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Abstract. Magnetic clouds (MCs) are large-scale magnetic
�ux ropes ejected from the Sun into the interplanetary space.
They play a central role in solar–terrestrial relations as they
can ef�ciently drive magnetic activity in the near-Earth envi-
ronment. Their impact on the Earth's magnetosphere is often
attributed to the presence of southward magnetic �elds in-
side the MC, as observed in the upstream solar wind. How-
ever, when they arrive in the vicinity of the Earth, MCs �rst
encounter the bow shock, which is expected to modify their
properties, including their magnetic �eld strength and direc-
tion. If these changes are signi�cant, they can in turn affect
the interaction of the MC with the magnetosphere. In this pa-
per, we use data from the Cluster and Geotail spacecraft in-
side the magnetosheath and from the Advanced Composition
Explorer (ACE) upstream of the Earth's environment to in-
vestigate the impact of the bow shock's crossing on the mag-
netic structure of MCs. Through four example MCs, we show
that the evolution of the MC's structure from the solar wind
to the magnetosheath differs largely from one event to an-
other. The smooth rotation of the MC can either be preserved
inside the magnetosheath, be modi�ed, i.e. the magnetic �eld
still rotates slowly but at different angles, or even disappear.
The alteration of the magnetic �eld orientation across the
bow shock can vary with time during the MC's passage and
with the location inside the magnetosheath. We examine the
conditions encountered at the bow shock from direct obser-
vations, when Cluster or Geotail cross it, or indirectly by
applying a magnetosheath model. We obtain a good agree-
ment between the observed and modelled magnetic �eld di-
rection and shock con�guration, which varies from quasi-
perpendicular to quasi-parallel in our study. We �nd that the
variations in the angle between the magnetic �elds in the

solar wind and in the magnetosheath are anti-correlated with
the variations in the shock obliquity. When the shock is in a
quasi-parallel regime, the magnetic �eld direction varies sig-
ni�cantly from the solar wind to the magnetosheath. In such
cases, the magnetic �eld reaching the magnetopause cannot
be approximated by the upstream magnetic �eld. Therefore,
it is important to take into account the conditions at the bow
shock when estimating the impact of an MC with the Earth's
environment because these conditions are crucial in deter-
mining the magnetosheath magnetic �eld, which then inter-
acts with the magnetosphere.

Keywords. Interplanetary physics (planetary bow shocks)
– magnetospheric physics (magnetosheath; solar-wind–
magnetosphere interactions)

1 Introduction

Coronal mass ejections (CMEs) are tremendous eruptions
in the solar corona during which the solar magnetic �eld
and plasma are ejected into the interplanetary medium. In-
terplanetary coronal mass ejections (ICMEs), their counter-
parts in the heliosphere, are central in driving disturbances in
the near-Earth environment (Richardson et al., 2001, 2002;
Echer et al., 2008; Yermolaev et al., 2012). According to
the observations near the �rst Lagrangian point of the Sun–
Earth system (L1), around 30 % of the ICMEs display a
�ux-rope-like magnetic �eld con�guration (Richardson and
Cane, 2010) and are referred to as magnetic clouds (MCs).
This subset of ICMEs is primarily de�ned by an enhanced
magnetic �eld, relative to the surrounding solar wind, which
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smoothly rotates over a large angle, and a lower temperature
(Burlaga et al., 1981).

MCs are particularly geoeffective structures, i.e. they ef�-
ciently trigger geomagnetic storms (see, for example,Zhang
et al., 2004; Huttunen et al., 2005). Their geoeffectivity
can generally be related to the presence of a long-lasting
southward magnetic �eld. This stems from the fact that the
Earth's magnetic �eld is essentially northward in the equato-
rial plane, and thus a southward magnetic �eld is favourable
to reconnection at the magnetopause. However, the correla-
tion between southward �elds inside the MC and the occur-
rence of a magnetic storm is not one to one. For example, sta-
tistical studies show that no storm is associated with a sub-
stantial fraction of MCs with southward �elds, from 18 %
(Zhang et al., 2004) to 28 % (Huttunen et al., 2005; Gopal-
swamy et al., 2008) of the events. Therefore, a better under-
standing of the interaction of MCs with the Earth's environ-
ment is needed to re�ne the prediction of their consequences
inside the magnetosphere, and thus improve space weather
forecasting.

When the relationship between the MC's parameters and
its geoeffectivity is not straightforward, various scenarios can
be considered. Geomagnetic storms occurring during MCs
with only northward �elds are frequently attributed to the
sheath preceding the MC (Huttunen et al., 2005). The mag-
netic �elds at the leading or the trailing edge of the MC are
also sometimes invoked to account for the effects observed
inside the magnetosphere (Zhang et al., 2004). Some recent
studies hint at the pivotal role played by the magnetosheath in
the solar-wind–magnetosphere coupling, which is still poorly
understood (Šafránková et al., 2009; Lavraud et al., 2013;
Turc et al., 2014).

The magnetosheath is the region bounded by the bow
shock and the magnetopause in which the shocked solar wind
is de�ected around the magnetosphere. The global physics of
this region have been well understood since the early work of
Spreiter et al.(1966), and have been extensively con�rmed
by spacecraft observations. It is well known that the bow
shock crossing alters the solar wind properties. Its speed de-
creases, while the density, temperature and magnetic �eld
strength increase. Downstream of the bow shock, the mag-
netic �eld lines pile up and drape around the magnetopause.
More recent studies suggest that other phenomena, such as
�eld-�ow coupling, may also play a role in modifying the
magnetic �eld orientation inside the magnetosheath (Long-
more et al., 2006). It is eventually this modi�ed magnetic
�eld, and not the interplanetary magnetic �eld (IMF) up-
stream of the bow shock, which interacts and possibly re-
connects with the Earth's magnetic �eld.

Šafránková et al.(2009) focus on the north–south com-
ponent of the IMF,Bz, which is crucial for solar-wind–
magnetosphere coupling, and study the probability of �nding
the same sign ofBz upstream and downstream of the bow
shock. They �nd that this probability is very low: the sign of
Bz is preserved only 12 % of the time. During low Alfvén

Mach number conditions, which are often associated with
MCs, accelerated �ows, sometimes exceeding the solar wind
speed, can be observed on the �anks of the magnetosheath
and are attributed to the draping of the �eld lines (Lavraud
and Borovsky, 2008; Lavraud et al., 2013). Such modi�ca-
tions of the magnetic �eld and velocity downstream of the
bow shock are expected to affect the coupling between the
solar wind and the magnetosphere (Lavraud and Borovsky,
2008).

However, to our knowledge, these effects are not taken into
account when studying the geoeffectivity of MCs. Usually,
only their properties upstream of the bow shock are consid-
ered (Zhang et al., 2004; Huttunen et al., 2005; Gopalswamy
et al., 2008). Yet the physics taking place at the bow shock
and inside the magnetosheath should apply to MCs as well
as the quiet solar wind. The bow shock's crossing and the
propagation downstream towards the magnetopause should
alter the MCs' smoothly rotating magnetic �eld, and thus its
impact on the magnetosphere.

A model of the magnetosheath magnetic �eld designed
for MC studies has recently been introduced byTurc et al.
(2014). In this paper, they investigate the impact of the bow
shock's crossing on synthetic �ux ropes. They �nd for cer-
tain �ux ropes' orientations that the direction of the MC's
magnetic �eld can vary signi�cantly from the solar wind
to the magnetosheath, sometimes exceeding 60� and occa-
sionally causing a reversal of theBz component. This is ob-
tained in the dayside magnetosheath independently of the
�eld line draping closer to the magnetopause. These vari-
ations are related to the con�guration, quasi-parallel or quasi-
perpendicular, encountered at the bow shock. In addition,
Turc et al. (2014) determine the location of anti-parallel
�elds, that is, favourable to reconnection, along the magne-
topause and �nd patterns very different from that expected
from the MC's magnetic �eld orientation upstream of the
shock. For example, an initially northward �eld during an
MC can turn south in a part of the magnetosheath and re-
sult in a region of anti-parallel �elds near the subsolar point.
Therefore,Turc et al.(2014) suggest that the impact of an
MC on the magnetosphere can be strongly modi�ed by the
processes occurring at the shock and inside the magneto-
sheath.

Although MCs have been the topic of intensive scrutiny
in the solar wind, little is known of their properties in the
Earth's magnetosheath. One of the reasons for this is that
spacecraft observations in this region are sporadic. Satellites
dedicated to the study of the Earth's magnetosphere, such as
Cluster (Escoubet et al., 1997), the Geomagnetic Tail Lab
(GEOTAIL) (Nishida, 1994), Double Star (Liu et al., 2005)
or the Time History of Events and Macroscale Interactions
during Substorms (THEMIS) (Angelopoulos, 2008), occa-
sionally cross this region, but their stay in the magnetosheath
generally lasts only for a few hours. As this has to coincide
with the arrival of an MC in the vicinity of Earth, which has
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