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Abstract In this paper, we investigate the interaction of a magnetic cloud (MC) with a planetary bow
shock using hybrid simulations. It is the first time to our knowledge that this interaction is studied using
kinetic simulations which include self-consistently both the ion foreshock and the shock wave dynamics.
We show that when the shock is in a quasi-perpendicular configuration, the MC’s magnetic structure in the
magnetosheath remains similar to that in the solar wind, whereas it is strongly altered downstream of a
quasi-parallel shock. The latter can result in a reversal of the magnetic field north-south component in some
parts of the magnetosheath. We also investigate how the MC affects in turn the outer parts of the planetary
environment, i.e., from the foreshock to the magnetopause. We find the following: (i) The decrease of
the Alfvén Mach number at the MC’s arrival causes an attenuation of the foreshock region because of the
weakening of the bow shock. (ii) The foreshock moves along the bow shock’s surface, following the
rotation of the MC’s magnetic field. (iii) Owing to the low plasma beta, asymmetric flows arise inside
the magnetosheath, due to the magnetic tension force which accelerates the particles in some parts of the
magnetosheath and slows them down in others. (iv) The quasi-parallel region forms a depression in the
shock’s surface. Other deformations of the magnetopause and the bow shock are also highlighted. All these
effects can contribute to significantly modify the solar wind/magnetosphere coupling during MC events.

1. Introduction

Interplanetary coronal mass ejections (ICMEs) are large-scale solar wind transients associated to huge erup-
tions in the solar corona, the so-called coronal mass ejections (CMEs). When directed earthward, ICMEs often
drive intense magnetic activity in the terrestrial magnetosphere and thus play a central role in space weather
at Earth. Magnetic clouds (MCs) are a subset of ICMEs characterized by a specific flux rope-like structure, which
have been shown to be particularly geoeffective [e.g., Echer et al., 2008a, 2008b; Yermolaev et al., 2012]. As first
defined by Burlaga et al. [1981], MCs are identified by an enhanced magnetic field which rotates smoothly over
a large angle, accompanied by a depressed proton temperature. MCs are large-scale structures: the smooth
rotation of their magnetic field unfolds over time intervals ranging from several hours to several days [Lepping
et al., 2006].

In order to predict their near-Earth’s consequences, considerable effort has been made over the last decades
to find correlations between the MCs’ properties in the upstream solar wind and the level of disturbances they
induce in the magnetosphere [Zhang et al., 2004; Huttunen et al., 2005; Echer et al., 2005; Gopalswamy et al.,
2008; Kilpua et al., 2012]. These statistical studies reveal that the presence of southward magnetic fields inside
the MC generally leads to the development of a geomagnetic storm. However, in some cases, this relationship
is not straightforward. For example, it has been shown that a substantial fraction of MCs with southward fields
does not trigger significant magnetospheric activity [e.g., Zhang et al., 2004; Huttunen et al., 2005; Gopalswamy
et al., 2008]. Therefore, to further of our understanding of MCs’ geoeffectivity, it is necessary to examine in
more detail their interaction with the terrestrial environment.

When MCs arrive in the vicinity of Earth, they first encounter the bow shock, which slows down the incoming
supermagnetosonic flow to submagnetosonic speeds. Then they propagate into the region of shocked
plasma called the magnetosheath, before impinging on the magnetopause. The magnetosheath acts as an
interface between the solar wind and the magnetosphere and mediates the energy transfer from the former
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to the latter. It is also the magnetosheath magnetic field which ultimately reconnects with the Earth’s

magnetic field. A number of recent studies [Lavraud and Borovsky, 2008; Šafránková et al., 2009; Lopez et al.,

2011; Farrugia et al., 2013; Turc et al., 2014a, 2014b] suggest that the bow shock and the magnetosheath may

play a key role in the solar wind-magnetosphere interaction during MC events, which is generally overlooked.

Owing to their enhanced magnetic field, which is often accompanied by a depressed proton density, the

Alfvén Mach number MA is usually lower during MCs than in the quiet solar wind, and the plasma 𝛽 , ratio

between the thermal and magnetic pressures, drops frequently below 1. When such conditions prevail, the

magnetic forces are expected to dominate the dynamics of the magnetosheath, giving rise to a number of

unusual features that could influence the solar wind/magnetosphere coupling, as detailed for example in

Lavraud and Borovsky [2008]. In particular, enhanced flows exceeding the solar wind speed can arise in the

nightside magnetosheath, near the flank magnetopause [Rosenqvist et al., 2007; Lavraud et al., 2007; Fairfield

et al., 2007; Lavraud and Borovsky, 2008; Erkaev et al., 2011, 2012; Farrugia et al., 2013; Lavraud et al., 2013]. Their

location depends on the orientation of the upstream magnetic field [Lavraud et al., 2013]. Also, the plasma

depletion layer is particularly extended and could thus control to a large extent how energy and momentum

are transferred through the magnetopause [Farrugia et al., 1995, 2013]. In addition, the low MA alters the bow

shock compression ratio, which becomes much more sensitive to modest variations in the upstream solar

wind parameters [Lopez et al., 2004, 2011]. More importantly, Lopez et al. [2011] show that the near-Earth

current system can be profoundly modified during low MA conditions, and, as a consequence, the solar wind

energy transferred to the magnetosphere would be primarily extracted at the bow shock.

On the other hand, the bow shock alters in return the properties of MCs. It can in particular modify their

magnetic structure, as shown for example in Turc et al. [2014a] with a magnetosheath model and Turc et al.

[2014b] using spacecraft observations. The extent of this alteration depends on the local geometry of the

shock. It becomes significant when the shock configuration turns quasi-parallel, i.e., when the normal to its

surface becomes nearly parallel to the upstream magnetic field. In this case, deviations of up to 60∘ have been

observed between the magnetic field orientation in the solar wind and in the magnetosheath.

The aim of the present work is to investigate the consequences of the bow shock’s crossing on the magnetic

structure of MCs by the means of hybrid simulations. To our knowledge, previous numerical studies of the

interaction of MCs with the Earth’s environment have all been conducted on magnetohydrodynamic (MHD)

simulations and focus primarily on the effects of MCs inside the magnetosphere [e.g., Goodrich et al., 1998;

Lopez et al., 2000, 2001; Luhmann et al., 2004]. A number of works [e.g., Yan and Lee, 1996; Šafránková et al.,

2007; Němeček et al., 2011, and references therein] also investigate the impact on the terrestrial bow shock

of interplanetary shocks, which can be associated to MCs, with a primary interest in waves, instabilities, and

discontinuities generated by this interaction. In the present study, however, we focus on the inner part of the

MC, characterized by their enhanced and slowly rotating magnetic field, and not on the discontinuities that

may precede it and would result in a completely different type of interaction. In the case studied here, the

bow shock experiences a slow rotation of the upstream magnetic field as the MC passes by, which can be

considered as a succession of quasi-stationary states.

Numerical simulations of the MC/bow shock interaction will provide us with the global context unattainable

with localized spacecraft observations such as those reported by Turc et al. [2014b]. Also, in contrast to the

Turc et al. [2014a] semianalytical model, the response of the planetary environment to the slowly changing

upstream parameters, as well as the alteration of the MC across the bow shock, are self-consistently derived

from basic equations in numerical simulations. Therefore, we will be able to investigate how the MC affects

the outer parts of the planetary environment, from the bow shock to the magnetopause, and how the energy

is distributed inside the magnetosheath. In addition, the use of the hybrid formalism will allow us to examine

the quasi-parallel region of the bow shock, and in particular its associated ion foreshock.

The simulation code used in this work and its adaptation to the purpose of this study are presented in

section 2. In sections 3 and 4 we describe the results of two simulation runs, corresponding to two different

MCs leading to a different interaction with the bow shock. Section 5 concludes this paper with a summary

and a discussion.
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2. Simulation Model

The hybrid approach treats the electrons as a fluid but retains the ion dynamics and thus offers a trade-off
between fully kinetic and magnetohydrodynamic (MHD) simulations. This formalism is employed for two
main reasons. First, the quasi-parallel shock configuration, which is of particular importance in the interaction
of MCs with the bow shock [Turc et al., 2014a, 2014b], is a highly complex region where the ion dynamics
play a paramount role. Therefore, the fluid description of the plasma is not sufficient to capture all the
features associated with this shock regime and especially the development of the foreshock region upstream
of the quasi-parallel bow shock. Second, the problem that is addressed here is essentially three-dimensional in
nature, as the MC’s magnetic field can rotate in a nonplanar fashion and assume any orientation. Also, we want
to investigate the large-scale phenomena taking place inside the magnetosheath. Our study thus requires a
3-D global simulation, which rules out a full particle treatment; hence, our choice of hybrid simulations.

This work is based on the parallel hybrid code developed by Modolo et al. [2005] which describes the inter-
action of the solar wind with a planetary environment. Initially designed for martian studies [Modolo et al.,
2005, 2006], this model has been adapted since then to various solar system bodies, such as Titan [Modolo
and Chanteur, 2008], Mercury [Richer et al., 2012], or Ganymede (L. Leclercq et al., 3D magnetospheric parallel
hybrid multi-grid approach applied to planetary space physics, submitted to Journal of Computational Physics,
2015, hereinafter referred to as L. Leclercq et al., submitted manuscript, 2015). We adapt it to describe the
interaction of an MC with the terrestrial bow shock.

In hybrid simulations, the ions are described by macroparticles whose dynamics are determined from the
equations of motion as if they were physical charged particles, whereas the electrons are considered as a
massless fluid ensuring the charge neutrality of the plasma. The electronic fluid contributes to the total
pressure and the currents, and electrons are assumed to behave adiabatically in our simulations. In the code
we use, the system of equations controlling the time evolution of the electromagnetic fields and the motion of
the particles is solved using the Current Advance Method and Cyclic Leapfrog (CAM-CL) algorithm [Matthews,
1994]. Moments are computed from particle deposition on the simulation grid using a Cloud-In-Cell approach
[Birdsall and Langdon, 1985]. It is a standard procedure to determine moments from particle-in-cell models.
At each time step moments and magnetic field are smoothed to limit numerical noise (L. Leclercq et al.,
submitted manuscript, 2015).

The coordinate system which will be used throughout this paper is defined as follows: its origin is set at the
center of the obstacle, i.e., the Earth, with the x axis pointing sunward; the incoming solar wind flows along
the −x direction. The z axis is parallel to the planetary dipole’s axis, and y completes the right-handed triple.
Open boundary conditions are used in the x direction, on the entry and exit faces, while periodic conditions
are applied along the y and z directions, transverse to the solar wind flow.

2.1. Planetary Environment
In this study, we do not reproduce the terrestrial environment in its actual dimensions, which would require
the simulation to be run on tens of thousands of cores [Karimabadi et al., 2011], but we create a planetary envi-
ronment whose characteristics mimic Earth’s at a smaller scale, as is generally done in hybrid simulations [e.g.
Omidi et al., 2005; Blanco-Cano et al., 2006; Omidi et al., 2014; Karimabadi et al., 2014, and references therein].
Note that neither the ionospheric nor the magnetospheric plasma are included in our simulations. However,
since we focus on the outer parts of the planetary environment, from the foreshock to the magnetopause,
this should not affect our results. More precisely, we set the intensity of the dipole moment so that the curva-
ture of the bow shock and the magnetopause, relative to the size of the magnetic obstacle, are close to those
observed at Earth for similar incoming solar wind parameters. The reduced computational cost of our simu-
lations allows us to investigate how different orientations of the MC’s magnetic field influence its interaction
with the bow shock, while keeping unchanged the main features of this interaction. Additional constraints
are that the flanks of the bow shock must not reach the lateral faces of the simulation domain because of the
periodic boundary conditions along y and z, and that the magnetosheath must be large enough, i.e., a width
of at least several grid cells, to allow for investigation of the MC’s structure in this region.

The simulation box used in this work is a 3-D uniform cartesian grid with a spatial resolution of 1 c∕𝜔pi (ion
inertial length in the undisturbed solar wind, where c is the speed of light and𝜔pi the ion plasma frequency),
as used for example in Omidi et al. [2013, 2014] and in one of the runs presented in Karimabadi et al. [2014]. The
simulation domain comprises 200 × 550 × 550 cells, along x, y, and z respectively, and each of them contains
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10 particles at the beginning of the simulation. The distribution of the cells along the different directions is
chosen to match the geometry of the simulated environment, namely, the large flaring of the bow shock.

The dipole moment is set to 𝜇 = 8.1011μT ⋅ m3. The relative shapes of the magnetopause and the bow shock
are compared to those found at Earth for similar solar wind conditions. The Shue et al. [1998] and the Jeřáb
et al. [2005] models are taken as references for the magnetopause and bow shock shapes, respectively, as was
done in previous MC studies [Turc et al., 2013, 2014a]. For each boundary, we compare the ratio between the
geocentric distances at the terminator and at the subsolar point in the simulation and in the models and we
find a good agreement. According to the study by Omidi et al. [2004], if the distance of the magnetopause
subsolar point from the center of the obstacle exceeds 20 c∕𝜔pi, the structure of the magnetosphere should
be similar to that of Earth. In our simulation, the magnetopause nose is located at around 25 c∕𝜔pi from the
center of the obstacle, which is above the threshold set by Omidi et al. [2004]. Therefore, the structure of the
terrestrial magnetosphere should be correctly reproduced in our smaller-scale magnetosphere. Also, the basic
processes taking place at the shock should resemble those observed at Earth [Omidi et al., 2005].

The subsolar point of the terrestrial magnetopause is found on average at around 640 c∕𝜔pi from the Earth’s
center. The simulated magnetosphere is thus 26 times smaller than the actual magnetosphere. A similar
scaling factor, about 20, is also obtained for the magnetosheath width at the subsolar point. The slight
difference between these two scaling factors is probably due to the fact that the bow shock standoff distance
not only depends on the size of the obstacle but also on its shape [e.g., Farris and Russell, 1994] which varies
with the dipole strength. This implies that the transit time inside the simulated magnetosheath is roughly
20 times shorter than in reality, of the order of 10 s instead of a few minutes. The small size of the simulated
magnetosheath will most likely affect the development of some types of waves inside this region. For instance,
because of the short transit time, the modes with a rather low growth rate may not have time to develop
before reaching the magnetopause. Similarly, in the foreshock, a larger system would allow more time for
waves to evolve and steepen and more space for wave-particle interactions to occur.

The total number of particles in our simulations is relatively high, 605 × 106 particles, compared for example
to the 60×106 particles used by Omidi et al. [2013] in 2-D simulations or to the 300×106 used by Lin and Wang
[2005] in 3-D simulations. As concerns the number of particles per cell (Nppc), there are very large disparities in
published works: it ranges from a few [Modolo et al., 2005] to a few tens [Omidi et al., 2005; Blanco-Cano et al.,
2006; Omidi et al., 2013] and up to several hundreds of particles [Lin and Wang, 2005; Karimabadi et al., 2014].
In our case, the Nppc is in the lower part of this distribution despite the large total number of particles because
our simulation domain is 3-D and comprises a rather large number of cells in all three directions. It remains
nevertheless acceptable, and the code we are using is robust enough to accommodate small Nppc [Modolo
et al., 2005]. This rather low Nppc could result in an imprecise description of the high-energy tail of the ion
distribution, due for instance to acceleration at the bow shock, because of the lack of statistics. However, as
will be shown later, it is sufficient to describe the processes of interest here, namely, the global features and the
wave properties of the foreshock and allows us to perform 3-D global simulations of a planetary environment.

2.2. Simulating the Magnetic Cloud
As our main interest lies in the magnetic structure of MCs, i.e., their enhanced and smoothly-rotating magnetic
field, all the other solar wind parameters (density, velocity, and temperature) will be kept constant throughout
the simulation. Therefore, we will not model the shock nor the sheath which often precede MCs but only their
inner part which can be described by a flux rope [Burlaga, 1988]. This allows us to disentangle the effects of
the MC proper from those due to its sheath, which are known to drive different types of activity in the Earth’s
magnetosphere [Huttunen et al., 2002; Huttunen and Koskinen, 2004]. The ion density is set to 6 cm−3 and the
bulk flow velocity to 500 km ⋅ s−1. The initial Alfvén Mach number is equal to 5.6 and the plasma 𝛽 to 0.32.

To describe the MC’s magnetic structure, a time-varying interplanetary magnetic field is imposed on the entry
face of the simulation, which is then convected by the solar wind flow across the simulation domain. Since
MCs are huge structures compared to the size of the Earth’s environment [e.g., Lepping et al., 2006], we neglect
their curvature, and thus, the same magnetic field is applied to all the cells of the entry face at a given time.
Note that in order to ensure that the magnetic field remains divergence free at the boundary, its Bx component
cannot be modified in the course of the simulation. The rotation of the magnetic field will then necessarily be
performed in the YZ plane. This also implies that the increase of the magnetic field magnitude will only affect
the By and Bz components.
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Figure 1. Observations from virtual spacecraft inside the magnetosheath (red: in the subsolar region; green: in the dawn
flank; blue: in the dusk flank) and input magnetic field at the entry of the simulation domain (black). (first to fifth panels)
Magnetic field magnitude, cone angle, clock angle, ΘBn encountered upon entering the magnetosheath, and the angle
𝜓 between the magnetic field in the solar wind and in the magnetosheath.

The simulation is divided into three phases, which are schematized in the upper part of Figure 1 and are
defined as follows:

Step 1. From t = 0 to t = 150 Ω−1
ci , where Ωci is the proton gyrofrequency, the magnetic field lies in the

equatorial plane, with a given angle between Bx and By , and its intensity is set to a constant B = 10 nT. In this
initialization phase, the magnetosphere and the bow shock form from the interaction of the dipolar field with
the incoming solar wind and reach a steady state.

Step 2. From t = 150 Ω−1
ci to t = 213 Ω−1

ci , the magnitude of the By component is increased from By0
to 3By0

,
following a hyperbolic tangent. The Bx component remains unchanged. The enhancement of the magnetic
field strength spans 10𝜏ci ≃ 63 Ω−1

ci , where 𝜏ci is the ion gyroperiod, to give time to the ions to adapt to the
changing magnetic field. Note that if Bx ≠ 0 this will modify the magnetic field direction. The duration of Step 2
is about 1 min in real time, which corresponds to the time scale of the increase of the magnetic field strength
observed at an MC’s arrival.

Step 3. From t = 213 Ω−1
ci to t = 1000 Ω−1

ci , we perform a 90∘ rotation of the magnetic field direction about the
x axis. The magnetic field then rotates from the XY to the XZ plane. When the Bx component is negligible, the
time-varying magnetic field follows the flux rope model of Burlaga [1988] which is based on Bessel’s functions.
In order to separate the effects of the changes in the magnetic field strength and direction, the magnetic field
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magnitude is kept constant during this third phase. The duration of the MC, scaled to the transit time in our
simulation domain, is consistent with that of an MC passing by the Earth’s magnetosphere.

In Step 3, we only model the first half of an MC, since the simulation ends when the magnetic field lies in the
XZ plane. In the second part of the event, the magnetic field direction would rotate back into the XY plane,
pointing this time in the opposite direction along the y axis. This would lead to a similar interaction as in Step 3,
mirrored relative to the XZ plane because of the change of sign of the By component. The transit time inside
the simulation domain is 36 Ω−1

ci , which is much shorter than the duration of Step 3. Therefore, the rotation of
the MC’s magnetic field is slow enough to be considered as a succession of quasi-stationary states. The total
duration of the simulation is 1000 Ω−1

ci , and the chosen time step is 0.05 Ω−1
ci . In this paper, we will discuss

two simulations, corresponding to two orientations of the magnetic field direction and thus to a different
configuration at the bow shock.

3. Simulation 1: Magnetic Cloud With a Negligible Bx Component

In the first simulation described in this paper, hereafter referred to as Simulation 1, we choose an orientation
of the MC’s magnetic field which is similar to one of the cases examined by Turc et al. [2014a]. As this MC
configuration leads to a rather simple interaction with the bow shock, i.e., to a mostly quasi-perpendicular
geometry, the results we obtain with the hybrid code can be directly compared to previous modeling and
observational studies carried out in the Earth’s environment for similar conditions [Turc et al., 2014a, 2014b].
The value of the angle between the magnetic field and the flow direction, the so-called cone angle, is set to
85∘. The Bx component is thus negligible during the entire simulation, so that the entire dayside bow shock
is in a quasi-perpendicular geometry. At the beginning of the run, the magnetic field is aligned with the y
direction, and |By| = 10 nT. In Step 2, it increases to 30 nT, causing the MA to decrease to 1.8 and the upstream
plasma 𝛽 to 0.036. Then in Step 3 the magnetic field rotates from the y to the z direction.

3.1. Alteration of the MC’s Structure
Similarly to what was done in Turc et al. [2014a], we use virtual spacecraft located in different regions of
the equatorial magnetosheath to investigate the evolution of the magnetic field downstream of the bow
shock as the MC passes by. The red curves in Figure 1 correspond to the subsolar region (spacecraft position:
x = 40 c∕𝜔pi, y = 0, z = 0), while the green and blue spacecraft probe the dawn (x = 0, y =−80 c∕𝜔pi, z = 0)
and dusk (x = 0, y = 80 c∕𝜔pi, z = 0) side magnetosheath, respectively, in the terminator plane (x = 0). The
magnetic field in the solar wind is drawn in black dashed curves. The interval displayed in Figure 1 excludes
the initialization phase, which is not relevant for our study, and thus ranges from t = 150 Ω−1

ci to t = 1000 Ω−1
ci .

The first panel of Figure 1 shows that the three virtual spacecraft in the magnetosheath encounter an
enhanced magnetic field, compared to that in the upstream solar wind, due to the expected magnetic com-
pression caused by the bow shock’s crossing. Owing to the piling up of the field lines, the magnetic field
strength is highest in the subsolar region (red curve). The slight delay between the increase of the magnetic
field magnitude in the solar wind (black dashed curve) and in the magnetosheath (blue, green, and red curves)
is due to the fact that it takes about 20 Ω−1

ci for the solar wind to propagate from the entry of the simulation
domain to the terminator plane.

The magnetic field cone angle (second panel of Figure 1) remains roughly unchanged in the subsolar magne-
tosheath (red curve) but varies by up to 30∘ on the flanks of the magnetosheath at the beginning of the MC,
either increasing (dawn side, green curve) or decreasing (dusk side, blue curve). The direction of variation of
the cone angle on either sides of the magnetosheath is consistent with the draping of the field lines around
the magnetosphere. As time progresses, the cone angle returns gradually to a value similar to that in the solar
wind because of the rotation of the upstream magnetic field from the y to the z direction. At the end of the
simulation, the draping no longer alters the orientation of the magnetic field lines in the equatorial plane. The
third panel of Figure 1 shows the magnetic field clock angle, i.e., the polar angle of the magnetic field in the YZ
plane relative to the z axis. In the solar wind (black dashed curve), the clock angle increases from −90∘ to 0∘ as
the magnetic field rotates from the XY to the XZ plane. The same rotation is observed in the magnetosheath
(solid curves), with only minor discrepancies on the flanks (green and blue curves).

In the fourth panel of Figure 1 are displayed the values of ΘBn, the angle between the normal to the bow
shock, and the upstream magnetic field. To determine the ΘBn values, we first trace back the flow lines from
a given virtual spacecraft inside the magnetosheath to the bow shock. The shock’s surface is identified as an
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Figure 2. Total ion velocity in two 2-D cuts of the simulation domain, (left) in the equatorial plane and (right) in the
noon-midnight meridian plane, at the end of the run (t = 1000 Ω−1

ci ). The white curves in the Figure 2 (right) show two
example magnetic field lines. The black arrows illustrate the orientation of the magnetic tension force inside the
magnetosheath. Note that the magnetosphere, defined as the region where n < 1.5 cm−3, has been cut out in
this figure.

isovalue surface of the magnetic field, and we use the normal to this surface to calculate the obliquity angle.
We find that ΘBn ranges between 60∘ and 90∘; that is, the shock is in a quasi-perpendicular configuration
upstream of all three spacecraft. The angle 𝜓 in Figure 1 (fifth panel) quantifies the variation of the magnetic
field orientation from the solar wind to the magnetosheath. The values of𝜓 are quite low, in particular, in the
subsolar region (red curve) where they remain below 5∘, indicating that the magnetic structure of the MC is
essentially unchanged. Upstream of this spacecraft, ΘBn stays close to 90∘ during the entire MC. Farther on
the flanks (blue and green curves), 𝜓 does not exceed 30∘ and decreases as ΘBn increases. This suggest that
the alteration of the magnetic field orientation across the bow shock is closely related to the value of ΘBn

encountered upon entering the magnetosheath.

Figure 1 (fourth and fifth panels) can be directly compared to the two bottom panels in the first half of Figure 6
in Turc et al. [2014a], since it corresponds to a similar MC configuration. Note that the simulation ends when
the central axis of the flux rope reaches Earth, and not after the whole flux rope has passed, because only
the sign of the By component differs from the first half to the second half of the event considered here. The
only difference is the sign of the Bz component upstream of the bow shock which is positive in Simulation
1 in order to prevent possible reconnection processes in the subsolar region, as they are not described in
the Turc et al. [2014a] model. We find a very good agreement between the two approaches. Moreover, the
absence of significant alteration of the MC’s magnetic structure downstream of the quasi-perpendicular bow
shock and the anticorrelation between ΘBn and 𝜓 is confirmed by spacecraft observations inside the Earth’s
magnetosheath [Turc et al., 2014b].

3.2. Impact of the MC on the Magnetosheath
In addition to the impact of the bow shock’s crossing on the MC’s structure, the hybrid model also allows us to
investigate the response of the planetary environment to the MC’s passage. First, the decrease of the Alfvén
Mach number, due to the increase of the magnetic field strength at the MC’s arrival, causes a sunward motion
of the bow shock, consistent with theoretical expectations and spacecraft observations [e.g., Spreiter et al.,
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Figure 3. (top, middle, and bottom) Thermal pressure gradient along x,
magnetic pressure gradient along x, and magnetic tension along x.
The color maps are drawn in the terminator plane (x = 0) at the end
of the run (t = 1000 Ω−1

ci ). Note that the magnetosphere, defined as
the region where n < 1.5 cm−3, has been cut out in this figure.

1966; Farris and Russell, 1994; Farrugia
et al., 1995; Fairfield et al., 2001]. More
interestingly, some of the global fea-
tures of the magnetosheath seem to be
closely related to the orientation of the
magnetic field inside the MC. In particular,
the ion velocity distribution in the mag-
netosheath strongly differs in the plane
transverse to the upstream magnetic
field lines and in the plane in which
they lie. This is illustrated in Figure 2
which shows the total ion velocity in
two two-dimensional cuts of the sim-
ulation domain at the end of the run
(t = 1000 Ω−1

ci ), i.e., when the magnetic
field is directed along z. Note that the
magnetosphere has been cut out to
improve the clarity of the figure. In the
noon-midnight meridian plane (Figure 2,
right), we find a rather typical magne-
tosheath speed profile, with the flow reac-
celerating progressively when moving
tailward. This is, for example, comparable
to that found in the work by Spreiter
et al. [1966]. In a large part of the
equatorial magnetosheath (Figure 2, left),
however, the ion velocity along the flanks
of the magnetopause exceeds by up to
1.6 times the upstream solar wind speed.
Moreover, the position of this region of
enhanced velocity rotates as the MC’s
passes by, that is, as the magnetic field
turns from the y to the z direction, so that
it remains in the plane perpendicular
to the upstream magnetic field lines
(not shown).

We examine the relative contributions of
the different forces at play inside the mag-
netosheath, namely, the magnetic ten-
sion, the magnetic pressure gradient, and
the thermal pressure gradient. We focus
here on their x component, as the flow
is essentially along this direction, in the
terminator plane (x = 0), at the end of
the run (t = 1000 Ω−1

ci ). The investigation
of the thermal pressure gradient along x
(Figure 3, top) reveals that its contribution
is globally lower than that of the other
forces in the magnetosheath. Moreover,
its distribution in the magnetosheath, as
well as that of the magnetic pressure
gradient (Figure 3, middle), is symmetric
around the x axis and does not evolve
with time (not shown). The near-circular
rings displayed by the magnetic pressure
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gradient inside the magnetosheath are signatures of the overshoot of the bow shock. Downstream of the
shock, the magnetic field oscillates with a wavelength of the order of one ion gyroradius, and the magnetic
pressure gradient reflects these oscillations. As the ion trajectories are calculated based on the weighted aver-
age of the magnetic field at the neighboring grid points, the ion gyromotion is resolved in the simulation even
though the ion gyroradius is smaller than the cell size.

The magnetic tension, however, is not symmetrically distributed about the x axis inside the magnetosheath.
This can be seen in Figure 3 (bottom) which shows the x component of the magnetic tension Tx . In the
equatorial region, Tx is negative (in blue), indicating that it contributes to accelerate the particles towards the
−x direction, i.e., along the flow direction. On the contrary, at higher latitudes, Tx is positive (in red) and thus
tends to slow down the plasma flow. As the enhanced flows, the regions of positive/negative Tx rotate as the
MC’s passes by: at the MC’s arrival, when the magnetic field is parallel to the y axis, Tx accelerates the polar
flows and decelerates the equatorial flows (not shown). The opposite signs of the Tx component in the plane
perpendicular to the interplanetary magnetic field (IMF) and in the plane in which it lies are consistent with
the deformation of the field lines around the magnetosphere. At t = 1000 Ω−1

ci , the magnetic field is pointing
northward and the field lines mostly bend in the noon-midnight meridian plane. This is illustrated in Figure 2
where two example field lines are drawn in white. The black arrows perpendicular to the draped field line in
the magnetosheath illustrate the direction of the magnetic tension force.

As the draped flux tubes slide around the magnetopause, the accumulated magnetic tension is released
and accelerate the particles in a so-called magnetic slingshot effect. The enhanced flows in the equatorial
plane are thus due to the cumulative effects of the magnetic tension and the magnetic pressure gradient. On
the contrary, in the noon-midnight meridian plane, only the latter acts to accelerate the flow, whereas the
magnetic tension tends to decelerate it. The magnetic tension force is thus the cause of the asymmetric
velocity distribution inside the magnetosheath (see Figure 2).

Spacecraft observations in the Earth’s magnetosheath have provided evidence of such accelerated flows
exceeding the solar wind speed near the flank magnetopause [e.g., Chen et al., 1993; Rosenqvist et al., 2007;
Lavraud et al., 2007, 2013; Harris et al., 2013, and references therein]. In particular, Lavraud et al. [2013] highlight
that the position of the region of enhanced velocities is related to the orientation of the upstream magnetic
field. Chen et al. [1993] first attribute these flows to the magnetic tension released from the draped field lines.
More recently, using global MHD simulations, Lavraud et al. [2007] find that in the region of enhanced speeds,
the contribution of the magnetic tension and of the magnetic pressure gradient to accelerating the flows are
comparable, whereas that of the thermal pressure gradient is negligible. This suggests that these enhanced
flows arise when the magnetic forces play a predominant role in the dynamics of the magnetosheath, i.e.,
when the plasma 𝛽 is low [Lavraud et al., 2007, 2013]. Consequently, this phenomenon is generally observed
during interplanetary coronal mass ejections because of the long intervals of low plasma 𝛽 associated to these
solar wind transients. Our results with a hybrid simulation are consistent with those previous studies but also
complement them by showing that in the plane containing the IMF, only the magnetic pressure gradient
accelerates the flow, while the magnetic tension, directed in the opposite direction, slows it down.

3.3. Impact of the MC on the Boundaries
As a consequence of these enhanced flows, the magnetopause is compressed in the plane perpendicular
to the IMF. This compression is caused by the higher dynamic pressure in this region, due to the increased
velocities. This can be seen in Figure 2, where the white area corresponds to the magnetosphere and shows
that the flaring of the tail is much larger in the noon-midnight meridian plane (Figure 2, right) than in the
equatorial plane (Figure 2, left). The magnetopause cross section in a plane transverse to the x axis is elliptical,
and its major axis is parallel to the interplanetary magnetic field lines. This is consistent with the findings of
Lavraud et al. [2013].

The bow shock cross section is also elliptical, but the oval is this time elongated perpendicularly to the IMF.
For example, at the end of the simulation, the bow shock shape is slightly oblate because of the due north
magnetic field. This is illustrated for instance in Figure 3 (middle), where the bow shock can be identified
as the red boundary between the solar wind (in white) and the magnetosheath (in blue). The deviation
from a circular shape, relatively small in the terminator plane, is highlighted by the dashed black circle, of
radius 125 c∕𝜔pi. The direction of the elongation of the bow shock cross section rotates with the upstream
magnetic field and remains perpendicular to its direction (not shown). Very recently, Sibeck and Lin [2014]
have reported a similar deformation of the bow shock in the plane transverse to the Sun-Earth line in MHD
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simulations of the geomagnetic tail. They argue that this elliptical shape is due to higher fast-mode speeds in
the direction perpendicular to the magnetic field lines and that the deformation of the bow shock becomes
more pronounced and is detectable closer to Earth as the magnitude of the magnetic field increases.

In conclusion, Simulation 1 shows that the hybrid model reproduces satisfactorily the interaction of an MC
with the Earth’s environment and the alteration of its magnetic structure in the magnetosheath, as well as
the response of the planetary environment to the varying magnetic field associated to the MC. In particular,
it describes the enhanced flows arising in the regions of the magnetosheath perpendicular to the upstream
magnetic field lines, which have been observed in the Earth’s magnetosheath and in MHD simulations. This
asymmetric velocity distribution inside the magnetosheath is attributed to the magnetic tension force which
accelerates the particles perpendicularly to the magnetic field lines. The hybrid simulation also predicts that
this force acts to decelerate the flow in the plane in which the flux tubes lie. Finally, the cross sections of the
magnetopause and the bow shock in the terminator plane are both elliptical but are elongated in different
directions, along and transverse to the magnetic field lines, respectively.

4. Simulation 2: Magnetic Cloud With a Large Bx Component

In Simulation 2, we now set the orientation of the MC’s magnetic field so that a large part of the bow shock is
in quasi-parallel configuration. In the initialization phase, the cone angle is equal to 20∘, that is, the magnetic
field has a large Bx component.

4.1. Validation of the Foreshock Description
The only difference with the initial stage of Simulation 1 is the direction of the upstream magnetic field, but
this change has major consequences on the bow shock properties. Because of the quasi-radial magnetic field
in Simulation 2 (i.e., the magnetic field is roughly aligned with the solar wind flow), the quasi-parallel region
of the bow shock lies rather close to the subsolar point and covers a large part of the dayside bow shock.
Upstream of the quasi-parallel shock, the backstreaming particles form the foreshock and their interaction
with the incoming solar wind gives rise to waves and instabilities. Therefore, contrary to Simulation 1 where
the ion dynamics played little role in the large-scale phenomena we discussed in section 3, it is necessary to
include ion kinetic effects in Simulation 2 in order to self-consistently simulate the ion foreshock.

Shown in Figure 4 (top row) are the magnetic field strength, the ion density, and temperature in the equatorial
plane of the simulation domain before the MC’s arrival. Consistent with the orientation of the upstream
magnetic field, indicated by a white arrow in Figure 4 (top left), the quasi-parallel bow shock and its
associated foreshock are located on the duskside of the equatorial plane. The foreshock appears as an
extended region of highly-fluctuating magnetic field, density, and temperature, as can be seen in the upper
half of the three color maps in Figure 4. We note in particular that the temperature is higher in the foreshock
than in the unperturbed solar wind. This temperature enhancement is due to the energetic backstreaming
population [Omidi et al., 2005; Blanco-Cano et al., 2006].

Figure 4 (top row) shows the presence of field-aligned cavities in the foreshock, where the magnetic field and
the density are lower and the temperature higher than in the pristine solar wind. These cavities are separated
by denser filaments, where the magnetic field is enhanced and the temperature is low. Similar field-aligned
cavities are reported in the 3-D hybrid simulations carried out by Lin and Wang [2005]. The transverse
wavelength of these structures is of the order of 25 c∕𝜔pi in our simulation, consistent with that obtained
by Lin and Wang [2005].

We now examine in more detail the wave properties in the foreshock along the two trajectories drawn in
white in Figure 4 (top left). Cut 1 is parallel to the IMF and the magnetic field components and strength,
as well as the ion density, along this trajectory are displayed in Figure 4 (bottom left). The magnetic field
components (Figures 4a–4c, trajectory 1) reveal the presence of sinusoidal waves. In the left-hand half of the
plot, the magnetic field strength (Figure 4d, trajectory 1) and the ion density (Figure 4e, trajectory 1) show very
little variation, denoting that these waves are only weakly compressional. When moving closer to the shock,
i.e., towards the right side of the plot, the amplitude of the sinusoidal waves increases, and fluctuations of the
magnetic field magnitude and of the ion density arise. Deep in the foreshock, compressive waves transverse
to the IMF are also observed, as evidenced by the parameters plotted in Figure 4 (bottom right), which are
taken along trajectory 2. There, the variations of the magnetic field direction are accompanied by correlated
fluctuations of the magnetic field magnitude and the ion density.
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Figure 4. (top row) Magnetic field strength, ion density, and temperature in the equatorial plane before the MC’s arrival
(t = 160 Ω−1

ci ). (bottom row) Magnetic field and density along trajectories (left) 1 and (right) 2 in the foreshock, parallel
and perpendicular to the field lines, respectively. The position of trajectories 1 and 2 in the simulation domain is
displayed in Figure 4 (top left). The parameter r on the abscissa of the lines plots corresponds to the distance from the
beginning of the cut. The dashed lines in the magnetic field magnitude and density panels indicate the values of these
parameters in the unperturbed solar wind.

These results concerning the different wave properties in the foreshock are in good agreement with those
obtained by Blanco-Cano et al. [2006] with a simulated magnetosphere 10 times smaller than Earth’s. Note
that in their work, the sinusoidal waves along the magnetic field lines are only weakly compressional because
the analyzed trajectory starts farther away from the shock. Also, the decrease of the amplitude of the density
and magnetic field strength fluctuations when moving away from the shock is consistent with the findings
of Wang et al. [2009] using 3-D hybrid-particle-in-cell simulations and of von Alfthan et al. [2014] using
hybrid Vlasov simulations. Spacecraft observations in the terrestrial foreshock have shown evidence of similar
sinusoidal waves accompanied by density variations [e.g., Eastwood et al., 2005]. The presence of compres-
sional waves in the foreshock indicates that we have a fully developed quasi-parallel shock, as is the case
for the Earth’s bow shock [Omidi et al., 2005; Blanco-Cano et al., 2006].

4.2. Simulation Results
We now move on to the subsequent times of Simulation 2, when the MC interacts with the planetary environ-
ment. As Bx is kept constant, the enhancement of the By component in Step 2 (see section 2) causes this time a
rotation of the magnetic field direction, and the cone angle increases to 47∘ when the magnetic field strength
is maximum. In this simulation, the magnetic field magnitude inside the MC is equal to 13.9nT. The associated
MA is 4, and the upstream plasma 𝛽 is equal to 0.17. At the beginning of Step 3, the upstream magnetic field
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Figure 5. (top row) Magnetic field strength, ion density, and temperature in the equatorial plane at the beginning of the
rotation of the MC’s magnetic field (t = 300 Ω−1

ci ). (bottom row) Magnetic field strength in a 2-D cut of the simulation
domain at x = −50 c∕𝜔pi, (top) at the beginning (t = 300 Ω−1

ci ) and (bottom) at the end (t = 1000 Ω−1
ci ) of the rotation of

the MC’s magnetic field.

displays an ortho-Parker spiral-like orientation and then progressively turns from the equatorial plane to the
noon-midnight meridian plane while the cone angle remains constant.

Figures 5a–5c show the same parameters as Figure 4 (top row), that is, the magnetic field strength, the ion
density, and temperature, in the equatorial plane, but at t = 300 Ω−1

ci , i.e., after the magnetic field magnitude
has increased. Note that the scales used are the same as in Figure 4. According to the orientation of the
upstream magnetic field, the quasi-parallel region should still be located on the dusk flank of the bow shock,
though a bit farther from the subsolar point because of the increase of the IMF cone angle (see black arrow
in Figure 5a). However, neither the magnetic field strength nor the ion density shows any evidence of the
existence of the ion foreshock. Only the ion temperature (Figure 5c) gives a hint of the presence of the
backstreaming particles upstream of the dusk flank bow shock. The foreshock therefore still exists after
the MC’s arrival but is much fainter than at the beginning of the simulation.

The MC’s arrival results in both a variation of the magnetic field direction and an increase of its intensity. The
attenuation of the foreshock in our simulation is most likely caused by the enhancement of the magnetic
field strength or more precisely by the ensuing decrease of the Alfvén and magnetosonic Mach numbers.
If the upstream Mach number is lower, then less energy dissipation is required for the flow to become
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Figure 6. Color-coded values of the ΘBn angle, mapped onto the bow
shock’s surface (top) at the beginning (t = 300 Ω−1

ci ) and (bottom) at
the end (t = 1000 Ω−1

ci ) of the rotation of the MC’s magnetic field. See
text for more detail.

submagnetosonic. Therefore, the number
of particles reflected at the bow shock’s
surface is expected to decrease together
with the MA, hence the weakening of the
foreshock during the MC.

On the other hand, the variation of the
upstream magnetic field orientation
causes the foreshock to move farther
from the subsolar region but should not
affect to a great extent its overall prop-
erties. This is supported by studies of the
interaction of rotational discontinuities
with the Earth’s bow shock, which show
that the quasi-parallel region and its asso-
ciated foreshock reform in another part
of the bow shock after a change of the
IMF direction [Lin et al., 1996; Karimabadi
et al., 2014] but do not suggest any strong
modification of their global features.

To test this hypothesis, we have per-
formed another simulation with the same
MC configuration but a larger MA. In
this additional simulation, the MA inside
the MC is equal to the MA at the begin-
ning of Simulation 2. We find that when
MA = 5.6 during the MC, the foreshock
remains as strong as at t = 160 Ω−1

ci in
Simulation 2 (not shown). This confirms
that the strength of the foreshock is linked
to the upstream MA and not to the mag-
netic field direction.

Shown in Figure 5d is the magnetic field
strength in the plane at x =−50 c∕𝜔pi

of the simulation domain, again at
t = 300 Ω−1

ci . Note that the color scale is
different from that used in Figure 5a to
accommodate the faint foreshock, which
is visible in brown. First, we find that the

shape of the bow shock is not symmetric about the x axis but that its duskside lies closer to the magne-
tosphere as if pushed inward. Also, the intensity of the magnetic field downstream of the bow shock is
much lower in the duskside than in the rest of the magnetosheath. These two features are signatures of
the quasi-parallel bow shock configuration. The fact that the quasi-parallel shock lies closer to the mag-
netosphere than the quasi-perpendicular was previously reported, for example, by Lin et al. [1996] in 2-D
simulations. In the present work, the inclusion of the third dimension reveals that the cross section of the bow
shock in the plane tangential to the Sun-Earth line departs from an ellipsoid. Its quasi-parallel region appears
as a depression, most clearly seen in Figure 5e in the southern part of the bow shock. This indentation in the
bow shock shape is the consequence of the energy loss due to the particles reflected on the shock’s surface.

Figures 5a and 5d reveal that the intensity of the magnetic field further decreases when moving deeper in
the quasi-parallel magnetosheath, reaching values much lower than in the solar wind. Such behavior may
stem from the fact that the magnetospheric and magnetosheath field lines are close to being antiparallel in
this region, according to the orientation of the magnetic field on both sides of the magnetopause. Therefore,
the decrease of the total magnetic field strength may derive from the sum of these two oppositely oriented
magnetic fields which diminishes the more antiparallel the field lines become. Similarly low magnetic field
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Figure 7. Color-coded values of the angle 𝜓 in the terminator plane
(x = 0), (top) at the beginning (t = 300 Ω−1

ci ) and (bottom) at the end
(t = 1000 Ω−1

ci ) of the rotation of the MC’s magnetic field. 𝜓 is defined
as the angle between the magnetic field at a given location and that at
the entry of the simulation domain. Note that the magnetosphere,
defined as the region where n < 1.5 cm−3, has been cut out in
this figure.

intensities in the quasi-parallel magne-
tosheath are obtained, for example, by
Omidi et al. [2014] using 2.5-D global
hybrid simulations.

As the MC’s magnetic field rotates, the
signatures of the quasi-parallel regime
move along the bow shock surface and
are observed in the southern bow shock
at t = 1000 Ω−1

ci (see Figure 5e). In particu-
lar, Figures 5d and e show evidence of the
rotation of the foreshock from the dusk-
side of the equatorial plane to the south
part of the noon-midnight meridian plane
as the MC passes by.

Figure 6 (top) displays the values of
ΘBn at t = 300 Ω−1

ci mapped onto the bow
shock surface, identified as an isovalue
surface of the magnetic field strength.
Part of the bow shock is missing in
the right-hand side of the figure, since
the magnetic field fluctuates largely in
this region and no continuous isovalue
surface can be identified. The values of
the shock obliquity indicate that the
duskside bow shock is in a quasi-parallel
configuration, with ΘBn being particularly
low, around 10∘, near the equatorial
plane. ΘBn then increases when moving
towards higher latitudes, and the entire
dawnside hemisphere as well as the
polar regions are located downstream
of a quasi-perpendicular bow shock. As
was expected from the position of the
foreshock at t = 1000 Ω−1

ci (Figure 5e), the
quasi-parallel region has moved from
the duskside to the southern part of the
bow shock at the end of the simulation
(Figure 6, bottom), following the rotation
of the MC’s magnetic field. The large-scale
structuring of the bow shock is thus con-
trolled by the MC’s varying magnetic field.

In order to investigate the alteration of the MC’s structure across the bow shock, we calculate the angle 𝜓
between the magnetic field in the magnetosheath and that in the unperturbed solar wind, which quan-
tifies the variation of the magnetic field direction. Figure 7 shows its values in the terminator plane at
t = 300 Ω−1

ci (top) and at t = 1000 Ω−1
ci (bottom). In Figures 7 (top) and 7 (bottom), 𝜓 is highest downstream

of the quasi-parallel bow shock and exceeds 80∘ in a significant part of the magnetosheath. In addition, large
magnetic field fluctuations arise (not shown). Therefore, the MC’s magnetic structure is strongly modified
when it encounters a shock in quasi-parallel configuration. On the contrary, it remains roughly unchanged
downstream of the quasi-perpendicular shock, as shown by the low 𝜓 values, mostly below 20∘, in the
left-hand (upper) part of the top (bottom) panel of Figure 7. Since these two regimes, quasi-parallel and
quasi-perpendicular, are present simultaneously in different parts of the bow shock, the MC’s structure differs
from one region of the magnetosheath to another. Also, as ΘBn changes with the upstream magnetic field
orientation, the alteration of the MC’s structure in a given part of the magnetosheath varies with time.
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Figure 8. Color map of the Bz component of the magnetic field in the
terminator plane (x = 0) at the beginning of the rotation of the MC’s
magnetic field (t = 300 Ω−1

ci ). Note that the magnetosphere, defined as
the region where n < 1.5 cm−3, has been cut out in this figure.

Finally, we examine the variation of the
Bz component inside the magnetosheath
because of its important role in recon-
nection processes between the solar
wind and the Earth’s magnetic fields.
When estimating an MC’s impact in the
magnetosphere, it is generally assumed
that its magnetic field direction does
not change from the upstream solar
wind to the magnetopause. However, we
have shown that it can significantly vary
when crossing a shock in quasi-parallel
configuration. This large variation can
lead to a reversal of the Bz compo-
nent in a part of the magnetosheath,
as illustrated in Figure 8 which displays
the value of Bz in the terminator plane
at t = 300 Ω−1

ci . Although Bz is positive
(in red) in the incoming solar wind
and in the major part of the magne-
tosheath, a region of negative Bz (in blue)
emerges in the duskside of the south-
ern magnetosheath, downstream of the

quasi-parallel bow shock. A northward Bz can thus turn south, and conversely, when traversing from the solar
wind to some parts of the magnetosheath. This confirms the results obtained by Turc et al. [2014a] with a
semianalytical magnetosheath model. The modification of the sign of Bz will most likely have a strong impact
on the reconnection pattern at the magnetopause, but this lies beyond the scope of this paper.

5. Discussion and Conclusions

In this paper, we have presented the first 3-D global hybrid simulations of the interaction of an MC with
a planetary bow shock. Hybrid simulations provide us with a self-consistent description of the response of
the planetary environment to the MC’s time-varying parameters. They also offer the opportunity to explore
the quasi-parallel region of the bow shock, and its associated foreshock since the ion dynamics is taken into
account. We focus here on the inner part of the MCs, where their magnetic field rotates smoothly. The MCs
are thus modeled by an increase of the magnetic field magnitude followed by a slow rotation of their direc-
tion. The results of two runs, corresponding to two different MC orientations, are described. In both cases,
we examine how the MC’s structure is altered when crossing the bow shock, and how its passage affects in
turn the outer parts of the planetary environment, from the foreshock to the magnetopause. The following
conclusions were reached:

1. At the MC’s arrival, we find that the decrease of the Alfvén Mach number due to the enhanced magnetic
field strength causes an attenuation of the foreshock region. We interpret this as a consequence of the lesser
energy dissipation required at the bow shock if the upstream Mach number is lower.

2. Since the upstream magnetic field orientation directly controls the shock configuration, the values of the
shock obliquity angle, ΘBn, vary as the MC passes by. This is particularly noticeable when ΘBn reaches low
values as we show that the quasi-parallel region moves along the bow shock surface, accompanied by its
associated ion foreshock.

3. Inside the magnetosheath, the magnetic forces are predominant because of the low plasma 𝛽 and give rise
to asymmetric flows. We ascribe them to the magnetic tension which acts in opposite directions in the plane
perpendicular to the upstream magnetic field lines and in the plane in which they lie. Also, the position of
the regions of positive/negative magnetic tension follows the rotation of the MC’s magnetic field and so
do the asymmetric flows. We predict that the magnetic tension tends to slow down the flow in the plane
containing the magnetic field lines.

4. The cross sections of the magnetopause and the bow shock in the plane transverse to the x axis are both
elliptical, but the orientation of their major axis is perpendicular to one another. The deformation of the
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magnetopause is attributed to the higher dynamic pressure in the regions of enhanced flows and that of
the bow shock to different fast-mode speeds perpendicular and parallel to the magnetic field lines [Sibeck
and Lin, 2014]. We also find that the quasi-parallel region of the bow shock is another source of asymmetry
in the shape of this boundary, as it creates an indentation in the bow shock surface. This dent is most likely
caused by the energy loss due to the particles reflected on the shock’s surface.

5. The alteration of the magnetic structure of MCs across the bow shock is closely related to the encountered
shock obliquity: the variation of their magnetic field orientation increases as ΘBn decreases. If ΘBn is close
to 90∘, the MC’s smooth rotation is virtually unchanged downstream of the bow shock, as expected from
Rankine-Hugoniot equations. When the shock is in a quasi-parallel geometry (ΘBn ≤ 45∘), the modifica-
tion of the MC’s magnetic structure becomes significant, and the orientation of the MC’s magnetic field can
vary by more than 80∘. In addition, large magnetic field fluctuations are observed in the quasi-parallel mag-
netosheath, which alter even more the MC’s smoothly rotating magnetic field. The numerical simulations
provide quantitative estimates of the modification of an MC’s structure downstream of the bow shock.

6. We find that Bz can reverse in a sizable part of the region downstream of the quasi-parallel shock and thus
that a southward Bz and a northward Bz can simultaneously be observed inside the magnetosheath. The
possible reversal of Bz downstream of the bow shock was predicted by the Turc et al. [2014a] magnetosheath
model and is now further supported by our hybrid simulations.

Our results show that the alteration of the magnetic structure of MCs from the solar wind to the magne-
tosheath changes drastically depending on the encountered shock geometry. The different impacts of the
quasi-parallel and quasi-perpendicular shocks on the MC’s magnetic field can be attributed to the radically
different properties of these two regimes. First, in the quasi-parallel domain, the MC first interacts with the
foreshock. The waves and the transient structures that develop in this region most likely alter the MC’s mag-
netic structure. Second, the extent of the quasi-parallel shock transition is much larger than that of the
quasi-perpendicular shock. The coupling between the fields and the particles may be stronger since they
have more time to interact while crossing the shock. The impact of the ions on the magnetic field may be
more important and cause a rotation of its direction. Third, the level of fluctuations is much higher in the
quasi-parallel region, and the shock is nonstationary. This again can contribute to modifying the MC’s mag-
netic field. The significant alteration of the MC across the quasi-parallel bow shock most likely results from a
combination of these effects.

Reconnection processes at the magnetopause were not examined in the present paper but are expected to
take place tailward of the cusps in the simulations discussed here because of the northward orientation of
the MC’s magnetic field. However, this estimation of the regions of reconnection is based only on the mag-
netic field direction upstream of the bow shock. Yet in Simulation 2 the coexistence of positive and negative
Bz inside the magnetosheath suggests that unusual reconnection patterns may arise. In particular, the south-
ward turning of an initially northward magnetic field could give rise to a region of antiparallel magnetic fields
near the equatorial plane [see Turc et al., 2014a], which could more efficiently drive magnetospheric distur-
bances than expected for positive Bz . Thus, the interaction of an MC with the bow shock and its propagation
into the magnetosheath could possibly modify that MC’s geoeffectivity. In this case, the role played by the
magnetosheath should be taken into account to refine the prediction of that MC’s impact on the Earth’s
environment.

Another important feature of the interaction of MCs with the terrestrial magnetosheath is the emergence of
fast asymmetric flows near the magnetopause which can significantly alter the solar wind/magnetosphere
coupling through surface waves and the Kelvin-Helmholtz instability (KHI) [Chen et al., 1993; Rosenqvist et al.,
2007; Fairfield et al., 2007; Lavraud and Borovsky, 2008]. The enhanced flows increase the velocity shear
between the magnetospheric and magnetosheath plasmas, which controls the development of the KHI
[Walker, 1981]. Lavraud and Borovsky [2008] suggest that a lower Alfvén Mach number should lead to a faster
wave growth rate. Further investigation of this effect is left for future work.

The attenuation of the foreshock at the MC’s arrival, attributed to the decrease of the MA, could also have
important implications in the solar wind/magnetosphere coupling during MCs. The damping of the fore-
shock turbulence could result in a level of fluctuations lower than usual in the quasi-parallel magnetosheath.
This could possibly affect reconnection processes, as well as KHI at the magnetopause. The evolution of the
foreshock properties during MCs and their impact on the solar wind/magnetosphere coupling should be
investigated in the future. However, because of the rather low Nppc, the attenuation of the foreshock at the
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MC’s arrival may be overestimated in our simulation, as the number of shock-reflected particles decreases. If
closer investigation of this process is to be undertaken, it will be necessary to increase the Nppc to improve
the statistics of counterstreaming particles in the foreshock.

In this study, we have mostly focused on the large-scale MC/bow shock interaction. However, hybrid simula-
tions also offer the opportunity to investigate phenomena taking place at the ion scales. The influence of the
foreshock region on the MC’s magnetic structure and conversely the impact of the MC on the foreshock, but
also how the turbulence evolves inside the magnetosheath as the MC passes by, will be examined in more
detail in the future. With a longer-term outlook, including the interplanetary shock, which often precedes
MCs, and the turbulent sheath it generates would take the simulations of the MC/bow shock interaction one
step further.

To conclude, the results of the present study show that the bow shock and the magnetosheath play an impor-
tant role in the interaction of MCs with the Earth’s environment. They can significantly alter an MC’s magnetic
structure, but their properties are also simultaneously strongly modified by the MC. This results in an unusual
solar wind/magnetosphere coupling, which is still poorly known. Further investigation is therefore required
to attain a better understanding of how MCs interact with the terrestrial magnetosphere.
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