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Abstract — Coronal mass ejections (CMEs) are among the main drivers of space weather hazards. In this
context, HENON is a new space mission designed to carry out observations in the solar wind upstream
of the Earth, aiming to provide timely alerts for hazardous perturbations propagating towards the Earth.
HENON will orbit Earth on a distant retrograde orbit, approximately 0.082 AU upstream of the Earth
when it is on the Sun-Earth line. The measurements taken by HENON will allow us to determine plasma
and magnetic field parameters with a lead time of several hours with respect to the Lagrangian point L1.
We assess the V B, parameter variations (the product of solar wind speed V and southward magnetic field
B.) along the HENON orbit. Given its role as a primary driver of geomagnetic activity, we analyze how
these measurements change with respect to Earth’s position to evaluate HENON'’s forecasting potential.
We used the FRi3D CME model of the EUHFORIA simulation code to characterize the initial properties
of the CME. FRi3D allows us to set the CME magnetic field as a magnetic flux rope. From the simulation
results, we evaluated the V' B, parameter at nine virtual spacecraft positions along the planned HENON
orbit. The heliocentric longitudes of the virtual spacecraft range from about —6.9° to 6.9°, while the
geocentric longitudes vary from —60° to +60° in steps of 15°. The initial direction of propagation of the
CME central apex is either along the Sun-Earth line or at heliocentric longitudes of 430°. We find that with
the proposed orbital parameters, the values of the V B, parameter along the HENON orbit is sufficiently
similar to those measured in the vicinity of the Earth to be useful for space weather forecasts. At the same
time, HENON permits to evaluate V B, with a lead time of about 2—8h, depending on the spacecraft
position and the speed of the CME. The forecasting capabilities provided by HENON are expected to be
foundational for the space weather community. This advancement has direct implications for enhancing
the resilience of satellite communications and safeguarding critical infrastructure against space weather
events.
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1 Introduction

The availability of early Space Weather (SW) warn-
ings is of paramount importance for taking effective mit-
igation measures against space weather hazards (Echer
et al., 2005; Gopalswamy, 2022). As is the case with fore-
casts of conventional weather, extended lead times and
accurate predictions significantly improves our ability to
reduce risks and minimize damage (Fry, 2012; MacAlester
& Murtagh, 2014). Due to the diversity in the scales of
the phenomena that influence and drive SW, this task is
challenging.

Our current capabilities include (but are not limited
to): remote sensing and imaging of the solar corona and
photosphere in many different wavelengths, which target
early identification of strong energy release sites (Brueck-
ner et al., 1995; Kaiser et al., 2008; Lemen et al., 2012;
Vourlidas et al., 2016; Antonucci et al., 2020); real-time
in-situ monitors upstream of Earth (at the Lagrange
point L1) (Acunia et al., 1995; Domingo et al., 1995;
Smith et al., 1998) and close to Earth at geosynchronous
orbit (Hill & Pizzo, 2003; Iyer et al., 2006; Loto’aniu
et al., 2023; Stiefel et al., 2025); missions orbiting the
Sun that provide a different perspective of these phenom-
ena (Kaiser, 2005; Fox et al., 2016; Miiller et al., 2020).
Previous missions, such as STEREO (Webb et al., 2010;
Ravishankar & Michalek, 2019), have transitioned the
Lagrangian point L4 to monitor solar activity and space
weather. Future missions are planned for both L4 and L5
(Gopalswamy et al., 2011; Rodriguez et al., 2020; Posner
et al., 2021), including Vigil, which will focus on improv-
ing the SW forecasting (e.g., Eastwood et al., 2024). Fur-
thermore, the recent PUNCH mission (DeForest et al.,
2026), which consists of 4 imagers in a Sun-synchronous
orbit around the Earth, will provide an unprecedented
point of view on SW events.

In a comprehensive review, Vourlidas et al. (2019) sug-
gested that an upstream monitor at 0.3 AU from Earth
would be necessary to provide warnings of solar wind
perturbations with approximately 24-h advance notice.
However, Kepler’s laws do not allow a spacecraft to stay
stationary on the Sun-Earth line at 0.3 AU from the Earth
on a free-fall (Keplerian two-body) orbit. As a first step
in the direction upstream of the Earth, we can place
a spacecraft at the collinear Lagrange point L1 of the
Sun—Earth system, which lies at a much smaller distance,
approximately 0.01 AU from Earth toward the Sun, than
suggested by Vourlidas et al. (2019).

To go further upstream, in the planar circular
restricted three-body problem, it is possible to take
advantage of the specific type of orbits called Distant
Retrograde Orbits (DROs), which were studied in detail
by M. Hénon using Hill’s approximation (Henon, 1969,
1970). In such a case, both the spacecraft and the Earth
are orbiting around the Sun, and, because of the same
semi-major axis (but different eccentricities), they have
the same revolution period around the Sun. When viewed
in the synodic reference frame (a rotating coordinate
system commonly used for multi-body orbital degrees),

the spacecraft trajectories display apparent retrograde
motion relative to the planet, as shown in Figure 1.

The DRO approach is the theoretical framework that
forms the basis of the HEliospheric pioNeer for sOlar and
interplanetary threats defeNce (HENON) mission. The
ESA-ASI HENON miission (Provinciali et al., 2024; Cicalo
et al., 2025) aims to send a spacecraft on a DRO orbit to
test the feasibility of the aforementioned approach. The
HENON mission payload includes instruments to mea-
sure the solar wind plasma, magnetic field, and fluxes of
energetic ions and electrons. The planned upstream dis-
tance of the spacecraft is about 0.082 AU, which allows a
2—8h advance notice with respect to a spacecraft located
in L1. For the HENON mission, the period of revolution
around the Sun is 1year (semi-major axis of 1 AU), and,
depending on its eccentricity, the nominal orbit is chosen
such that the spacecraft remains at a much larger dis-
tance from the Earth than the Lagrangian point L1 for
an extended period. This orbital configuration offers a
highly favorable conditions for real-time SW monitoring,
while also ensuring stable relative orbital motion. Such a
DRO allows a single spacecraft to dwell upstream of the
Earth for only a limited time. Thus, a multispacecraft
mission will be necessary to have continuous monitoring
of solar wind conditions upstream of the Earth. A sim-
ilar concept for an SW mission, the Diamond mission,
(St. Cyr et al., 2000), envisioned a constellation of four
spacecraft equally spaced along the same DRO at a
minimum distance of 0.1 AU from Earth, but has never
been realized. Possible exploitation of DROs for asteroid
impact monitoring has also been proposed (Perozzi et al.,
2017).

The possibility of sending space weather monitors
upstream of L1, that is, of doing sub-L1 measurements,
have been considered by several authors (e.g., Lugaz et al.,
2024a, 2025; Palmerio, 2025). However, a crucial aspect to
evaluate during the mission’s planning phase is the corre-
lation between observations acquired by the sub-L1 space-
craft and those obtained at Earth, given that the latter
are more directly linked to SW disturbances. Indeed, it
is well known that the interplanetary medium is charac-
terized by complex physical phenomena, including shocks,
turbulence, current sheets, and coherent structures (Bruno
& Carbone, 2013; Matthaeus et al., 2015). These phenom-
ena induce spatial and temporal variability in the prop-
erties of solar wind and energetic particles. For instance,
Lugaz et al. (2018) found, by analyzing Wind and ACE
data for a number of CMEs, that the magnetic field com-
ponents at the two spacecraft are very well correlated when
thelongitudinal separation isless than 0.008 AU, which cor-
responds to the correlation length of the magnetic field at
1 AU (Ruizet al., 2014; Cuestaet al., 2022), but the correla-
tion decreases when the separation increases. Also, Scolini
et al. (2024) analyzed the coherence of Alfvénic fluctuations
within CMEs observed by ACE and Wind at a longitudi-
nal separation of 0.009—0.013 AU, and found that the mag-
netic field profile seen by ACE and Wind is well correlated
within the magnetic ejecta, but less so in the sheaths. How-
ever, we can argue that larger-scale structures, which are
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Figure 1. Dynamical configuration of DRO in the ecliptic plane, from Perozzi et al. (2017). In both panels, the heliocentric
orbit of the Earth is depicted in blue, while the orbit of the satellite is shown in red. In the right panel, the spacecraft’s trajectory

with respect to the Earth’s reference frame is shown in black.

more geoeffective, have larger scale coherence than Alfvenic
fluctuations.

At the same time, CMEs evolve with radial distance,
which also limits the radial separation between a sub-
L1 monitor and the Earth. Using Solar Orbiter (Miiller
et al.,, 2020) as an upstream monitor at 0.5 AU, Laker
et al. (2024) compared the observations for two CMEs,
finding that in one case, the time profile of B, was in
good agreement between Solar Orbiter and Wind, despite
of the radial distance and a longitudinal separation of
about 10°. Regarding the second CME event, Laker et al.
(2024) found that the magnetic structure was typical of
two interacting flux ropes, but the agreement of the B,
time profile between spacecraft was poorer. Considering
the strong geomagnetic storm of 10—12 May 2024, when
the STEREO-A spacecraft was situated at 0.956 AU and
12.6° west of Earth, Weiler et al. (2025) find that the
shock was observed 2.57 h earlier at STEREO-A than at
L1, which is consistent with the shock speed of about
700kms~!. In addition, the B, profiles showed good
agreement, and the intensity of the geomagnetic storm
was predicted well using STEREO-A data.

In another study, Lugaz et al. (2024b) analyzed the
structure of magnetic ejecta in CMEs using STEREO-
A and Wind data, finding that the typical angular size
of magnetic ejecta is 20°-30° for most events, which is
smaller than typically assumed. This implies that a sub-
L1 monitor cannot stay too far away from the Sun-Earth
line. In a recent comprehensive study on the properties
required for a sub-L1 mission, Lugaz et al. (2025) suggest
that a longitudinal separation from the sub-L1 monitor to
the Sun-Earth line of <15° is needed, with a separation
of less than 10° to be preferred to ensure that CMEs
measured by the sub-L1 monitor also impact the geospace
environment.

HENON orbit corresponds to 0.082 AU upstream of
the Earth and to a maximum distance of +0.164 AU
along the y direction of the GSE system (Cicald et al.,
2025). In such a case, the maximum angular separation of

HENON with the Sun-Earth line is +9.3°. Furthermore,
the prime region for space weather measurements, i.e.,
KRI1, see Figure 2, is defined as +60° in geocentric lon-
gitudes to stay upstream of the Earth: this corresponds
to £6.9° in heliocentric longitude. Therefore, HENON
KR1 orbit is well within the angular separation recom-
mended by Lugaz et al. (2025) for carrying out of useful
measurements.

This paper investigates the relationship between
observations from a virtual spacecraft situated on a
DRO and those recorded at Earth. To achieve this, we
employ a large-scale magnetohydrodynamic (MHD) sim-
ulation of the heliospheric structure, using the EUHFO-
RIA code (EUropean Heliospheric FORecast Information
Asset; Pomoell & Poedts, 2018). Additionally, we incor-
porate the orbital ephemerides of the operational DRO,
which were numerically computed by SpaceDyS during
the Phase A and B mission analysis studies for HENON
(Provinciali et al., 2024; Cicalo et al., 2025). It should
be noted that numerical simulations have a finite spatial
resolution and that each model makes several assump-
tions, such as those regarding the coronal structure, the
initial magnetic field, and the simulation domain. Global
MHD simulations of the heliosphere are not yet able
to resolve the small-scale structures of CMEs, and this
should be taken into account when interpreting the simu-
lation results; nevertheless, such simulations can provide
very valuable information on the large scales.

We initialized EUHFORIA with a uniform back-
ground solar wind in which the CME is propagating. We
compared the simulation results at HENON, located at
various positions along the DRO, and on Earth. We per-
formed several runs, varying the magnetic helicity of the
initial magnetic flux rope that describes the CME mag-
netic field, as well as the direction of propagation of the
CME relative to the Sun-Earth line, to study various sce-
narios for the interaction of CMEs with our planet. We
use the FRi3D model (Maharana et al., 2022) of EUH-
FORIA to simulate the evolution of the CME. Among
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SUN

Figure 2. The HENON spacecraft orbits around the Earth.
Key region 1 (KR1) and key region 2 (KR2) are also reported.
The spacecraft geocentric longitudes are measured from the
Earth-Sun line in the clockwise direction, in agreement with
the retrograde motion of HENON. (Figure adapted from
Cicalo et al., 2025).

the different quantities of interest for SW forecasts, we
concentrate on V B,, where V is the radial component of
the solar wind velocity, and B, is the vertical component
of the interplanetary magnetic field (IMF) in the Geo-
centric Solar Magnetospheric (GSM) coordinate system.
It is well-known that the parameter V B, is an estimator
for the reconnection electric field located at the nose of
the Earth’s magnetosphere. In this regard, V' B, demon-
strates a notable correlation with the onset of geomag-
netic storms (Gonzalez et al., 1989, 1994; Wang et al.,
2003; Spencer et al., 2011). However, it is necessary to
underline that V' B, remains only a proxy for the recon-
nection rate, considering that the electric field character-
istic of the solar wind can differ from the field observed
at the magnetopause (Borovsky & Birn, 2014).

Here, we focus on V B, both because of its significance
for geomagnetic storms and also because it is a typical
parameter whose value can be evaluated at HENON and
compared with measurements near Earth.

2 Geomagnetic storms, EUHFORIA model
and numerical setup

2.1 Rationale

The product V B, serves as a predictor for geomag-
netic storm indices such as Dst, which is a measure of the
intensity of the ring current around the Earth (Mayaud,
1980), and SYM-H, which quantifies the strength of a
magnetic storm (Latiff et al., 2024). Numerous stud-
ies have established that intense geomagnetic storms

(defined as Dst < —100nT) are highly probable when
the magnitude of the southward IMF component, |B,|,
exceeds 6—10nT and the convection electric field, V B,,
is less than —5mV/m for a duration exceeding 3h (Gon-
zalez et al., 1989, 1994; Wang et al., 2003; Spencer et al.,
2011; Verbanac et al., 2013). The threshold of —5mV/m
can be obtained, as an example, considering the solar
wind plasma propagating at 500kms™' and carrying a
southward magnetic field of 10nT, ie., £, = VB, =
5x10°ms™! x (=1078) T=-5x 1072 V/m.

Consequently, a measurement period of at least 3h
in the solar wind is required following the arrival of
an ICME at HENON before a geomagnetic storm alert
can be reliably issued. For instance, to provide a 6-h
advance alert, observations should begin 6 h before the
southward turning of the magnetic field at Earth. Geo-
effective ICME speeds near 1 AU typically range from
400—2000 kms~!, with faster ICMEs generally correlat-
ing with more severe storms (Liu et al., 2014; Tem-
mer & Nitta, 2015). Here, we assume an average geo-
effective ICME speed of 700kms~! as a typical speed
of the more common events. (Clearly, extreme events
with large speeds are of the highest concern for space
weather, and we reserve the study of larger speeds for
the future.) A 6-h advance alert requires the sentinel
spacecraft to be positioned at an upstream distance of
approximately 15120000 km from Earth (~0.1 AU). Tt is
important to note that the lead time is reduced for CMEs
faster than 700kms~!. Nonetheless, it is crucial to rec-
ognize that even relatively slow CMEs can exhibit sig-
nificant geoeffectiveness, as highlighted by Gopalswamy
et al. (2022).

To define efficient alert algorithms for the prediction
of geomagnetic storms, we need to assess the difference
in the observed V B, at the Earth and along the HENON
orbit using numerical simulations. We have been using
two well-known global simulation models for the propa-
gation of perturbations in the heliosphere, namely ENLIL
(Odstreil, 2003) and EUHFORIA (Pomoell & Poedts,
2018). Here, we present the results obtained with EUH-
FORIA. In the following simulations, we consider the
evolution of a hypothetical CME, allowing us to select
specific features and the positions of the observing space-
craft. Since the simulation epoch is arbitrary and not
related to the inclination of the Earth’s magnetic dipole
and the Earth rotation, we will refer to the IMF compo-
nent perpendicular to the ecliptic, namely B, in the Geo-
centric Solar Ecliptic (GSE) coordinate system, and not
to the actual southward component Bg in the Geocen-
tric Solar Magnetospheric (GSM) system, which depends
on time according to the Earth daily rotation and posi-
tion along its heliocentric orbit. In any case, B, is a good
estimator of Bg (Wang et al., 2003).

2.2 EUHFORIA model

The EUHFORIA model, developed by Pomoell &
Poedts (2018), is a space weather modeling tool that
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computes the time evolution of the inner heliospheric
plasma environment using a combination of empirical and
physics-based modeling approaches. EUHFORIA consists
of two major components: a coronal model and a helio-
spheric model. The data-driven coronal model uses syn-
optic magnetograms as input and provides solar wind
plasma parameters at 0.1 AU from the Sun, utilising
the empirical Wang-Sheeley-Arge model (Schatten et al.,
1969; Altschuler & Newkirk, 1969; Arge et al., 2003).
These are then used as boundary conditions to drive a
3D time-dependent MHD model of the inner heliosphere
up to 2 AU. Different modeling approaches are available
in EUHFORIA to simulate CME evolution, including the
cone model (Xie et al., 2004), in which the CME has a
spherical plasma bubble shape with a uniform density
and no magnetic field structure; the spheromak model
(Kataoka et al., 2009; Verbeke et al., 2019) that assumes
a spherical shape for the CMEs with flux-rope structures;
and the FRi3D (Flux Rope in 3 Dimensions, Isavnin,
2016; Maharana et al., 2022) model, which can reproduce
the CMEs’ shape and their deformations with a flux-rope
internal structure. Previous runs (not shown) assumed
the CME as a force-free spheromak, which gives rise,
during CME propagation, to a magnetic flux rope struc-
ture (Chandrasekhar & Kendall, 1957; Shiota & Kataoka,
2016; Scolini et al., 2019; Verbeke et al., 2019).

The runs presented here were carried out with the
latest FRi3D implementation in EUHFORIA (Maharana
et al., 2022). In this novel version, the initial CME
is described as a flux rope, according to the Gradu-
ated Cylindrical Shell (GCS; Thernisien et al., 2006;
Thernisien, 2011) model. The GCS model is an empir-
ical model widely used by the solar physics community
for describing CMEs. The FRi3D model is an analytical
model that provides the geometric shape of the CME and
its deformations. It reproduces a cylindrical shell model
filled with magnetic field lines. A series of parameters,
such as the pancaking, i.e. the deformation of the frontal
part of a flux rope during the expansion in the poloidal
and toroidal direction, the flattening, which takes into
account for the compression of the front part of the flux
rope, and the rotational skew, namely the flux rope defor-
mation due to the solar rotation, permit us to model the
global shape of the CME accurately. The Lundquist model
(Lundquist, 1950) is used to characterize the helical and
twisted field lines in the force-free magnetic field distri-
bution, with the aim of determining the magnetic field
strength in a cylindrical geometry (for more details, see
Maharana et al., 2022). A series of parameters has been
set to shape the flux-rope inside the cylindrical shell:
the angular half-width (¢py), i.e., the maximum angular
extension in the azimuthal direction, the angular half-
height (¢pn), namely the maximum angular extension
in the polar direction, the toroidal height (R;) and the
poloidal height (R,), which indicates, respectively, the
heliocentric distance to the apex of the CME axis and
the radius of the cross-section at the apex of the CME.
The total speed of the CME is given by the contribu-
tion of height growth due to linear propagation and the

increase in the radial cross-section due to the pancaking
effect vsp = %(Rt + Rp) = vg, +vg,. The magnetic field
is characterized by five parameters: the tilt, i.e., the angu-
lar orientation of the CME axis measured from equatorial
plane, the magnetic flux, namely the total magnetic flux
of the CME, the twist, i.e., the number of turns in the
magnetic field, the chirality that indicates the handedness
of the flux-rope, and the polarity that gives the direction
of the axial magnetic field of the flux-rope. Finally, the
cylindrical shell is filled with a uniform-density plasma
(see Table 1 in Maharana et al., 2022).

2.3 Simulation set-up

We conducted several runs, varying parameters such
as the CME initial speed, the CME heliographic longi-
tude, and the flux rope magnetic helicity sign. The solar
wind conditions before the CME propagation have been
set as uniform, with n = 5.35cm™3, V = 472kms™!
and |B,| = 2.10nT, to flatten the influence of coro-
nal structures other than the CME. The use of EUH-
FORIA is advantageous compared to other heliospheric
models because we can set the position of the observ-
ing spacecraft, and we can fix the CME’s initial magnetic
field properties. In addition, the high spatial resolution of
EUHFORIA (Ar = 0.004 AU, A6 = 2°, A¢p = 2°) enables
the distinction, in the simulation results, between the for-
mation of the CME-driven shock wave and the shocked
sheath region preceding the magnetic cloud of the CME.

Furthermore, the orbital ephemerides of the HENON
trajectory computed by SpaceDyS have been exploited to
simulate the acquisition of measurements at nine distinct
positions along the DRO within the key region 1 (KR1;
see Fig. 2). Here, KR1 is defined as the region upstream
of the Earth, which has a geocentric angular width of
+60° with respect to the Sun-Earth line. Looking from
the Sun, the HENON longitudes in KR1 go from —6.9°
to 6.9°. Typically, HENON will spend 90days in KR1
and the rest of the year in key region 2 (KR2). For the
present runs, the minimum upstream distance of HENON
is 0.082 AU (Cicalo et al., 2025). To understand how the
V B, parameter would change along the DRO orbit and
with respect to Earth, we have inserted nine virtual space-
craft, placed in KR1, spaced by 15° in terrestrial longi-
tude, that cover the longitude range +60° (as shown in
Fig. 2) where the properties of the CME and the asso-
ciated shock wave, obtained by the simulation, will be
“monitored”. The corresponding heliocentric longitudes
are 0°, £1.4°, £2.9°, £4.7°, and +6.9°.

The simulation runs have been initialized with a CME
speed of 750 km s™!, with a mass density of 1077 kg cm ™3
and a temperature of 8 x 10°K. The time since CME
insertion, AT, is 39 h. The parameters that are kept con-
stant for all simulations are presented in Table 1. The
parameters that were varied are presented in Table 2.
In particular, the central latitude of the CME apex was
set to zero, the central longitude of the CME apex was
fixed either to zero or to +30°, with a half-angle (the
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Table 1. CME parameters used for all the simulations.

Parameter Value
AT (h) since the insertion time of the CME 39
Veme (kms™1) 750
R: (Ro) 16.5
Half height (°) 15
Tilt angle (°) 0.5
Flattening 0.5
Pancaking 0.5
Twist 1
Polarity +1
Flux (Wb) 103
Mass density (kgcm ™) 10747
Temperature (K) 8 x 10°

Table 2. CME parameters used for the runs with the
FRi3D model of EUHFORIA.

RUN1 RUN2 RUN3 RUN4 RUN5 RUNG6
Lat (°) 0 0 0 0 0 0
Lon (°) 0 0 30 30 —-30 -30
Helicity 1 -1 1 -1 1 -1

half-width) between the CME legs of 30°, a tilt angle of
0.5° (that is, the CME croissant lies in the solar equato-
rial plane), and the magnetic helicity was set to +1 for
left-handed chirality and —1 for right-handed chirality
(Maharana et al., 2022). The FRi3D chirality is imple-
mented, which uses an opposite convention with respect
to the usual one. Clearly, many other physically relevant
choices can be made for the simulation parameters, and
we consider the present runs as a first study.

3 Simulation results

Figure 3 shows the simulation for RUN1. The upper
panels show the density, rescaled by a factor (r/1AU)?,
and the lower panels show the radial velocity. For
each quantity, the left panels show an equatorial cross-
section, and the right panels show a meridional cross-
section passing through the Earth, which is indicated
by a yellow dot. The positions of the planets and the
HENON spacecraft on the equatorial plane are also indi-
cated as green squares. At approximately 0.082 AU, the
CME-driven shock exhibits a clear density enhancement
(~20 cm™3) relative to the ambient solar wind (~4 cm™3)
(see panel a), along with a significantly higher speed
of ~700kms~! compared to the background solar wind
velocity ~500kms~! (see panel b).

Figure 4 shows the time profiles of several quantities
measured by the virtual HENON spacecraft at 0.082 AU
upstream of the Earth, and at the Earth. The panels, from
top to bottom, display the magnetic field components and
magnitude, plasma number density, velocity components
and magnitude, temperature, and VB,. At AT = 39h
from the CME injection, each quantity exhibits a jump

due to the CME-driven shock crossing. Just downstream
of the shock, it is possible to recognize the sheath region
characterized by a more disordered magnetic field, where
the temperature increases abruptly. Past the sheath, the
magnetic obstacle (the core of the helical flux tube inside
the FRi3D) is located, where the magnetic field com-
ponents B, and B, are observed to show the typical
smooth rotation (Gosling, 1990), while the B, compo-
nent is almost zero. The V B, time profile has a typi-
cal behavior for many geomagnetic storms (Wang et al.,
2003), featuring small fluctuations around zero at the
shock, followed by a gradual decrease of V B,, down to
values less than —5mV/m, i.e., less than the thresh-
old usually adopted for geomagnetic storm prediction for
times longer than 3h (Gonzalez & Tsurutani, 1987). The
perturbation is first detected at HENON approximately
6h before it is observed at Earth, consistent with the
kinematic propagation of the ICMEs.

Figure 5 shows the simulated time series of all HENON
virtual spacecraft and at the Earth for RUN1. In Figure 5,
we use the following graphic conventions: the value of
V B, at the Earth is indicated by a solid green line, those
at HENON, just in front of the Earth, by the solid purple
line, those westward of the Earth-Sun line (i.e., with posi-
tive geocentric angles) by dotted lines in the shades of red,
and those eastward of the Earth-Sun line (i.e., with neg-
ative geocentric angles) by dashed lines in shades of blue.
A zoom on the negative V B, peaks is shown in the inset
of Figure 5 to better highlights the differences between
the lines corresponding to the various virtual spacecraft.

As a general remark, we can see that the overall behav-
ior of VB, is similar at the Earth and at HENON, with
little to no dependence on the longitudinal position of
the virtual spacecraft within KR1. It can be seen that
negative peak values are almost all larger at HENON, as
compared to the Earth: this can be understood as the
behavior of the transverse components of the interplan-
etary magnetic field, which scales with the heliocentric
distance as B, ~ 1/r, in agreement with the Parker spi-
ral model, and as observed in a recent survey of the IMF
(Maruca et al., 2023). With a positive helicity of the mag-
netic flux rope, the local magnetic field B, is first nega-
tive and then positive. The negative values of V' B, reach
—5mV/m for more than three hours, indicating that a
geomagnetic storm is expected. Thereafter, a prolonged
period of positive V B, is observed; this is due to the
spacecraft being crossed by the magnetic axis of the CME
magnetic flux rope, beyond which B, turns from south-
ward (B, < 0) to northward (B, > 0). The lead time is
about 5.5h when HENON is on the Earth-Sun line; one
can see that this lead time decreases to about 3.5h when
HENON is at —60° (blue dashed line).

We consider that this decrease in lead time is due to
the curved shape of the spacecraft trajectory, as shown
in Figure 2, as well as the curved CME front (e.g., Shen
et al., 2014). Interestingly, the decrease in lead time is
not symmetric for the eastward and westward positions
of HENON, as shown in Figure 5. This may be related
to the deflection in the propagation of a CME when it
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Figure 3. RUN1 simulation results at the time of arrival of the CME-driven shock at the HENON virtual spacecraft, indicated
as HNN (see legend), positioned directly in front of the Earth, along the Sun-Earth line. Top row: detrended density in the
equatorial plane (left) and in the meridional plane (right), with the colorbar on the right-hand side (panel a). Bottom row: radial
velocity in the equatorial plane (left) and in the meridional plane (right), with the colorbar on the right-hand side (panel b).
A yellow dot indicates the Earth’s position, while green squares indicate the virtual spacecraft locations. In the inset we indicated
the geocentric position of the virtual spacecraft in different colors.
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Figure 4. RUN1 simulation results. From top to bottom, the magnetic field components and strength, the plasma density,
the bulk velocity components, the plasma temperature, and the V B, parameter. Left panels: values at the HENON spacecraft
upstream of the Earth on the Earth-Sun line; right panels: values at the Earth.

interacts with the spiral magnetic field of the solar wind.
As shown by Wang et al. (2004), CMEs faster than the
ambient solar wind are deflected eastward (looking from
the Earth), while slower CMEs are deflected westward.

Figure 6 shows the same quantities as Figure 4 but
for the case of RUN2. The overall behavior is similar to
that of Figure 4. Due to this negative magnetic helicity,
the magnetic field components inside the flux rope rotate
oppositely, and therefore, the V B, is first positive and
then negative.

Figure 7 shows that in RUN2 V B, is first positive and
then negative, and the negative values are smaller than
—3mV/m for an extended period. The negative values
reached by VB, vary between —2 and —4mV/m, and
they are always greater than the —5 mV /m threshold for a
geomagnetic storm. The overall behavior is in agreement
with the results of positive magnetic helicity, that is, the
behavior of V B, at HENON is very similar to that at the

Earth, and the perturbation is detected first at HENON
with a lead time of about 5—6h.

We also conducted several numerical simulations for
the case where the CME heliographic central longitude
does not align with the Sun-Earth line. Figure 8 (RUN3)
shows the cross sections in the equatorial and merid-
ional planes of the EUHFORIA simulation for density
and radial component of the speed, when the CME is
propagating towards +30°. In such a case, both Earth and
HENON is crossed by the CME’s eastern leg. The plasma
and magnetic field parameters (not shown), for the case of
positive helicity, show the shock and the plasma sheath.
However, the increases in plasma quantities are slightly
less abrupt and have a lower amplitude than in the case
of propagation along the Sun-Earth line. This is expected
since both the Earth and the virtual spacecraft are cross-
ing the CME flank side, and almost along the flux rope
leg (see left panel in Fig. 8).
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Figure 6. Same as Figure 4, but for the case of a magnetic flux rope with negative magnetic helicity (RUN2). The magnetic
field rotates in the opposite direction, as compared to Figure 4.
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Figure 7. Same as Figure 5, but for negative magnetic helicity of the flux rope (RUN2). Now, V B, is first positive and then

negative; the negative values are smaller than —3mV/m.

The V B, parameter is shown in Figure 9a for positive
magnetic helicity and in Figure 9b for negative magnetic
helicity. From Figure 9a, we can see that the overall varia-
tions of V B, are the same at HENON and at Earth. After
the initial perturbation in VB, (caused by the arrival of
the shock and subsequent sheath), this quantity shows, a
substantial decrease of V B, within the FRi3D magnetic
flux rope is obtained. However, now the lead time varies:
while for spacecraft on positive geocentric longitudes, the
VB, variations are almost simultaneous with (or even
earlier than) those at the HENON spacecraft just in front
of the Earth (solid purple line), for a spacecraft located
at negative geocentric longitudes, the variations of VB,
are progressively delayed with respect to the brown line,
and the lead time with respect to the Earth is almost
2h when HENON is at —60° of geocentric longitude.
This can be understood by looking at the left panel in
Figure 8, which shows that the CME curved front crosses
the HENON spacecraft earlier when they are on positive
geocentric longitudes (even earlier than the spacecraft on
the Sun-Earth line), and later, when the spacecraft are
on negative longitudes. We further notice that the peak
values of VB, change with the HENON longitude, the
perturbation being larger when HENON is closer to the
CME legs.

Figure 9b shows the corresponding results for RUNA4.
Now, the values of VB, are primarily positive due to
the change in the magnetic helicity. The results are simi-
lar to those of RUN3, with a simultaneous variation of
V B, for spacecraft located in front of the Earth and
at positive geocentric longitudes, and a progressively
delayed variation of V' B, for those at negative geocentric
longitudes.

We can observe that, in the case of CME central lon-
gitude equal to 30° W, the B, measured by the various
spacecraft do not change sign as a function of time (not
shown), it being either entirely positive or negative: we
consider this to be due to the magnetic axis of the CME
leg not crossing the spacecraft.

We have carried out numerical experiments also for
the case of the CME pointing to the east (RUN5-6), i.e.,
for central apex longitude equal to 30° E: in this case, the
CME western leg is overcoming HENON and the Earth,
and the results are similar to those obtained for RUN3—
4, but with the HENON spacecraft at negative geocen-
tric longitudes seeing first the perturbation, as shown in
Figure 10. The magnetic field and plasma parameters (not
shown) at the HENON spacecraft on the Sun-Earth line
and at the Earth are very similar, with peak values being
larger at HENON.
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Figure 8. Simulation results RUN3, at the time when the CME is overcoming the HENON virtual spacecraft. Same format as

Figure 3.

The V B, parameter for RUN5 is shown in Figure 11a:
in this case, too, the overall behavior is similar at HENON
and at the Earth, but now the lead time is maximum
(~6h) for the spacecraft on negative geocentric longi-
tudes (shades of blue), while the lead time gradually
decreases to about 1h for spacecraft on positive geo-
centric longitudes (shades of red). In addition, the peak
values of V B, change with the position of the HENON
spacecraft but remain larger than the values at the Earth,
except for the spacecraft at 60° of geocentric longitude.

Figure 11b shows the corresponding results for RUNG,
with the values of V B, mainly being positive, due to the
reversal in the sign of B, registered at the virtual space-
craft after the passage of the sheath (not shown). As for
the case of positive helicity (Fig. 11a), the variations of
V' B, for spacecraft with negative geocentric longitudes
are almost simultaneous with (or even earlier than) those
at the spacecraft just in front of the Earth (solid purple
line), while for the spacecraft on positive geocentric lon-
gitudes, the variations of V' B, are progressively delayed,
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Figure 10. Simulation results for the flux rope central longitude corresponding to 30° E, at the time when the CME is
overcoming the HENON virtual spacecraft. Same format as Figure 3.

with the lead time reduced to about 1 h for the spacecraft
at +60° of geocentric longitude.

3.1 Predictive capabilities of the HENON mission

To better understand the results obtained for V B,,
we take the maximum of its absolute value as a function
of the Alert time. We define the Alert time as the dif-
ference between the time corresponding to the maximum
absolute value of V B, at each position of the HENON
virtual spacecraft and the corresponding time calculated
at Earth

Alert Time = tHENON — {Earth-

This value is of fundamental importance for the early
warning and mitigation of potentially hazardous geomag-
netic disturbances.

In Figure 12, we show the maximum of the absolute
value of VB, for each virtual spacecraft and for each
simulation. We indicate RUN1 and RUN2 with squares
and circles; RUN3 and RUN4 with crosses and pentagons;
and RUNbH and RUN6 with diamonds and triangles. For
almost all configurations of CMEs and HENON positions
within the KR1, the alert time is greater than 4h. The
largest values of max(|V B,|) are reached when the CME
is launched at 0° in both longitude and latitude (RUN1
and 2). The results from those runs are clustered in the
top left side of the panel in Figure 12. In such a branch,
we can notice that the best Alert Times are obtained
when spacecraft are located within the longitude range
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between —45° and +60°, as the CME nose impacts these
spacecraft head-on. This could be related to the interac-
tion between the background solar wind and the CME,
as the polarity of the background solar wind can influ-
ence the deformation and deflection of the CME. This
may explain why, particularly away from the nose of the
CME, the circles consistently shows a longer Alert Time
than the squares.

Several differences arise when the CME is directed
westward (RUN3 and 4) or eastward (RUN5 and 6) with
respect to the Sun. It is evident that, in these cases, the
values of max(|V B,|) are lower than for RUN1 and 2,
as these virtual spacecraft have crossed the flank of the
CME. Another surprising result concerns the Alert Time
values, which in most cases are also greater than the pre-
vious ones. The best values are reached in RUN4 with an
alert time of about 6 h.

Although the max(|V B,|) values oscillate between 3.5
and 5.0mV/m, the corresponding Alert Times differ sig-
nificantly. One would expect the CME to exhibit a sym-
metric behavior, giving rise to similar results in the Alert
Time; however, a CME propagating westward arrives ear-
lier than the one directed eastward. This can be related to
the deflection of the CME in the interplanetary medium,
as explained in Wang et al. (2004, 2014) and Zhuang et al.
(2019). Indeed, in each run the CME speed exceeds that
of the ambient solar wind, and the CME interacts with
the Parker spiral field lines, which act like a “wall”. This
interaction produces a slight eastward deflection, even
during radial propagation. Overall, the CME is guided
in the direction of the spiral winding, i.e., the Parker
spiral acts as a magnetic barrier, enhancing its motion
in the eastward direction. This may explain why the

Alert Times are longer in the case of westward-directed
CMEs than in eastward-directed ones. In each simula-
tion, virtual spacecraft are distributed over both posi-
tive and negative longitudes. However, when a fast CME
is directed westward, it reaches the spacecraft at posi-
tive longitudes earlier than in the case of an eastward-
directed CME reaching spacecraft at negative longitudes.
In a symmetric scenario, one would expect that, for an
eastward-directed CME, the spacecraft at negative lon-
gitudes would experience similar Alert Times. The fact
that this is not observed suggests that the Parker spiral
influences the CME propagation, effectively deflecting it
in its direction of rotation, and causing an earlier arrival
at the spacecraft located westward.

4 Conclusions

In this work, we investigated the potential of the
HENON mission to serve as a forward observatory, pro-
viding timely SW alerts for CME events. HENON is a
space mission designed to fly on a distant retrograde orbit
around the Earth at an upstream distance of approxi-
mately 0.1 AU, allowing for advanced-time observations
of SW perturbations that will impact Earth. To assess the
relationship between delayed measurements at HENON
and Earth, we focused on the V B, parameter, which
is considered a good predictor of the geomagnetic Dst
index. An in-situ monitor like HENON is crucial to mea-
sure accurate magnetic field perturbations, in particular
because the geoeffectiveness of a CME strongly depends
on the sign of B,. To explore the effects of an SW
event along the whole KR1 of the orbit, we performed
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6 different EUHFORIA simulations using the magne-
tized CME model FRi3D (Maharana et al., 2022). We
positioned nine virtual spacecraft in front of the Earth
within the KRI1, covering geocentric longitudes from
—60° to 60°, which correspond to heliocentric longitudes
from —6.9° to 6.9°. For the present runs, the minimum
upstream distance of HENON is 0.082 AU.

For the cases where the central apex longitude of the
CME is zero (RUNTI and 2), that is, the CME is propagat-
ing along the Sun-Earth line, the simulation results show
that the overall behaviour of V B, is similar at HENON
and on Earth, even when measurements are obtained at
the limits (extremal longitudes) of KR1. This confirms
the efficacy of the HENON mission for predictive pur-
poses. With a positive helicity of the magnetic flux rope,
the local magnetic field B, is first negative and then pos-
itive. With the simulation parameters adopted, the neg-
ative values of VB, reach —5mV/m for more than three
hours, indicating that a geomagnetic storm is likely to
occur. Thereafter, a prolonged period of positive VB,
is obtained. According to the simulation results, a CME
with positive helicity (RUN1) values appears to be more
hazardous than one with negative helicity values (RUN2).
As a consequence of the mission design, the variations of
V B, are detected at HENON with about 3.5 to 5.5h of
lead time for a CME propagating at more than 600 km s~*
along the radial direction. This represents a substantial
improvement with respect to the observations carried out
by spacecraft at L1. It is also found that the peak values of
V B, (positive and negative) are higher at HENON, com-
pared to the Earth; this is understood as the transverse
components of the interplanetary magnetic field scale
with the heliocentric distance as ~1/r. Therefore, when
using the threshold for the onset of geomagnetic storms,
typically VB, < —5mV/m, one should take into account
that the magnetic field transverse components at HENON
are larger than those at Earth by a factor that depends on
the heliocentric distance of HENON (rpgnon). In other
words, to compare V B, with the typical thresholds at
Earth, the magnetic field should be multiplied by the fac-
tor THENON /TEarth < 1. We point out, however, that other
scalings for the magnetic field intensity in the magnetic
flux rope of CMEs has been found (e.g., Davies et al.,
2021), a possibility which should be taken into account.
The radial dependence of the magnetic field magnitude
has also been extensively investigated and reported to
scale roughly as r—1'6 in the inner heliosphere up to 1 AU
(Maruca et al., 2022).

The lead time is approximately 5.5h when HENON
is on the Sun-Earth line; it can be seen that this lead
time decreases to about 3.5h when HENON is at £6.9°
of heliocentric longitudes, corresponding to £60° of geo-
centric longitudes. We consider that this decrease in the
advance time is due to the curved shape of the trajec-
tory as well as to the curved CME front. These varia-
tions should also be taken into account when using the
forthcoming HENON data for geomagnetic storm predic-
tions. For the cases when the CME apex central longi-
tude is not pointing directly to the Earth (RUN3 and

6), but is at £30° as in Figures 8-10, the shape of the
perturbed V B, is similar at HENON and at the Earth,
but now the lead time varies: it is maximum, e.g., 6h
or more, when HENON is on the longitudes closest to
the CME main direction of propagation, and up to the
spacecraft on the Sun-Earth line; then the lead time grad-
ually decreases, reaching a minimum of about 1—2h for
the case when HENON is on the edges of KR1, farthest
from the CME trajectory. Therefore, in addition to know-
ing the HENON position on the orbit, it is crucial to
understand the propagation direction of the CME.

Finally, we constructed a plot of the maximum value of
|V B,| as a function of the Alert Time. The Alert Time is a
relevant parameter derived in this work, as it provides an
estimate of the signal delay between Earth and the posi-
tion of the virtual spacecraft. Furthermore, we found that
changing the CME’s longitude affects the signal detected
by the virtual spacecraft: contrary to expectations, minor
differences emerge depending on the CME’s direction. In
fact, in the case of a westward-propagating CMEs, the
virtual spacecraft located at positive longitudes exhibits
longer Alert Times compared to the case of an eastward-
directed CME. In a symmetric scenario, we would expect
similar behavior for spacecraft located at negative longi-
tudes, but this does not appear to occur. This asymmetry
can be explained by the deflection in the CME propaga-
tion described by Wang et al. (2004, 2014) and Zhuang
et al. (2019), who showed that a CME interacting with
the interplanetary magnetic field will be deflected toward
the east when it propagates faster than the background
solar wind, and toward the west when it propagates slower
than the background solar wind, due to the pileup of solar
wind plasma ahead of or behind the CME. In the present
simulations the CME speed is of the order of 700 kms™—!
during the whole propagation outwards, while the back-
ground solar wind speed is below 500kms~!. Because
the CME propagates faster than the ambient solar wind,
an eastward deflection is observed. This is evident in
Figure 3, which is slightly asymmetric and oriented
eastward.

In this work, we present the simulation results for several
cases. Clearly, different parameters like the flux rope tilt,
the central apex longitude and latitude could be adopted,
also keeping in mind that CMEs frequently are not cen-
tered on the heliographic equator (e.g., Zimbardo et al.,
2023). When the CME is close to the heliographic equa-
tor and the central apex longitude is between 0° and +30°,
we can expect that the results for VB, are intermedi-
ate between those shown here. Another issue to consider
that the initial CME magnetic flux rope adopted in the
simulations has a well-structured magnetic field configu-
ration, which is reflected in the regularity and smooth-
ness of the numerical results we have shown. However,
real CMEs have a more complex and irregular magnetic
structure, and even are deformed by their interaction with
the background solar wind (Mayank et al., 2024), which
could lead to larger differences in the V B, profiles at the
Earth and HENON, compared to those reported here. It
should also be kept in mind that numerical simulations
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have to make a number of simplifying assumptions. There-
fore, the simulation results are important to develop the
measurement scenario of the HENON project, but some
degree of uncertainty regarding the above results should be
taken into account. In addition, global heliospheric simu-
lations cannot account for the small-scale interactions of
CMEs with the turbulence of the interplanetary medium,
which can lead to deformations and diffusion of structures
on small scales (Sangalli et al., 2025).

We now note the following: a future development of
the HENON space mission for continuous SW monitor-
ing requires flying four spacecraft on the DRO, so that
at least one spacecraft will always be in the KR1 orbit.
This means that when one spacecraft is close to the limits
of KR1 and on the opposite side of a CME propagating
at, say, 30° W, there will be another spacecraft in KR2
(see Fig. 2) that will be in a favorable position to observe
the passing CME. For instance, referring to Figure 9, a
spacecraft in KR2 at geocentric longitudes between 60°
and 90°, close to the CME, would observe a V B, with a
timing and intensity similar to those observed by a nearby
spacecraft in KR1 at 45° or 60° of geocentric longitude.
Such observations would have a lead time of ~6h, and
would be very useful for geomagnetic storm predictions.
Therefore, even a spacecraft in KR2 can play a signif-
icant role in SW, although the presence of small-scale
structures, as discussed above, should be considered. Fur-
ther simulations exploring different CME speeds, helio-
centric longitudes and flux ropes tilts are planned and
will be included in a dedicated database and described in
a forthcoming paper.

These findings highlight that a robust space
weather prediction infrastructure must incorporate,
beside upstream in-situ monitors like HENON, continu-
ous monitoring of solar eruptive activity (Vourlidas et al.,
2019). This is essential for accurately determining the rel-
ative positions of HENON and any propagating CME, as
our analysis demonstrates that the lead times, peak val-
ues of VB, and the feasibility of utilizing data from a
spacecraft in KR2 depend critically on this relative posi-
tioning. We can conclude that the propagation direction
of a CME is of fundamental importance in determining
the potential severity of a geomagnetic storm. As shown
by the simulations carried out, it is possible to issue a
significant alert with a lead time of up to 6h when the
CME is directed frontally toward the Earth. An alert of
a few hours is also possible, even when the CME is not
precisely aligned with the Sun—Earth line. This represents
an excellent result for geomagnetic storm forecasting, as
it allows us to predict well in advance whether a specific
event may pose a risk to space weather—related activities.

The increasing demand for reliable space weather
forecasts necessitates a concerted effort from the helio-
physics community to develop synergistic approaches that
integrate both in-situ missions and remote observatories
(Long et al., 2023). Current missions, such as Parker Solar
Probe and Solar Orbiter, has significantly improved our
knowledge of solar dynamics through in-situ observations
near the Sun. Upcoming missions at L4 and L5, such

as Vigil, will help to improve early detection of Earth-
directed solar events. Polarized images from the new
PUNCH mission can discern the direction of propagation
of CMEs at their early onset, providing timely alerts for
the whole network of remote and in-situ detectors such
as HENON. Notably, the imminent and unprecedented
observations provided by the PUNCH mission perfectly
complement the in situ measurements from HENON,
thereby enhancing our collective predictive capabilities.
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