent of
the grid, and increasing the snapshot cadence.

PARADISE scaling

uarch
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2% .
- x‘
g7 :
E ,
I--E., 2!) x
|
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. Figure 12: PARADISE scaling
24 X Regression test results.
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The EU H2020-SPACE-2019 project EUHFORIA 2.0 started in December 2019 and involves
eleven research teams, supported by an ‘International Expert Advisory Panel’. The project
will develop an advanced space weather forecasting tool, combining an MHD solar corona
and wind model with one or more SEP models. The tool will be applied to study the
geoeffectiveness of the impacts of CMEs, CIRs and SEPs and will help to mitigate (part of)
the damage these cause. Extreme events will also be considered, though the emphasis will
be on improving the prediction of daily space weather and its effects. In particular, the effects
on forecasting Geomagnetically Induced Currents and radiation on geospace will be
addressed. The first results, obtained within the first six months of the project, have been
presented and the project is on schedule. The final innovative tool will be integrated into
both the Virtual Space Weather Modelling Centre (ESA) and the space weather forecasting
procedures at the ESA SSCC in Ukkel (Belgium), so that it will be available to the space
weather community and effectively used for improved predictions and forecasts of the
evolution of CME magnetic structures and their impact on Earth.
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