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ABSTRACT

Context. In this study, we focus on improving EUHFORIA (European Heliospheric Forecasting Information Asset), a recently de-
veloped 3D MHD space weather prediction tool. 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, which employs
the Potential Field Source Surface (PFSS) and Schatten Current Sheet (SCS) models to provide the necessary solar wind plasma and
magnetic conditions above the solar surface, at 0.1 AU, that serve as boundary conditions for the inner heliospheric part. Herein, we
present the first results of the implementation of an alternative coronal model in EUHFORIA, the so-called MULTI-VP model.
Aims. After we replace the default EUHFORIA coronal set-up with the MULTI-VP model, we compare their outputs both at 0.1 AU
and 1 AU, for test cases involving high speed wind streams (HSSs). We select two distinct cases where the standard EUHFORIA
set-up failed to reproduce the HSS plasma/magnetic signatures at Earth, in order to test the performance of MULTI-VP coupled with
EUHFORIA-heliosphere.

Methods. 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.

Results. The results 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 while it is ambiguous if
it models the HSS during the period of low solar activity. For the same magnetogram and periods of time, WSA+EUHFORIA-
heliosphere is not able to capture the HSSs of interest.

Conclusions. The results show that the accuracy of the simulation output at Earth depends on the choice of both the coronal model
and the input magnetogram. Nevertheless, a more extensive statistical analysis is necessary to determine how precisely these choices
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affect the quality of the solar wind predictions.
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1. Introduction

Over the last decades, the dependence of our society on tech-
nological assets and systems has been rapidly increasing. The
possible impact of severe space weather conditions on technol-
ogy raises concerns about the economic risks in case of extreme
space weather events (Schrijver et al.|2015; |Knipp et al.|2018).
To protect the technological infrastructure on which society is
ever-more dependent, reliable and timely space weather fore-
casting is required to enable mitigation scenarios. As the ma-
jority of the presently available models and tools do not consis-
tently provide forecasts with sufficient accuracy, it is necessary
to develop next-generation, more reliable space weather predic-
tion tools. These tools may help in mitigating the effects of space
weather on ground-based and space technological systems, in-
cluding current and future space missions. EUHFORIA ("Eu-

ropean Heliospheric Forecasting Information Asset", [Pomoell
& Poedts| (2018))) is a recently developed, physics-based, 3D
magnetohydrodynamics (MHD) forecasting-targeted model that
aims to provide accurate solar wind and coronal mass ejection
(CME) predictions at Earth and at any other point of interest
within the inner heliosphere.

Over the years, two distinct types of solar wind have been
identified having different properties and sources, i.e. fast and
slow solar wind (Schwenn|[2006; |Cranmer et al.|2017; McCo-
mas et al.[1998). Fast solar wind, often referred to as high speed
streams (HSSs), can cause geomagnetic storms and can drive in-
tense space weather conditions at Earth (Richardson et al.[2001a;
Vrsnak et al.|[2007; Hofmeister et al.|[2018)). To identify the ar-
rival of fast solar wind streams at Earth, we look for a simulta-
neous increase of the solar wind speed, magnetic field and tem-
perature, preceded by a density increase (due to the compression
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of the upcoming fast solar wind with the preceding slow solar
wind). Additionally, the longitudinal angle of the interplanetary
magnetic field vector, (the so-called IMF ¢-angle) should indi-
cate a predominant direction (depending on whether the field is
pointing towards or away from the Sun). This is also the crite-
ria we followed to identify the HSSs in this work, for velocities
exceeding 400 km/s.

CMEs are magnetic structures propagating within the so-
lar wind. They are considered to be the major drivers of space
weather at Earth and are responsible for the largest geomag-
netic storms (Webb| 2000; |[Hudson et al. |2006; |Gopalswamy
et al.| 2005} Richardson & Cane|[2010; Kilpua et al. 2017 [Wu
et al.|[2019; |Scolini et al.|[2019; [Verbeke et al.|[2019). As both
the solar wind and the CMEs are magnetised, their interaction
strongly affects the evolution of the CMEs, such as their devia-
tion, deformation and erosion (Odstrcil et al.|2004; [Lugaz et al.
2012; Scolini et al.|[2020). From the modeling point of view,
we identify many cases with EUHFORIA in which the simu-
lation of CMEs propagating through a non-realistic solar wind
leads to unreliable space weather predictions. Therefore, realis-
tic modeling of solar wind is imperative not only for forecasting
medium/large-scale geomagnetic storms caused by fast streams
(predominantly during periods of low solar activity, see Richard-
son et al. (2001b)f] but also for CMEs.

First results of solar wind modeling with EUHFORIA show
that the velocities of both the slow and fast solar wind are
frequently underestimated (Hinterreiter et al.|2019). Improv-
ing the background solar wind modeled by EUHFORIA is a
multi-dimensional problem, involving a number of different fac-
tors. For example, magnetograms from different sources, differ-
ent coronal models, and different initial input parameters to the
model (such as the initial density of the solar wind or the source
surface height of the PFSS model) can lead to diverse results.

In the present paper, we will focus on the implementation
of an alternative coronal model in EUHFORIA, the MULTI-VP
model (Pinto & Rouillard|2017). The coupling and testing of al-
ternative coronal models, other than the default one, is essential
towards achieving an optimal set-up for both background solar
wind parameters and CME evolution. After we describe the he-
liospheric boundary condition requirements, we will present and
discuss the modeled output at 0.1 AU and 1 AU. We note that the
current analysis is meant to provide only a qualitative overview
of the performance of different magnetograms and coronal mod-
els used in EUHFORIA for two selected HSSs at the Lagrangian
point 1 (L1). A quantitative comparison will be the subject of a
future work that will specifically focus on evaluating the differ-
ences of the simulation output from different coronal models and
magnetograms, using appropriate metrics.

The paper is structured as follows. In Section 2, we describe
the default set-up of EUHFORIA and MULTI-VP. In section 3,
we discuss the coupling of MULTI-VP to the heliospheric part
of EUHFORIA. Section 4 contains a presentation of results for
plasma and magnetic parameters at the inner boundary of the he-
liospheric part (0.1 AU) for two HSS cases (one during a period
of low and one during a period of high solar activity). In section
5, the simulation results in the vicinity of Earth are presented
and compared, while in Section 6, we discuss the conclusions
and possible future steps.

! For large geomagnetic storms, K p index ranges between 7_ < Kpjax
<7, and Kp > 6_ for at least three 3-hour intervals in a 24-hour period.
For medium-scale geomagnetic storms, Kp,,, > 6_.
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2. The models
2.1. The default EUHFORIA set-up

The modeling domain of EUHFORIA is divided in two distinct
regions: the coronal part, which extends from the solar surface
to 0.1 AU, and the heliospheric part, which covers the spatial
domain from 0.1 AU till 2 AU (Pomoell & Poedts|[2018])). The
coronal part provides the inner boundary conditions necessary
for the initiation of the heliospheric part. In the default EUHFO-
RIA set-up, 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 cur-
rent sheet (SCS) model (Schatten et al.|1969). Using these initial
boundary conditions in an MHD relaxation procedure, we ob-
tain a steady heliospheric background wind. Then, CMEs are
inserted into the background wind at 0.1 AU, and their evolution
and propagation throughout the heliosphere is modeled by solv-
ing the 3D time-dependent MHD equations, while taking into ac-
count interactions with the solar wind. The equations are solved
in the Heliocentric Earth Equatorial (HEEQ) coordinate system,
namely, in the system that has its Z axis parallel to the rotation
axis of the Sun and its X axis towards the intersection of the solar
equator and the solar central meridian as seen from the Earth.

The first input to EUHFORIA’s coronal part is the magne-
togram that provides the necessary line-of-sight magnetic flux
density information. Synoptic magnetograms provided by the
Global Oscillation Network Group (GONG), the Helioseismic
and Magnetic Imager (HMI) on board SDO spacecraft, and the
Wilcox Space Observatory (WSO) or synchronic magnetograms
such as the GONG Air Force Data Assimilative Photospheric
Flux Transport Model (ADAPT) and HMI ADAPT, can be used
as input to the model. After the magnetogram has been inserted
and read, we employ the PFSS model until the height of 2.6 R,
to reconstruct a current-free magnetic field (see Fig. [Th).

Starting from the height of 2.3 R onwards, we employ the
SCS model (see Fig. E}i). This model starts before the end of
the PFSS domain in order to reduce possible kinks in the mag-
netic field lines due to incompatible boundary conditions be-
tween the two models (see e.g. McGregor et al.|2011; |Asves-
tari et al.[2019). The purpose of the SCS is to create an approxi-
mately uniform coronal magnetic field away from the Sun, main-
taining 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. In
particular, the Ulysses mission data suggest that the radial mag-
netic field component is invariant of latitude (Balogh et al.[1995]
Pinto & Rouillard|[2017).

After the 3D magnetic field reconstruction up to 0.1 AU is
completed, the large-scale topology is determined. This allows
identification of "open" and "closed" magnetic field lines (i.e.,
magnetic field lines originating from coronal holes or magnetic
field lines that shape closed loops) and their connectivity to the
photosphere. In order to determine which of them are found
open/closed to the solar wind, a tracer follows every magnetic
field line from the photosphere upwards. If the line continues
high in the corona, it is marked as "open", while if it returns
back to the photosphere, it is defined as "closed" (see Pomoell &
Poedts|2018)). The connectivity of the magnetic field lines is de-
termined by tracing the open magnetic field lines from the outer
boundary of the coronal domain (0.1 AU) inwards, towards the
photosphere. From this tracing, the flux tube expansion factor of
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Fig. 1: Left: The coronal magnetic field as reconstructed by the PFSS and the SCS in EUHFORIA with a GONG ADAPT magne-
togram on 2018-05-05T00:00. 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 R, beyond which
the SCS starts taking place. Right: The coronal magnetic field as reconstructed by MULTI-VP using the same magnetogram. The
green and red colors on the solar surface represent the polarity of the magnetic field while the grey area represents the boundary

between closed and open field lines.

each magnetic field line can be calculated based on the relation

(see[Riley et al ]2015):

fe (& )2 B/(Ro.0.¢)
Ry ) By(Ry, 0y, )’

where R, = 0.1 AU while B, and B, are the radial magnetic field
at the photosphere and at 0.1 AU, respectively. The flux tube
expansion factor provides a quantification of the rate at which
a flux tube cross-section expands, from the photosphere up to
0.1 AU, as compared to purely radial expansion (Wang & Shee-|
ey 1990).

The factors that mainly define the WSA velocity formula (in
km/s) used in the default set-up of EUHFORIA are the minimum
angular distance of the foot-point of every magnetic field line to
the closest coronal hole boundary (d) and the flux tube expansion
factor (f):

ey

675 125\13

Equation [2is a semi-empirical equation that provides the radial
velocity of the solar wind, v,, at the inner boundary of the helio-
spheric domain (van der Holst et al.[2010; McGregor et al.|[201 1}
[Pomoell & Poedts|[2018). Based on this relation, the density (n),
temperature (7') and radial magnetic field (B,) are calculated at
the boundary, as follows:

v(f.d) = 240 +

(©))

2
n = Ngew(Vesw /Vr),

T = Tfsw(pfsw/p)a (4)

and

B, = sgn(Bcorona) Brsw (V[ Vesw)- (@)

where vy = 675 km/s is the velocity of the fast solar wind that
carries a magnetic field of By, = 300 nT at 0.1 AU. The plasma
number density of the fast solar wind at the same radius is ng,, =
300 cm™> while sgn(Bcorona) 1S the sign of the magnetic field as
given by the coronal model. Also, the plasma thermal pressure is
constant at the boundary and equal to P = 3.3 nPa corresponding
to a temperature of Tty = 0.8 MK in the fast solar wind (see
[Pomoell & Poedts|(2018) for more details). The parameter p de-
notes the mass density with pg,, = 0.5ng,m,, where m,, is the
proton mass. Note that the estimation of the radial magnetic field
at 0.1 AU is not obtained directly from the reconstructed mag-
netic field, but it is re-calculated based on the empirical WSA
velocity of Eq. 2l By employing this technique, we avoid the
"open flux problem" (Linker et al.[2017), i.e. the problem of the
magnetic field strength underestimation in interplanetary space,
when inferred from coronal models. We underline this point, as it
will be important for the continuation of this analysis. Moreover,
for the remainder of this study, the default EUHFORIA coronal
model will be referred to as the "WSA*" model keeping in mind
that a version of WSA is used in combination with the PFSS and
SCS models.

2.2. The MULTI-VP model

The MULTI-VP model (Pinto & Rouillard is a coronal
model that solves a set of equations (eq. [6} [7} [§) to provide the
solar wind conditions at 0.1 AU (wind speed, density, tempera-
ture and magnetic field) based on the following equations:

3p+V-(pu) =0, (6)
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G
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8T +u-V,T+(y—1)TV-u = —VT[V-Fh+V.FC+p2A(T)]. 8)

These equations describe a guided solar wind flow, constrained
by the geometry of the magnetic flux-tubes that drives it in the
low plasma beta limit. Many contiguous 1D solar wind solutions
that describe the heating and acceleration of a wind stream along
individual magnetic flux-tubes are computed (p is the mass den-
sity, u is the field-aligned wind speed and T the plasma tem-
perature). To keep the presentation simpler, the magnetic field
does not appear explicitly in these equations but it is implicit in
the definition of the @ angle, and on the co-linear gradient and
divergence operators for a 1D non-spherically expanding flow.
The a angle denotes the angle between the magnetic field and
the radial inclination in respect to the vertical direction. The co-
linear gradient depends on the magnetic field and its gradient (B
and grad(B)). Energy and momentum transport along the field
are fully taken into account. The individual solar wind profiles
are computed on a grid of points aligned with the magnetic field,
and therefore V; represents derivatives along the magnetic field
direction. The parameter r represents the radial coordinate. The
ratio of specific heats is y = 5/3. The terms F}, and F. denote the
mechanical heating flux and the Spitzer-Harm conductive heat
flux, which are both field-aligned. The term A(T") denotes the ra-
diative loss rate (see Pinto & Rouillard (2017) for more details).
Fy, F. and A(T) are fixed according to the calibrations done in
the model and do not vary throughout the simulations. The 1D
solutions, altogether, sample the whole solar atmosphere (or any
sub-domain of interest). As in WSA”, the coronal field topology
is the main external constraint: a magnetogram is used as the
first source of information and PFSS extrapolations undertake
the task of reconstructing a current-free magnetic field, up to the
distance of 2.5 Ry, (see Fig. ). The MULTI-VP model does not
use, though, the SCS model to achieve uniformity of the mag-
netic field in the high corona. Instead, it applies a flux-tube ex-
pansion profile that smoothly and asymptotically transforms the
non-uniform field at the source surface, into a uniform field at
~ 12 Ry by conserving the total open magnetic flux. The radial
magnetic field at the outer boundary is provided directly by the
corrected PFSS extrapolations, in contrast to the radial magnetic
field obtained by WSA*, which is calculated based on Eq.[3] as
explained earlier.

3. Interfacing MULTI-VP and EUHFORIA-heliosphere

MULTI-VP provides directly the full set of physical quantities
required by EUHFORIA-heliosphere as boundary conditions.
We hence set up MULTI-VP to compute the full spherical do-
main (all latitudes and longitudes) at standard angular resolution
of 2 degrees (for GONG magnetogams) or 5 degrees (for WSO
magnetograms), and transmit maps of v,, n, T and B, computed
at 0.1 AU to EUHFORIA-heliosphere. The interfacing proce-
dure undergoes an intermediate verification step to confirm the
general validity of the inputs, and specifically to ensure that the
wind is super-critical everywhere at the interface between the
two models. EUHFORIA-heliosphere requires by construction
that this condition is met. Sub-critical speeds at the inlet bound-
ary would otherwise lead to erroneous modeling results. How-
ever, coronal models can occasionally produce wind flows that
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are sub-critical at 0.1 AU. These can correspond, for example,
to very slow wind streams that have not reached their asymp-
totic state (that is, that have not yet accelerated to super-critical
speeds) at that altitude. Spurious features and irregularities in the
extrapolated magnetic fields can also produce errors. Hence, we
consistently search for sub-critical wind speeds at 0.1 AU, and
apply corrections where needed. Our approach consists of ad-
justing each individual sub-critical wind stream by increasing its
speed while decreasing its density, conserving its mass flux. This
approximately corresponds to "pushing" the wind flow closer to
its asymptotic state by mimicking the effect of a spatially ex-
tended acceleration region. The target wind speed is estimated
from the speed values of the adjacent streams. The solar wind
speed is further clipped at reasonable lower and upper limits to
remove outliers, and density is recalculated to conserve the mass
flux.
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Fig. 2: Fast magnetosonic Mach number as a function of ra-
dial velocity at 0.1 AU. The different panels indicate the steps
followed to correct the sub-critical values from the MULTI-VP
model before inserting them into the heliospheric part of EUH-
FORIA.

The applied procedure is illustrated in Fig. 2] and discussed
in detail below:

1. We locate all pixels of the interface solar wind maps with a
sub-critical fast magnetosonic Mach number (M) < 1 (first

panel of Fig.[2).
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2. The Mach numbers of such pixels are bilinearly interpolated
with their first and closest super-critical neighbors. In case
one of the neighboring pixels is also sub-critical, it is ignored
during the interpolation. In case there are many sub-critical
pixels grouped together (horizontally or vertically), the first
pixel along the direction of interpolation is corrected based
on the aforementioned procedure while the rest of the pixels
(2nd, 3rd pixel, etc) take into account the new, super-critical
value of the previously sub-critical pixel for the continuation
of interpolation.

3. Based on the new Mach numbers, we calculate the new radial
velocity v, and density n at the boundary by conserving the
mass-flux (second panel of Fig.[2).

4. We furthermore restrict the radial velocity at the boundary
between 275 and 625 km/s in order to comply with the scale
that is applied to WSA (see McGregor et al| (2011); and de-
fault EUHFORIA set-up, [Pomoell & Poedts| (2018)). Then,
we employ again the mass-flux conservation to calculate the
new n value. This last step can occasionally still lead to a
few pixels with M < 1 (third panel of Fig. [2) due to the sig-
nificantly low estimated densities (only a few cm™3). These
pixels are assumed as "deviations" or "outliers" and we in-
terpolate their low densities with the ones from their closest
super-critical neighbors in order to achieve M > 1 (see last

panel of Fig. [2).

4. Comparison between MULTI-VP and WSA*
results at 0.1 AU

The analysis presented below is focused on two different HSS
events. One during a period of low solar activity (HSS reached
Earth on 2018-01-21) and another during a period of high solar
activity (HSS reached Earth on 2011-06-22). These events were
selected because the default set-up of EUHFORIA did not pro-
duce accurate results. Replacing WSA* with MULTI-VP, could
help us understand how the difference in coronal models af-
fects the final simulation results at Earth. We further investigate
how our results differ due to the use of different magnetograms
(GONG and WSO) for the two distinct model set-ups.

4.1. HSS case during the period of low solar activity
4.1.1. Results with GONG magnetograms

The upper panel of Fig. 3] shows the GONG synoptic magne-
togram in Stonyhurst coordinates (Thompson|2006) used as in-
put to both MULTI-VP and WSA*, for the modeling of the HSS
that arrived at Earth on 2018-01-21. In Fig. fip the resulting
boundary conditions at 0.1 AU are plotted as latitude-longitude
maps. The left column presents the radial velocity (v,), particle
density (n), temperature (7)) and radial magnetic field (B,) as
given by MULTI-VP while the right column presents the same
quantities, as produced by WSA™.

A number of differences can be observed in the maps
produced by the two models. The radial velocity maps show
the coronal hole (CH) region from which the studied HSS
originated, extending between [-50,0]° in longitude and =
[-20,20]° in latitude. The solar wind emerging from that CH is
faster for MULTI-VP than for WSA*. Overall, the WSA* model
provides higher velocities for latitudes above 20° and below
—30° compared to MULTI-VP. Another significant difference is
the distribution of lower solar wind speeds around the HCS. In
the WSA* case, we distinguish a wider zone of slow wind than
in the MULTI-VP maps. The regions of low speeds expand not

GONG 2018-01-17723:14:00
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Fig. 3: GONG (upper panel) and WSO (lower panel) magne-
tograms that were used for the HSS case during the period of
low solar activity.

only along the HCS zone but also towards the north pole, fur-
ther surrounding the CH area below the equator. Figure @ fur-
ther shows that MULTI-VP produces (a) higher densities and
lower temperatures around the HCS compared to WSA®, and
(b) lower densities and higher temperatures for latitudes above
~ 20° and below ~ —20° (black/white areas). The lower left
panel (B,) of Fig. @ indicates that in the region extending be-
tween [-50, 50]° around the central meridian (CM), MULTI-VP
provides a HCS that is inclined to higher latitudes compared to
the one modeled by WSA*. The difference arises because of the
influence of the SCS model in the latter case, which tends to flat-
ten the HCS above the source surface. Another direct difference
between the B, maps is the gradient produced by the WSA*, but
not by MULTI-VP. This gradient appears because WSA* "re-
calculates" the radial magnetic field at the boundary, based on
the empirical velocity (Eq. [5). Thus, the range of B, values is
broad. On the other hand, the radial magnetic field at 0.1 AU pro-
duced by MULTI-VP is obtained by the PFSS extrapolations and
gets corrected by an additional expansion profile that is applied
to make the field uniform. As a result, B, converges towards two
values (one positive and one negative due to polarity change), as
shown in Fig. [ (third panel).

4.1.2. Results with WSO magnetograms

Figure [@p shows results for the HSS case during the period of
low solar activity obtained by employing as input a WSO magne-
togram (shown in the lower panel of Fig.[3). The WSO synoptic
maps are not daily updated, contrary to GONG magnetograms,
but produced for each Carrington rotation (CR). The date of our
interest is included in the CR2199, thus, we used the correspond-
ing magnetogram.

In Fig. Eb (vr maps), the area between [-50, 0]° in longi-
tude and ~ [-20,20]° in latitude (which includes the CH from
which the HSS of interest originated) is characterized by faster
velocities in the MULTI-VP case, compared to the WSA* one.
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Fig. 6: The n — v,, T — v, B,-v, distributions for both models and magnetograms at 0.1 AU.

The later map is characterized by higher velocities immediately
above and below the HCS, compared to MULTI-VP that only
provides such high velocities in regions above = 30° and below
~ —30° in latitude. Density and temperature from MULTI-VP
show the same behavior as in the previous (GONG) HSS case
during the low solar activity, i.e., higher densities and lower tem-
peratures around the HCS and lower densities and higher temper-
atures towards the poles, compared to WSA* (see white/black
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regions). The HCS is inclined again to higher latitudes for the
MULTI-VP model, which does not produce any gradient com-

pared to WSA* (lower panels of Fig. @p).
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4.1.3. Comparison of boundary results for different
magnetograms

The comparison between Figs. @a and b shows a number of dif-
ferences arising because of the different magnetograms. First,
the GONG magnetograms have significantly higher resolution
than the WSO (1° and 5°, respectively). GONG data are mapped
onto a 2° x 2° grid at 0.1 AU while WSO on a 5° x 5° grid, for
MULTI-VP, and a 2° x 2° grid for WSA*. A second difference
is directly seen in the extent of the HCS. Both the MULTI-VP
and WSA* models show that the extent of the HCS is inclined
to higher latitudes when GONG magnetograms are employed,
compared to WSO. Furthermore, the slow solar wind around the
HCS is more restricted to latitudes around the equator when us-
ing WSO magnetograms, compared to GONG.

Figure|§| summarizes the n—v,, T —v,, B,-v, distributions for
both models at 0.1 AU. This plot gives an overall idea of the dif-
ferences between the two models, regarding the range of values
and their amplitudes. The MULTI-VP boundary data are charac-
terized by a range of density and temperature values for each ve-
locity point. In the WSA* case, though, every velocity value cor-
responds to a single point in density and temperature. The wide
range of densities at ~ 275 km/s and 625 km/s in the MULTI-VP
case, is due to the clipping of the velocities and the interpola-
tion in densities, as explained in Section 3 (see also Fig.[2). We
remind the reader that the clipping was meant to keep the wind
speed range consistent with that of WSA*, and any resulting sub-
critical values were further corrected.

4.2. HSS case during the period of high solar activity
4.2.1. Results with GONG magnetogram

The upper panel of Fig. [7] shows the synoptic GONG magne-
togram in Stonyhurst coordinates used as input to the coronal
models for the simulation of the HSS case during the period of
high solar activity. In Fig. [5h, the obtained boundary conditions
at 0.1 AU are plotted as 2D maps, in the same coordinate system.
The presented quantities are the same as in Fig.[#h and b.

The most distinctive characteristic of the MULTI-VP 2D ve-
locity map (upper panel of Fig. [Bp) is that it presents an elon-
gated, fast velocity and low density, area between [170, 240]°
in longitude. The WSA* model gives opposite results for the
same region, i.e., dense area from which the slow solar wind
emerges. We note that this was also the case for MULTI-VP be-
fore we applied the corrections for the sub-critical values. As
mentioned in Section 3, a number of sub-critical values appeared
in the MULTI-VP maps representing flows that did not manage
to reach their asymptotic super-critical speeds at the altitude of
0.1 AU. After the corrections we imposed, the discussed region
was transformed from a slow to a fast wind domain. This is be-
cause initially the specific area was composed by extremely low
Mach numbers (M < 1) which, after their interpolation and the
mass-flux conservation, led to very high velocities (see Fig. [2]
panel 2, velocities beyond 1000 km/s). These velocities were
later clipped to the reasonable upper limit of 625 km/s (see Fig.
[2] panel 3) and this is why the region of initially slow solar wind
was transformed to an area of fast solar wind. For the HSS case
we study here, the discussed area does not influence our results
at Earth since it is situated at the back side of the Sun, as seen
from Earth.

Moreover, the temperatures obtained by MULTI-VP are
higher than the ones modeled by WSA* for the areas around the
poles, and lower for the regions around the HCS. The HCS in

GONG 2011-06-20723:54:00

Latitude [deg]

60" 3° 100 150°

Stonyhurst Longitude [deg)

WSO CR2111
[T |

Latitude [deg]

Stonyhurst Longitude [deg]

Fig. 7: GONG (upper panel) and WSO (lower panel) magne-
tograms that were used for the HSS case during the period of
high solar activity.

the MULTI-VP case extends again to higher latitudes compared
to WSA*, and as stated in the previous cases, it does not show
any gradient (see discussion in section 4.1).

4.2.2. Results with WSO magnetograms

In Fig. Bp, we present the 2D maps of plasma and magnetic
parameters at the boundary for the HSS case during the pe-
riod of high solar activity, based on the WSO magnetogram of
CR2111 (lower panel of Fig. [7). The WSA* velocity, density
and temperature maps show an extended slow, dense and cold
solar wind region between = [0, 100]° in longitude, which is not
present in the MULTI-VP maps. We also observe that the CH
located between [-50, 0]° in longitude seems more extended in
the MULTI-VP than in the WSA* case. Faster solar wind is gen-
erated by MULTI-VP compared to WSA*, originating from the
extension of the northern polar CH found ~ [-170, —70]° in lon-
gitude. The same happens for the southern CH located below
the equator (= 50° in longitude) in the MULTI-VP map. More
specifically, the latter, relatively "hot" fast wind area, is almost
not present in WSA*. Nevertheless, WSA* captures a second
southern CH, located ~ [100, 150]° in longitude and at ~ —20°
in latitude, which is not easily distinguished in the MULTI-VP
case. Besides the area of large discrepancy between =~ [0, 100]°
in longitude, the densities obtained by the two models quali-
tatively agree around the HCS, and also in the polar regions.
On the other hand, the temperatures obtained by MULTI-VP are
higher than the ones modeled by WSA* towards the poles, and
lower around the HCS. The B, plots show a similar characteristic
to the previous cases, where significant B, gradient is detected in
WSA?, but not in MULTI-VP. In this example, though, the HCS
is inclined to approximately the same latitude, for both MULTI-
VP and WSA*.
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4.2.3. Comparison of boundary results in the frame of
different magnetograms

Figures [5h and [5b show that the WSA* results for both GONG
and WSO magnetograms, contain an unexpected slow and dense
solar wind region, visible in the range [0, 50]° and [0, 100]° in
longitude, respectively. In the case of MULTI-VP with a GONG
magnetogram, the elongated region of fast solar wind veloc-
ity between [170, 240]° in longitude disappears when using a
WSO magnetogram indicating that it is not the coronal model or
the magnetogram alone that produces distinctly different results.
Thus, it is important to use an appropriate combination of input
magnetogram and coronal model to achieve the optimal output.

Furthermore, the n — v,, T — v,, B,-v, distributions for both
models are presented in Fig. [6c and d. Overall, the MULTI-VP
boundary data are characterized by a range of density and tem-
perature values for each velocity value, as also stated in subsec-
tion 4.1.3.

5. MULTI-VP+EUHFORIA-heliosphere versus
WSA*+EUHFORIA-heliosphere results at 1 AU

In Figs. [§] [T0} [T2] and [I4] the plasma and magnetic properties
(bulk speed: Vj, proton density: n, temperature: 7', interplane-
tary magnetic field (IMF) ¢-angle, magnitude of the IMF: B, the
three components of the IMF: B,, B,, B;) of the studied HSSs
are presented as a function of time in GSE coordinates. The sim-
ulations were conducted by assuming a uniform mesh of 4° in
longitude (90 cells), latitude (30 cells) and a radial resolution of
512 cells (radial step of Ar = 0.0037 AU). The boundary val-
ues at 0.1 AU are provided at the standard 2° x 2° resolution by
WSA*, no matter the employed magnetogram. In the MULTI-
VP case, the boundary values are provided at 2° x 2° resolution
when employing a GONG magnetogram and at 5° x 5° when us-
ing WSO magnetograms, as described in Section 3. Figures [0
and [T3] show the simulated solar wind radial velocity in
3D space, presented around the moment when the studied HSS
reached Earth.

5.1. HSS case during the period of low solar activity

In Fig. 8] we observe that both the bulk solar wind speed as
well as the proton density signatures at Earth are reproduced
by MULTI-VP+EUHFORIA-heliosphere (blue line) while this
is not the case for the WSA*+EUHFORIA-heliosphere. More-
over, results with the former set-up show an increase in tempera-
ture above the slow solar wind levels by the time the HSS reaches
Earth. Although this increase does not reach the values observed
at L1 by the WIND spacecraft, it is closer to the observations
than the values obtained by WSA*+EUHFORIA-heliosphere.
The IMF ¢-angle is captured well by both models, but the po-
larity of MULTI-VP+EUHFORIA-heliosphere changes earlier.
Therefore, it is in better agreement with the observed polarity
change on late Jan. 18. The fluctuations of the total magnetic
field (B) as well as its B, and B, components at the stream
interaction, are better reproduced by MULTI-VP+EUHFORIA-
heliosphere. However, the models are not expected to reproduce
the fluctuations of the IMF B, component since the meridional
component of the magnetic field is always set to zero at 0.1 AU.
This causes the models to severely underestimate B, throughout
the simulation domain. In Fig.[9] we visualize the simulated ra-
dial velocity in 3D space. More specifically, Fig.[Op shows a HSS
arriving at Earth with velocities between [520, 600] km/s, while
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in Fig.[9p, no HSS seems to impact the planet during the period
of interest.

Figure [I0] shows that neither of the studied models clearly
reproduce the HSS, when using a WSO magnetogram (see also
Fig. [TT). MULTI-VP overestimates the bulk speed up to at least
100 kmy/s before the true initiation of the HSS while the n and T
signatures do not clearly indicate the HSS arrival. In the WSA*
case, the modeled solar wind parameters are underestimated and
do not follow any of the observed HSS patterns.

5.2. HSS case during the period of high solar activity

Figure [I2] shows the comparison of the simulated and observed
solar wind parameters for the HSS during the period of high so-
lar activity (reached Earth on 2011-06-22) with a GONG mag-
netogram. We notice that the HSS, as simulated by MULTI-
VP+EUHFORIA-heliosphere, arrives approximately two days
later compared to WIND observations. The amplitude of the
modeled velocity reaches the observed values, but the peak in
density is overestimated. On the other hand, very small increase
in the modeled values of temperature and the total magnetic field
is detected compared to WIND measurements. The B, and B,
components do not comply with observations while B, is not ex-
pected to be reproduced by the model, as already mentioned in
the previous subsection.

WSA*+EUHFORIA-heliosphere did not reproduce the in-
crease in the solar wind speed and temperature. The density is
closer to the observed values between 21-22 June but it gets
overestimated (by ~ 5-10 cm™>) after that date. The IMF-¢-
angle has the correct polarity but it arrives ~1 day later than
in MULTI-VP+EUHFORIA-heliosphere case. Also, the B, and
B, components do not differ much from the ones reproduced
by the newly coupled set-up. Figure [T3] shows the modeled ra-
dial solar wind speed in 3D space. This presentation clearly
shows the difference in the simulation results presented also in
the vr plot of Fig.[T2] The WSA*+EUHFORIA-heliosphere out-
put does not show any HSS arriving at Earth while MULTI-
VP+EUHFORIA-heliosphere reproduced the HSS with veloc-
ities between [550, 650] km/s directly impacting the planet.

In Fig. and [T5] the same quantities are compared
for the HSS observed during the high levels of solar ac-
tivity, using a WSO magnetogram. Figure [I4] shows that
MULTI-VP+EUHFORIA-heliosphere accurately captures the
arrival time and velocity amplitude of the HSS, opposite to
WSA*+EUHFORIA-heliosphere. After plotting radial velocities
between [550, 600] km/s in 3D space as shown in Fig. , we
only identify a stream surpassing Earth from the southern part,
which does not affect the planet. On the other hand, the coupled
MULTI-VP+EUHFORIA-heliosphere model yields an extended
HSS directly impacting Earth, which is in accordance with the
blue time series observed in the first panel of Fig. [T4 More-
over, MULTI-VP+EUHFORIA-heliosphere overestimated the
expected peak in the proton density, while WSA*+EUHFORIA-
heliosphere diverges from the observations, especially after the
arrival of the HSS at Earth. Neither of the models reproduced the
large temperature increase during the advent of the HSS at Earth.
The modeled IMF ¢-angle change occurred late compared to ob-
servations for both models, though the simulated polarities be-
fore and after the change of the ¢-angle were correct. The mag-
netic field fluctuations (except the B, component) are captured
better by the MULTI-VP+EUHFORIA-heliosphere model than
by the WSA*+EUHFORIA-heliosphere. It is, however, notable
that the magnetic field magnitude is consistently smaller in the
simulations as compared to WIND data, for both models.
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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.
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Fig. 9: 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] km/s. The HCS (B=0) is depicted in grey
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.

6. Summary and Discussion default coronal model with the output from MULTI-VP at

the inner boundary of the heliospheric domain of EUHFO-
In this study, we implemented for the first time an alter- RIA in order to understand differences between the two mod-
native coronal model in EUHFORIA, the MULTI-VP model els, before they propagate to Earth. We also compared the
(Pinto & Rouillard 2017). We compared the output of the
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Fig. 11: Contour plots of the radial solar wind velocities in 3D space as modeled with a WSO magnetogram (CR2199). The range
of the velocities shown in the figure is between [500, 600] km/s. The HCS (B=0) is depicted in grey while the light-blue sphere
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solar wind velocities at that radius which are provided by the correspondent coronal model each time.

performance of WSA*+EUHFORIA-heliosphere and MULTI- ent magnetograms, i.e., GONG and WSO. Our results show that
VP+EUHFORIA-heliosphere against in situ observations at the choice of both the coronal model and the magnetogram play
Earth. In the frame of this study, we considered two different an important role on the accuracy of the solar wind prediction.
HSS cases, one during a period of low solar activity and one dur- However, it is not clear which component plays the most impor-
ing a period of high solar activity. We also employed two differ- tant role for the modeled results obtained at Earth. A statistical
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Fig. 13: Contour plots of the radial solar wind velocities in 3D space as modeled with a GONG magnetogram (date: 2011-06-
20T23:54, CR2111). The range of the velocities shown in the figure is between [550, 650] km/s. The HCS (B=0) is depicted in grey
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.

analysis with an appropriate number of simulations is needed to and up to a few percent in the most extreme cases). MULTI-
confirm our findings. VP cannot assure a priori that the solar wind solutions it com-
. ) . putes are super-fast at all angular positions at the target altitude

In the process of implementing MULTI-VP model in EUH- ¢ ( | AU, as required for EUHFORIA. To correctly feed the

FORIA, we encountered a number of elemental flows that are ML TLLVP data into the heliospheric part of EUHFORIA, we
sub-critical at 0.1 AU (typically less than 1% of the whole map, ’
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Fig. 15: Contour plots of the radial solar wind velocities in 3D space as modeled with a WSO magnetogram (CR2111). The range
of the velocities shown in the figure is between [550, 600] km/s. The HCS (B=0) is depicted in grey 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.

needed to transform these speeds to super-critical such that all servation. Once super-criticality has been achieved at the bound-
MHD characteristic curves are out-going at 0.1 AU ary, we were able to study the v,, n, T, B, maps there. The anal-
J. P., Keppens, R. and Poedts, S]2019). The correction was done  ysis of inner boundary maps allowed us to obtain a first-order
by interpolating the sub-critical fast magnetosonic pixels with estimation regarding the differences between the models. More-
their closest super-critical neighbors obeying the mass-flux con-
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Fig. 16: Summary of the modeling results at 1 AU regarding the solar wind bulk speed.

over, it helped us understand how the two coronal models deal
with different magnetograms.

In Fig.[I6] we outline our conclusions 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 as well as the HSS case
during the active solar period, when employing a WSO magne-
togram. It is not certain, though, if it captures the HSS during the
period of low solar activity when using the latter type of magne-
togram. This is the reason we describe it as a "miss" with a ques-
tion mark in Fig.[T6] The WSA*+EUHFORIA-heliosphere com-
bination, which we use as the reference model, does not repro-
duce any of the two test-case HSSs, regardless the magnetogram.
However, these HSSs were specifically chosen in purpose as
cases that we knew a priori that were not reproduced well by
the default EUHFORIA set-up, in order to test the performance
of MULTI-VP in combination with EUHFORIA-heliosphere. A
bigger sample of HSSs needs to be simulated in order to deter-
mine 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 cal-
culate 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 and up to the radial dis-
tance of 0.1 AU. The default EUHFORIA set-up is based on the
SCS model to create a more uniform magnetic field, and on the
WSA speed (Eq. [2), which determines the solar wind plasma
and magnetic parameters at 0.1 AU. The WSA wind speed es-
sentially depends on magnetic information at two specific alti-
tudes, the solar surface and 0.1 AU (see Egs. [I] and [2). On the
other hand, MULTI-VP calculates the heating and acceleration
of all wind streams at every height based on Egs. 6, 7, 8 and pro-
vides a uniform magnetic field away from the Sun by applying
an additional flux-tube expansion profile to them. Therefore, the
differences in the numerical approach and underlying assump-
tions of the two models lead to distinctly different output. It is
also important to mention that even though WSA* does not re-
produce the two particular HSSs in this study, it is considered
a reliable coronal model that is computationally inexpensive, in
comparison to MULTI-VP.
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