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Abstract. Magnetic clouds (MCs) are large-scale magnetic solar wind and in the magnetosheath are anti-correlated with
flux ropes ejected from the Sun into the interplanetary spacethe variations in the shock obliquity. When the shock is in a
They play a central role in solar-terrestrial relations as theyquasi-parallel regime, the magnetic field direction varies sig-
can efficiently drive magnetic activity in the near-Earth envi- nificantly from the solar wind to the magnetosheath. In such
ronment. Their impact on the Earth’s magnetosphere is oftertases, the magnetic field reaching the magnetopause cannot
attributed to the presence of southward magnetic fields inbe approximated by the upstream magnetic field. Therefore,
side the MC, as observed in the upstream solar wind. How+t is important to take into account the conditions at the bow
ever, when they arrive in the vicinity of the Earth, MCs first shock when estimating the impact of an MC with the Earth’s
encounter the bow shock, which is expected to modify theirenvironment because these conditions are crucial in deter-
properties, including their magnetic field strength and direc-mining the magnetosheath magnetic field, which then inter-
tion. If these changes are significant, they can in turn affectacts with the magnetosphere.

the interactiodn of tfhe M%Wig; the mag;ztosph:are. Inthisff[)‘?"Keywords. Interplanetary physics (planetary bow shocks)
per, we use data from the Cluster and Geotall spacecrait in- magnetospheric physics (magnetosheath; solar-wind—

side the magnetosheath and from the Advanced Compositio : ;
Explorer (ACE) upstream of the Earth’s environment to in- Hwagnetosphere interactions)
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 and Introduction
other. The smooth rotation of the MC can either be preserved
inside the magnetosheath, be modified, i.e. the magnetic fiel§oronal mass ejections (CMEs) are tremendous eruptions
still rotates slowly but at different angles, or even disappearin the solar corona during which the solar magnetic field
The alteration of the magnetic field orientation across theand plasma are ejected into the interplanetary medium. In-
bow shock can vary with time during the MC's passage andterplanetary coronal mass ejections (ICMEs), their counter-
with the location inside the magnetosheath. We examine théarts in the heliosphere, are central in driving disturbances in
conditions encountered at the bow shock from direct obserthe near-Earth environmenRichardson et a/.2001 2002
vations, when Cluster or Geotail cross it, or indirectly by Echer et al. 2008 Yermolaev et al.2012. According to
applying a magnetosheath model. We obtain a good agreéhe observations near the first Lagrangian point of the Sun—
ment between the observed and modelled magnetic field diEarth system (L1), around 30 % of the ICMEs display a
rection and shock configuration, which varies from quasi- flux-rope-like magnetic field configuratiofRichardson and
perpendicular to quasi-parallel in our study. We find that theCane 2010 and are referred to as magnetic clouds (MCs).
variations in the angle between the magnetic fields in theThis subset of ICMEs is primarily defined by an enhanced
magnetic field, relative to the surrounding solar wind, which
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smoothly rotates over a large angle, and a lower temperatur®ach number conditions, which are often associated with
(Burlaga et al.1981). MCs, accelerated flows, sometimes exceeding the solar wind
MCs are particularly geoeffective structures, i.e. they effi- speed, can be observed on the flanks of the magnetosheath
ciently trigger geomagnetic storms (see, for exampleng  and are attributed to the draping of the field lineayraud
et al, 2004 Huttunen et al. 20095. Their geoeffectivity = and Borovsky 2008 Lavraud et al.2013. Such modifica-
can generally be related to the presence of a long-lastingions of the magnetic field and velocity downstream of the
southward magnetic field. This stems from the fact that thebow shock are expected to affect the coupling between the
Earth’s magnetic field is essentially northward in the equato-solar wind and the magnetospheteyraud and Borovsky
rial plane, and thus a southward magnetic field is favourable2008.
to reconnection at the magnetopause. However, the correla- However, to our knowledge, these effects are not taken into
tion between southward fields inside the MC and the occur-account when studying the geoeffectivity of MCs. Usually,
rence of a magnetic storm is not one to one. For example, stasnly their properties upstream of the bow shock are consid-
tistical studies show that no storm is associated with a subered Zhang et al.2004 Huttunen et al.2005 Gopalswamy
stantial fraction of MCs with southward fields, from 18 % et al, 2008. Yet the physics taking place at the bow shock
(Zhang et al.2004 to 28 % Huttunen et al.2005 Gopal-  and inside the magnetosheath should apply to MCs as well
swamy et al.2008 of the events. Therefore, a better under- as the quiet solar wind. The bow shock’s crossing and the
standing of the interaction of MCs with the Earth’s environ- propagation downstream towards the magnetopause should
ment is needed to refine the prediction of their consequencealter the MCs’ smoothly rotating magnetic field, and thus its
inside the magnetosphere, and thus improve space weath@anpact on the magnetosphere.
forecasting. A model of the magnetosheath magnetic field designed
When the relationship between the MC’s parameters andor MC studies has recently been introducedTayc et al.
its geoeffectivity is not straightforward, various scenarios can(2014. In this paper, they investigate the impact of the bow
be considered. Geomagnetic storms occurring during MCshock’s crossing on synthetic flux ropes. They find for cer-
with only northward fields are frequently attributed to the tain flux ropes’ orientations that the direction of the MC’s
sheath preceding the MEH(ttunen et al.2005. The mag- magnetic field can vary significantly from the solar wind
netic fields at the leading or the trailing edge of the MC areto the magnetosheath, sometimes exceedirfga@ occa-
also sometimes invoked to account for the effects observedionally causing a reversal of ttB component. This is ob-
inside the magnetosphergéhang et al.2004. Some recent tained in the dayside magnetosheath independently of the
studies hint at the pivotal role played by the magnetosheath itield line draping closer to the magnetopause. These vari-
the solar-wind—magnetosphere coupling, which is still poorly ations are related to the configuration, quasi-parallel or quasi-
understood $afrankova et al.2009 Lavraud et al. 2013 perpendicular, encountered at the bow shock. In addition,
Turc et al, 2014). Turc et al. (2014 determine the location of anti-parallel
The magnetosheath is the region bounded by the bowields, that is, favourable to reconnection, along the magne-
shock and the magnetopause in which the shocked solar wintbpause and find patterns very different from that expected
is deflected around the magnetosphere. The global physics dfom the MC’s magnetic field orientation upstream of the
this region have been well understood since the early work oshock. For example, an initially northward field during an
Spreiter et al(1966, and have been extensively confirmed MC can turn south in a part of the magnetosheath and re-
by spacecraft observations. It is well known that the bowsult in a region of anti-parallel fields near the subsolar point.
shock crossing alters the solar wind properties. Its speed deFherefore, Turc et al.(2014 suggest that the impact of an
creases, while the density, temperature and magnetic fielIC on the magnetosphere can be strongly modified by the
strength increase. Downstream of the bow shock, the magprocesses occurring at the shock and inside the magneto-
netic field lines pile up and drape around the magnetopausesheath.
More recent studies suggest that other phenomena, such asAlthough MCs have been the topic of intensive scrutiny
field-flow coupling, may also play a role in modifying the in the solar wind, little is known of their properties in the
magnetic field orientation inside the magnetoshehting- Earth’s magnetosheath. One of the reasons for this is that
more et al. 2009. It is eventually this modified magnetic spacecraft observations in this region are sporadic. Satellites
field, and not the interplanetary magnetic field (IMF) up- dedicated to the study of the Earth’'s magnetosphere, such as
stream of the bow shock, which interacts and possibly re-Cluster Escoubet et al.1997, the Geomagnetic Tail Lab
connects with the Earth’s magnetic field. (GEOTAIL) (Nishida 1994, Double Star I(iu et al,, 2005
Safrankova et al(2009 focus on the north—south com- or the Time History of Events and Macroscale Interactions
ponent of the IMF,B;, which is crucial for solar-wind— during Substorms (THEMIS)Angelopoulos 2008, occa-
magnetosphere coupling, and study the probability of findingsionally cross this region, but their stay in the magnetosheath
the same sign oB, upstream and downstream of the bow generally lasts only for a few hours. As this has to coincide
shock. They find that this probability is very low: the sign of with the arrival of an MC in the vicinity of Earth, which has
B; is preserved only 12 % of the time. During low Alfvén
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Figure 1. Orbits of the spacecraft during the four studied events in the GSK(left panel) andc— (right panel) planes. The diamonds
indicate the location of the spacecraft at the beginning of the event. The black dotted lines indicate the positidaias tteal (2005 bow
shock model and of thBhue et al(1998 magnetopause model for typical solar wind conditions=(6 cm 3, V = 400kms1, B =5nT,
B, =0nT).

an even smaller occurrence, MCs are seldom observed in thEomposition Explorer (ACE)tone et a].1998 spacecraft,
magnetosheath. located near L1. Other data sets, such as the measurements
This paper focuses on correlations between observationfom the Wind spacecraffdcuiia et al. 1995 or the OMNI

in the solar wind upstream of the bow shock and in thedata set propagated to Earth’s bow shock nose, can also be
magnetosheath during MC events. The aim is to investigateised as solar wind monitors. However, during some of the
whether the magnetic structure of MCs is modified acrossevents presented in the next sections, the Wind spacecraft
the bow shock and in the magnetosheath, and to quantitawas not located upstream of Earth’s environment, and in one
tively compare the spacecraft observations to the predictionsf the studied intervals the OMNI propagated data set con-
of the magnetosheath model developedhyc et al.(2014). tains a large data gap.

We have selected four typical MC events during which one Therefore, we use ACE Magnetic Field Experiment

or several spacecraft are located inside the Earth’s magnetgMAG) (Smith et al, 1998 data as a monitor of the magnetic

sheath, at least for several hours during the MC'’s passage. Watructure of MCs in the unperturbed solar wind. We assume
focus here on the magnetic structure of these MCs, i.e. the¢hat all the large-scale structures observed in L1 actually
smooth rotation of their magnetic field, and how it evolves reach the Earth’s environment. As ACE is located close to the
from the solar wind to the magnetosheath. Each of the fourSun—Earth line, this is generally true. The data are obtained
cases corresponds to a different evolution of the magnetichrough the CDAWeb servicehitp://cdaweb.gsfc.nasa.gov/
structure across the bow shock and inside the magnetosheatépphys). They are shifted in time in order to account for the
and illustrates a typical example of magnetosheath observgropagation from L1 to the magnetosheath. The delay is ob-
tions during MCs. tained by dividing the distance between ACE and the space-

The paper is organised as follows: in S&tve briefly in-  craft inside the magnetosheath in thdirection by the solar

troduce the different data sets used in this work. The four exwind speed along. Using a constant time lag throughout
ample MCs are described in Se&tln Sect4, we investigate the studied events is sufficient for the purpose of our study,
the conditions encountered at the bow shock, and comparas we focus on long-lasting and large-scale structures. In the
our results to thdurc et al.(20149 magnetosheath model in  following, we will only display time-shifted ACE data, and

Sect.5. Section6 concludes this paper with a summary and the reference time will be given by Cluster’s observations.

a discussion. In the magnetosheath, we use data from the Cluster and the
Geotail spacecraft when available in this region. However,
since the spacecraft generally do not remain in the magneto-

2 Data sets sheath during the entire MC events, observations in the solar
wind and/or the magnetosphere are also displayed. The mag-

To investigate how the structure of MCs evolves from the netic field measurements are obtained from the FluxGate

solar wind to the magnetosheath, we need simultaneous odMagnetometer (FGM)Ralogh et al. 1997 aboard Clus-

servations in these two regions. The solar wind upstreamer and the Magnetic Field (MGF) instrument aboard Geo-
of the Earth is continuously monitored by the Advanced tail (Kokubun et al. 1994. All data from ACE, Cluster and

www.ann-geophys.net/32/1247/2014/ Ann. Geophys., 32, 124761, 2014
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Geotail shown in the following sections are 1 min averageswind to the magnetosheath, as indicated by the sharp in-
unless otherwise indicated. The magnetic field componentgreases in the magnetic field strength due to compression
are given in the geocentric solar ecliptic (GSE) frame. at the bow shock. After 17:00 UT, the spacecraft remains
in the magnetosheath and reaches the magnetopause around
04:00 UT on 21 May 2005. The transition from the magneto-
3 Description of the events sheath to the magnetosphere can be seen on the plasma mea-
surements (not shown).
In this section, we present four MCs observed simul- \ve now focus on the times when Cluster is located in the
taneously in the solar wind and the magnetosheath. Theyhagnetosheath. Like the magnetic field strength, the mag-
have been selected as the most representative ones frompatic field components (Figb, ¢ and d) increase in abso-
database of about 30 MC events during which spacecraffyte value from the solar wind to the magnetosheath because
observations are available inside the magnetosheath. Thesg the compression. However, Fige and f show that even
four events comprise rather long intervals of magnetosheatlfhough Cluster is located downstream of the bow shock, it
measurements, and generally also bow shock crossings. Ea@hserves roughly the same magnetic field direction as ACE.
of themillustrates a different behaviour of the MC's structure |y particular, the bow shock crossings which are clearly seen
inside the magnetosheath. on the magnetic field strength cannot be identified) and
The orbits of Cluster and Geotail during the studied inter-q)‘ Starting from 19:00UT, we observe a discrepancy be-
vals are displayed in Fid., in the GSEx—y (left panel) and  tween the magnetic field directions measured by ACE and
the x— (right panel) planes. The diamonds indicate the po-cjuster, which increases as Cluster moves closer to the mag-
sition of the spacecraft at the beginning of the events. As aetopause. This deviation is most likely due to the draping
reference, the dotted lines indicate fr&gb et al(2009 bow  of the field lines around the magnetosphere, which progres-
shock and th&hue et al(1998 magnetopause models calcu- sjyely alters the magnetic field direction when approaching
lated for average solar wind conditions, namek: 6cm >, the magnetopause, and becomes more visible when moving
V =400kms', B=5nT andB, =0nT. Figurel shows  farther tailward. Here Cluster is located at rather high lat-
that the spacecraft provide us with a rather good coverage ofudes, where the draping can be important. Another small

the dayside magnetosheath during these four MCs. variation (below 20) is also observed between 09:00 and
. 11:00UT ong (Fig. 2f), although Cluster remains close to
3.1 Event1: MC’s structure unchanged in the bow shock.

the magnetosheath The bottom panel of Fig2 displays the angle/ between

the magnetic field directions measured by ACE and by Clus-
ter. This angle allows us to quantify the variation of the mag-
netic field direction from the solar wind to the magneto-
sheath with a single parameter. Contrary to the other quan-

Figure 2 shows the observations of ACE (time shifted to
the bow shock) in the solar wind (black curves) during 32 h
starting from 20 May 2005 at 00:00 UT. Just after 04:00 UT

on 20 May 2005, as indicated by the vertical dotted Ilne,tities shown in Fig2, the angley is calculated from 5 min

the rr|1agnet|c field dstret[lgt?hln(t:)rea}ses n t?fhsolz?]r W{Ed §t0paverages, because it depends on both ACE and Cluster mea-
panel), corresponding to the beginning of the sheath of a urements and thus on the time shift applied on the solar wind

MC. Th|_s zngancemerllt Oathi mggnetlcdfleld tshtreng;ch IS E_icf'gata set. We estimated that our propagation method leads to
companied by a weak shock observed on the solar WinG, ¢ o5 min, due to the difference between the mini-

speed (not shown). The MC arrives around 07:15UT "Nmum and maximum speed during the event. Therefore, we

20 May 2005 and its front and rear edges are indicated by ompute the anglé on 5 min averages of the magnetic field

the vertical dotted—dashed lines. Between these two boundglata in order to reduce the errors due to the constant time

aries, we observe a slow variation of the magnetic f|eld_ MaTshift. The peak observed at 16:00 UT is due to a sharp varia-
nitude and components (see Fig, b, ¢ and d), or equiva-

. . tion of the magnetic field encompassed in the MC’s smooth
lently a smooth rotation of thé and¢ angles (Fig2e and ! ghetic X P !

, rotation.
f). These angles are defined as follows: €esB,/B and We now focus on the global trend ¢f. The values ofy

cosp = By/ (\/ B2+ B2). during the MC show that the variation of the magnetic field
During this event, Cluster (blue curves) is located closedirection is mostly below 2Q that is, the magnetic struc-

to the Earth’s bow shock (solid black curves in FiD. ture of the MC observed in the magnetosheath is roughly the

During the few hours preceding the shock and during thesame as in the solar wind. We note, however, thatome-

sheath of the MC, the spacecraft remains mostly in thetimes increases; for example, between 09:00 and 11:00 UT,

solar wind, as evidenced by the magnetic field magnitudeyr remains around 20for 2h. Also, after 00:00UT on

(blue curve, Fig2a), which is similar to that observed by 21 May 2005,/ increases up to £hear the magnetopause,

ACE. After the beginning of the MC, that is, after 07:15 UT, which is crossed around 04:00 UT on 21 May 2005.

and until 17:00UT on 20 May 2005, Cluster crosses the

bow shock several times and then moves from the solar

Ann. Geophys., 32, 12471261, 2014 www.ann-geophys.net/32/1247/2014/
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Figure 2. 20 May 2005 MC: observations from ACE (black) and Cluster (blue), in GSE coordinates. Vertical dotted line: beginning of the
sheath of the MC. Vertical dotted—dashed lines: beginning and end of the MC. From top to bottom: magnetic field stee®ythB;; 6,
¢ (see text for definition of andy); andy, the angle between the magnetic field observed by Cluster and by ACE.

3.2 Event 2: temporal variation of the MC's structure 16 May 2005, Cluster crosses the magnetopause and moves
into the magnetosphere.
The second MC that we will study here features one of the AS in the previous case, Cluster (blue curves) is in the
most extreme solar wind events of solar cycle 23 and ha$olar wind when it measures the same magnetic field as ACE
been the subject of detailed studies from the eruption of2nd in the magnetosheath when the magnetic field is com-
the CME on the Sun to its consequences on Earth’s enviPressed. Its orbit is drawn as black dashed curves inIFig.
ronment (see, for exampl®asso et a).2009 Bisi et al,  After the beginning of the MC, Cluster crosses the bow shock
2010. The sheath of this MC arrives around 02:40 UT on NUmerous times, and finally stays in the magnetosheath after
15 May 2005 at Earth’s bow shock (dotted line in F&).  22:30UT. The investigation of the magnetic field direction,
As can be seen in the top panel of Figthe magnetic field ~Shown by the angle$ andg (Fig. 3b and c), reveals that the
strength observed in the solar wind by ACE (black curve) Magnetosheath observations of this MC are divided into two

by the dotted—dashed line, that is, about 10 times higher thathe magnetic field direction strongly differs from that in the

netic field observations from 01:00 UT on 15 May 2005 to bow shock. The discrepancies can exceetizstl are largest
13:00 UT on 16 May 2005. Although it takes more than 48 h On the angle . Depending on the considered magnetosheath
for this MC to propagate past ACE, we only display here theinterval, the direction of rotation 'of th.e anglesindy varies.
part of the event where we have observations from Cluster ifMoreover, the magnetic field direction and magnitude dis-
the solar wind or in the magnetosheath. Around 11:00 UT onplay large fluctuations inside the magnetosheath, in particular

www.ann-geophys.net/32/1247/2014/ Ann. Geophys., 32, 124761, 2014
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between 09:00 and 12:00 UT, while the upstream magnetids very similar to that at L1 (Figdb and c). The values af
field still rotates slowly. Then, during the latter part of the (blue curve in Fig4d) are below 20 during the entire MC,
event, that is, after 17:00 UT, we get back to the same sitshowing that the variations in the magnetic field direction are
uation as in Event 1, where the magnetic field direction isvery small, even downstream of the bow shock. Therefore,
strikingly similar to that in the solar wind. this event as observed by Cluster is rather similar to Event 1
The bottom panel of Fig3 displays the angles between  and to the second part of Event 2.
the magnetic field vectors at ACE and at Cluster. During the At the MC’s arrival, shortly before 01:00UT on
first part of the event) ranges between 30 and“/€@achtime 22 April 2001 (dotted—dashed line), Geotail (green curves)
Cluster is in the magnetosheath, but afterwards it falls belowmakes an inbound crossing of the bow shock and remains in
20°. One of the factors that might explain the variationg/in the magnetosheath during the entire event. While Cluster is
within the MC is the distance of Cluster from the bow shock. located on the dawnside of the Northern Hemisphere, Geo-
In the first interval, Cluster remains near the bow shock, adail probes the duskside magnetosheath, close to the ecliptic
evidenced by the multiple shock crossings. Then, in the secplane (see the green curve in Fij. During this event, Geo-
ond interval, Cluster traverses across the magnetosheath tail travels from the dayside to the nightside magnetosheath,
the magnetopause. However, the multiple bow shock crossand crosses the terminator plane (iX¥gsg=0) around
ings observed between 19:00 and 22:00 UT indicate that thd1:30 UT. Because the magnetosheath properties change
spacecraftis still rather close to the bow shock during the firstwvhen moving farther tailward, we concentrate on the obser-
few hours of the second part of the event. Therefore, the disvations from 00:30 to 16:00 UT on 22 April 2001, although
tance to the bow shock alone cannot explain the differenceshe MC lasts until 01:00 UT the next day. Figutb shows

between the first and the second parts of the event. that the angl® observed by Geotail is similar to Cluster and
ACE measurements, with the exception of the first 2 h of the
3.3 Event 3: spatial variation of the MC'’s structure MC, from 01:00 to 03:00 UT on 22 April 2001, whendis-

plays a variation of about 30For the angle (Fig. 4c), how-

Figure 4 shows observations of three different spacecraftever, the discrepancies between Geotail and the other data
(ACE, Cluster and Geotail) of an MC, between 21 April 2001 sets are much larger. From 01:00 to 16:00 UT on 22 April
at 15:00 UT and 22 April 2001 at 16:00 UT. ACE was located 2001, the green curve in Figc shows a similar rotation of
at L1, while Cluster and Geotail were found in the oppositethe magnetic field along, but shifted by about 40relative
flanks of the magnetosheath, as can be seen inlF§CE to that observed by ACE and Cluster.
data, in the solar wind, are drawn in black in Fi.The The angleyr (green curve in Figdd) varies from 50 at
beginning of the sheath of the MC is indicated by the dot-the beginning of the MC to TOat the end of the event.
ted line, and the dotted—dashed line marks the front edge olfn particular, we note that, between 01:00 and 06:00 UT on
the MC. As in Event 2, we do not show the entire MC, but 22 April 2001, when Cluster and Geotail are both located in-
only the part when data are available in the dayside magnetoside the magnetosheath, the valueg/ofiiffer largely from
sheath or close byXcse= —3Rg), that is, until 16:00UT  one observation point to another. In the dawnside, Cluster en-
on 22 April 2001. The usual magnetic field signatures of thecounters roughly the same MC's structure as ACE, whereas,
MC are again clearly seen in ACE measurements: the highein the duskside, Geotail observes a magnetic field direc-
magnetic field strength (Figla) and the smooth rotation of tion which is shifted by about 4Mut still rotates smoothly.
its direction (Fig.4b and c). Therefore, the magnetic field direction in the magnetosheath

At the beginning of the event, from 15:00 to 22:00UT can differ significantly, depending on the location inside this
on 21 April 2001, Cluster is located inside the magneto-region.
sphere, as shown by its orbit drawn in blue in FigDuring
the sheath of the cloud, around 22:00 UT on 21 April 2001,3.4 Event 4: loss of the MC'’s structure
Cluster crosses the magnetopause and enters the dawnside
magnetosheath, where it travels for several hours. The spac®bservations of the ACE spacecraft (black curves) during
craft observes the arrival of the MC around 00:30UT onthe 22 January 2004 MC are displayed in FigThe sheath
22 April 2001 (dotted—dashed line in Fid), then encoun-  of the MC arrives shortly after 01:30 UT (dotted line), when
ters the bow shock several times from 06:00 to 08:30 UT (sedhe magnetic field strength increases from 5 to 25nT in the
the blue curve in Figda). After 08:30 UT on 22 April 2001, solar wind (Fig.5a). The smooth rotation of the MC be-
Cluster remains almost continuously in the solar wind un-gins around 10:40 UT (dotted—dashed line), as can be seen
til the end of the MC and observes the same structure ain the magnetic field direction measured by ACE (Fab.
ACE. Therefore, it provides us with only a few hours of and c). Cluster (blue curves) is first located in the solar wind
magnetosheath observations during this event, from 00:30 tgince it observes a magnetic field magnitude very similar to
08:30 UT. When comparing Cluster magnetosheath measurdahat at ACE during the sheath and the beginning of the MC
ments to ACE solar wind observations, we note again that th€see also the dotted—dashed curves in Ejglt then moves
MC'’s magnetic field direction observed in the magnetosheatho the magnetosheath. However, the time of the bow shock

Ann. Geophys., 32, 12471261, 2014 www.ann-geophys.net/32/1247/2014/
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Figure 4.22 April 2001 MC: observations from ACE (black), Cluster (blue) and Geotail (green), in GSE coordinates. Same form& as Fig.

crossing is unclear on the magnetic field data, which dis- This case differs from the three previous events in several
play large fluctuations from 16:00 to 22:00 UT (blue curve aspects. First, the compression downstream of the bow shock
in Fig. 5a, b and c). Measurements from other instrumentsis very weak before 18:30 UT. Although the electron prop-
aboard the spacecraft, such as the electron and ion fluxesrties show that the spacecraft crosses the bow shock, the
(not shown), indicate that there are in fact several bow shocknagnetic field strength is only slightly enhanced inside the
crossings from 16:30 to 17:15 UT before Cluster remains inmagnetosheath, by a factor of 2 at the most. After 18:30 UT,
the magnetosheath. These crossings are indicated by the vahe magnetic field magnitude increases and fluctuates around
tical red dotted lines in Fig5. Around 21:30 UT, Cluster 30nT, which is about 3 times its solar wind value. Another
crosses the magnetopause and moves to the magnetosphedéstinctive feature of this event is that the MC’s smooth ro-
Although this MC event lasts until around 07:00 UT the next tation is no longer observed downstream of the bow shock
day, Fig.5 is limited to the part of the event relevant for our (see Fig.5b and c). The slow variation @f andg observed
study, i.e. when Cluster is outside the magnetosphere. in the solar wind by ACE is blurred by large fluctuations in
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Figure 5. 22 January 2004 MC: observations from ACE (black) and Cluster (blue), in GSE coordinates. Same forma.as Fig.

magnetic field strength and direction in the magnetosheathcontrolled by the conditions encountered at the bow shock.
Moreover, we note that these fluctuations are also observe@hese conditions are quantified by one of the key parameters
when Cluster is in the solar wind, after 12:00 UT. of the bow shock — the shock obliquit®g,,. It is defined as
¥ (Fig. 5d) illustrates the variation from the solar wind to the angle between the local normal to the shock’s surface and
the magnetosheath of the 5 min averaged magnetic flelsl.  the magnetic field direction in the solar wind. TBg,, values
very high during this event, generally above® 3@hen Clus-  roughly define two regimes, associated with different physics
ter is in the magnetosheath and exceedxBfse to the mag- at the bow shock: if9g, ranges between 45 and9® and
netopause and around 19:00 UT. Even on average, the mag5°), the shock is in a quasi-perpendicular (quasi-parallel)
netic field direction inside the magnetosheath differs largelyconfiguration. An intermediate regime is sometimes defined,
from that in the solar wind. i.e. when®g, is around 435, the so-called oblique shock con-
To conclude, we have shown that the evolution of an MC’sfiguration.
structure from the solar wind to the magnetosheath differs The normal to the shock’s surface can be estimated locally
largely from one event to another. In some cases, the magwhen a satellite encounters the bow shock. The four example
netic field direction is preserved across the bow shock (Evenevents were precisely chosen because the spacecraft cross the
1, second part of Event 2, and Cluster’s observations of Evenbow shock multiple times, giving us the opportunity to esti-
3). In other cases, the smooth rotation closely follows that inmate the shock obliquity. According to Rankine—Hugoniot
the solar wind, but at a different angle (Geotail's observationsrelations, the magnetic field component along the shock’s
of Event 3). Finally, the structure of the MC can be strongly normal is kept unchanged at the bow shock’s crossing. We
modified across the bow shock, as the magnetic field orienperform here a minimum variance analysis (MVA) on the
tation rotates in a somewhat different fashion (first part of magnetic field components measured by the spacecraft to
Event 2). Large fluctuations in the magnetic field direction determine the normal direction (see, for examfennerup
can then becloud the smooth rotation of the MC inside theand Scheiblgl998. The magnetic field direction in the solar
magnetosheath (first part of Event 2 and Event 4). In addi-wind is given by ACE observations, and this combined with
tion, we have noted that the behaviour of the magnetic fieldthe results of MVA yields the value @bg, at the spacecraft
direction across the bow shock can vary with time (Event 2),location and at the time of the crossing.
as the MC passes by, and space, depending on the location During the events presented in Segt.Cluster encoun-
inside the magnetosheath (Cluster and Geotail observationred the bow shock several times. The value®gf esti-
on both sides of the magnetosheath, Event 3). mated from these crossings are listed in Tabl®&ote that
we only give here the crossings where MVA yields satisfac-
tory results, i.e. when the time window on which MVA is
4 Conditions at the bow shock applied does not affect its results and when the eigenvalues
of the variance matrix are well distinct, i.e. when the mini-
In a simple magnetosheath modglirc et al.(2014 showed  mum and intermediate eigenvalues differ by at least a factor
that the MC'’s structure in the magnetosheath is largelyof 3.5. The Event 4 is not discussed here because the bow
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Table 1. ®gp, at the bow shock crossings estimated with MVA for encounters a quasi-parallel bow shock. Thesedgyyvalues

the first three events. Note that Event 2 is divided into two parts, cor-are associated with a large variation of the magnetic field di-

responding to the quasi-parallel and the quasi-perpendicular configrection across the bow shock, and the structure of the MC dif-
uration at the bow shock. fers largely from that in the solar wind. Therefore, the conser-

vation of the MC's structure seems to be related to the cross-

Date Time ©Bn ing of a quasi-perpendicular shock, whereas a quasi-parallel
of crossing (UT)  ¢) . . . . A .
configuration gives rise to a modification of its smooth rota-
20 May 2005 07:52:41 84 tion.
20 May 2005 08:26:55 81
20 May 2005 09:00:40 64
20 May 2005 09:05:55 56 . .
20 May 2005 11-35-24 1 5 Comparison with a magnetosheath model
20 May 2005 15:45:41 78 . L. -
20 Maz 2005 16:07:00 73 The_ direct determination of the shock obliquity can only be
20 May 2005 16:10:55 62 achieved when the spacecraft encounters the bow shock. Be-
20 May 2005 16:48:46 61 tween two consecutive crossings, we cannot know with cer-
15 May 2005 07-06:35 2 tainty whether the shock configuration has changed or not.
ay oY More importantly, if the shock obliquity cannot be deter-
15 May 2005 07:26:12 30 . . L
15 May 2005 07-50-40 23 mined or if the spacecraft remains in the magnetosheath (for
15 May 2005 07:53:55 20 example Geotail during Event 3 presented in S8@), we
15 May 2005 09:06:00 30 have no informa?ion abo@gn. In these cases, th'e. magneto-
15 May 2005 09:12:25 40 sheath observations can be related to the conditions encoun-
15 May 2005 09:21:10 24 tered at the bow shock through modelling.
15 May 2005 10:25:23 19 We use here a model of the magnetosheath magnetic
15 May 2005 11:00:40 19 field introduced inTurc et al.(2014 and optimised for MC
15 May 2005 11:04:35 44 conditions. Utilising the solar wind parameters as inputs,
15 May 2005 11:41:20 15 this model computes the magnetic field inside the magneto-
ig may 3882 ié:gg:gg gg sheath. The magnetic field just downstream of the bow shock
ay — is calculated with Rankine—Hugoniot equations, and thus de-
15 May 2005 15:57:20 26 . . . .
pends directly on the compression ratio. It is then propagated
15 May 2005 18:59:20 64 along the flowlines calculated by tf&oucek and Escoubet
15 May 2005 19:33:47 66 (2012 model into the magnetosheath. The boundaries of the
15 May 2005 19544530 67 magnetosheath are given by tBaue et al(1998 magne-
ig may ;882 gégég‘?‘ 2411 topause and thaeab et al.(2005 bow shock models. The
15 ng 2005 991143 90 choice of thelgab et al.(2005 model results from a com-
y o parative study of bow shock models during low Alfvén Mach
22 Apr 2001 06:30:18 89 number (M5 < 5) conditions, corresponding to MCs’ condi-
22 Apr 2001 06:47:40 86 tions (Turc et al, 2013. More details about the magneto-
22 Apr 2001 07:27:24 86 sheath model can be foundTurc et al.(2014.
22 Apr 2001 12:21:38 87

We use ACE measurements as the input to the magneto-
sheath model to compute the magnetic field components at
the position of the spacecraft (Cluster or Geotail) in the
shock crossings cannot be identified in the magnetic fieldnagnetosheath and compare them to the observations. The
data, since magnetic field fluctuations are of the order of themodel gives us access to the shock conditions that the flow
background magnetic field. passing by the spacecraft encountered upon entering the

The ®gn values show that during Event 1 (Se@tl),  magnetosheath. Note that we cannot apply the magneto-
the bow shock was quasi-perpendicular at Cluster’s locationsheath model to Event 2 because the bow shock model fails to
(56° < ©gn < 84°). Similarly, the ©g values indicate that correctly reproduce the bow shock position during this event,
the shock encountered by Cluster during Event 3 (38f.  as was mentioned iffurc et al.(2013. Consequently, the
and during the second part of Event 2 (Se&®R) is in  flow pattern inside the magnetosheath cannot be computed
a quasi-perpendicular configuration {87 ®gn <89 and  during this MC.
64° < Opp < 9C°, respectively). In these three cases, we
have seen that the MC’s magnetic structure remains roughl$.1  Event 1: 20 May 2005 MC
unchanged from the solar wind to the magnetosheath. Con-
versely, during the first part of Event 2, theg, values  Figure 6 displays the magnetic field strength (F&n) and
are much lower (15< ©®g, < 44°), denoting that Cluster direction (Fig.6b and c) during the 20 May 2005 MC (Event
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Figure 6. 20 May 2005 MC: comparison between the magnetosheath model’s results (dashed blue lines) and Cluster's observations (solid
blue lines), in GSE coordinates. From top to bottom: magnetic field strefig¢h,y and ®g,. Red diamonds®g,, estimated with MVA
from the observations.

1). It corresponds to the part of Fig.bounded by the two  shown by the angleg and¢ (Fig. 6b and c), as well as the
dotted—dashed lines. We show Cluster’s observations (solidingleyr between the magnetic field vectors in the solar wind
blue curves) and the magnetosheath model’s results (dashe measured by ACE and in the magnetosheath §8jgFig-
blue curves) during this event. Cluster encounters the shockire 6e shows thedg,, values encountered at the bow shock
many times during this event, but the model does not accuat the location connected to the spacecraft along the flow-
rately reproduce the times of the bow shock crossings (seéine. Since®gy, is not defined upstream of the bow shock,
Fig. 6a). This is probably due to the bow shock model, basedthe model only provides us witBg,, values when it predicts
on statistics, which does not take into account the shock’s dythe spacecraft to be in the magnetosheath. The results of the
namics. However, on average, the bow shock model correctlynodel are drawn as a blue dashed curve. They are consis-
estimates in which region — magnetosheath or solar wind -tent with the®g, values estimated from Cluster’s measure-
the spacecraft is located. Around 04:00 UT on 21 May 2005,ments when the spacecraft crosses the bow shock, indicated
the magnetopause model predicts that Cluster crosses thHgy the red diamonds. In particular, it reproduces well the de-
magnetopause, which is consistent with the observations. crease in®g, to about 60 around 09:30UT and to about
Inside the magnetosheath, the modelled magnetic field&’0° around 16:30 UT. The model results show that &,
strength is slightly overestimated, in particular after remains mostly close to 9after Cluster’s last bow shock
16:30 UT, but on the whole it is of the same order as thatcrossing around 16:45 UT.
measured by Cluster. After 23:15UT, the model predicts If we comparey and ©g, (Fig. 6d and e), we find that
large peaks of the magnetic field magnitude which are nothe variations inyy seem to be anti-correlated to that of
observed by the spacecraft. These peaks correspond to d®g, during the first half of the event, approximately un-
creases in the Alfvén Mach number. The model predicts thatil 22:00 UT on 20 May 2005. In particular, we note that
the bow shock will retreat sunward, and thus the spacecrafthe deviation between the magnetic field directions observed
appears to be located closer to the magnetopause relative to the solar wind and in the magnetosheath from 09:00 to
the distance between the bow shock and the magnetopaus&1:00 UT on 20 May 2005, already mentioned in S&ct,
i.e. in a region of larger magnetic compression. We will not corresponds to a decrease @g,. However, the higherr
discuss any further the discrepancies between the observadlues after 22:00 UT cannot be related to a variation of the
and modelled magnetic field strength because they are dughock obliquity, since®g, remains close to 90 Accord-
to the combined effects of the approximations made in theing to the magnetosheath model, which reproduces these en-
magnetosheath model such as the compression ratio at theancedys values well, this increase is due to the field line
bow shock, the magnitude of the flow velocity, or the density draping around the magnetosphere. Therefore, the magneto-
profile inside the magnetosheath (§eec et al, 2014). sheath model allows us to separate the impact of the shock
The magnetic field direction given by the model is in ex- obliquity from the effects of the draping on the magnetic field
cellent agreement with the magnetosheath observations, atirection inside the magnetosheath.
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Figure 7. 22 April 2001 MC: comparison between the magnetosheath model’s results (dashed lines) and the observations (solid lines) at
Cluster’s (blue lines) and Geotail's (green lines) locations, in GSE coordinates. Same formattas Fig.

5.2 Event 3: 22 April 2001 MC The differences observed between Cluster and Geotail
measurements could also be interpreted in terms of their lo-

. cation inside the magnetosheath relative to the magnetopause
Figure7 shows the results of the magnetosheath model dur-and the bow shock, since the anglewould increase due to

ing the 22 April 2001 MC at Cluster (dashed blue curves) field line draping when moving closer to the magnetopause.

and Geotail (dashed green curves) locations, together Wltf\lNe computed the anglg along the same flowlines as the

Cluster (solid blue curves) and Geotail (solid green CurVes)spacecraft but just downstream of the bow shock, where there

observations. The plotted interval corresponds to the part on : - )
the right of the dotted—dashed line in Fg.Cluster is found IS no draping effect. The changes are negligible for Cluster;

. : S for Geotail, the anglg roughly exhibits the same variations,
in the dawnside magnetosheath at the beginning of the I\/lcbut with slightly smaller values. However, the contribution of

and then it moves to the solar wind after 08:30 UT. Geota|Ithe draping to the encountergdvalues never exceeds°10

remains in the duskside magnetosheath during the entire inThis confirms that the) values are higher at Geotail’s lo-
terval displayed in Fig7. Again, the model provides a cor- . i . )
rect order of magnitude for the magnetic field strength insideCatlon than at Cluster's, mainly because €hgn values up

. . ream of thi r re lower.
the magnetosheath. As in the previous case, the modelleat eam o this spacecraft are ower. .
> . ST . Finally, we note that the variations in and®g,, are anti-
magnetic field direction is in excellent agreement with the : . . .
. . . correlated, as was observed in Event 1. This anti-correlation
observations (see Figb and c), and the anglg (Fig. 7d)

X . ) is particularly noticeable on Geotail data because the varia-
shows that the merI fits well with the obse,rvat|on§ for bOthtions in these two parameters can be compared for 16 con-
spacecraftyy remains very small at Cluster’s location, and

decreases from 40 to 2@t Geotail's secutive hours as the spacecraft remains continuously in the
. . ’ . heath in FIg. . Thi -
Figure7e displays the values &g upstream of Geotalil magnetosheath (green curves in Fig. and e) 'S SUg

(dashed green curve) and Cluster (dashed blue curve) whe ests that the variation of the magnetic field direction from
the solar wind to the magnetosheath is a function of@kag

the spacecraft are located downstream of the modelled bow alues

shock. The model shows that Cluster is found downstream of '

a quasi-perpendicular shock during the first part of the MC

(®gn > 65°) before moving to the solar wind. The compar- -3 Event4: 22 January 2004 MC

ison between observed and modellegd;, is limited, since

there are only fou®gy, values calculated with MVA (red di- Cluster’s observations (solid blue curves) during the 22 Jan-

amonds in panel e) because Cluster crosses the bow shoclary 2004 MC, from 10:30 to 21:30 UT, are displayed in

only a few times, but a very good agreement is obtained. Thd=ig. 8 together with the outputs of the magnetosheath model

values of the shock obliquity upstream of Geotail are lower,computed at the spacecraft’s location (dashed black curves).

ranging between 40 and 7@uring the first half of the event.  Again, this coincides with the part of Fi§.on the right of

Geotail is then found downstream of a shock in an obliquethe vertical dotted—dashed line. During this event, Cluster ob-

configuration. serves very large fluctuations in the magnetic field during the
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Figure 8. 22 January 2004 MC: comparison between the magnetosheath model’s results (dashed black lines) and Cluster’s observations
(solid blue lines), in GSE coordinates. Same format asé-ig.

MC, both upstream and downstream of the bow shock. Be-observed (around 19:00 UT) enhancementg @ not clear,
cause of these fluctuations, the bow shock crossings are umowever. The decrease in the Alfvén Mach number occurs
clear in the magnetic field data, but can be identified with theshortly before 18:00 UT at ACE, and should take less than
plasma properties. The model predicts the spacecraft to croskh to travel from L1 to the bow shock, according to the solar
the bow shock around 15:45UT, that is, about 45 min be-wind speed. The time lag between the two peaks may stem
fore the actual crossings, which are marked by the red dottedrom the dynamics of the boundaries, which are not properly
lines. As mentioned previously, this is due to the limitations taken into account in the models, as demonstrated by the bow
of the bow shock model. shock crossing predicted ahead of time. Apart from this peak,
First, we note that the large fluctuations in the magneticthe modelled/ values are quite similar to those provided by
field magnitude and direction observed in Cluster data (solidCluster data. In particular, the increase from 40 té &fer
blue curves) are not reproduced by the model (dashed black9:30 UT obtained with the model is in very good agreement
curves). Therefore, we will mostly discuss the average trendvith the observations.
of the magnetic field measurements. On average, the mod- As indicated by thég, values (Fig8e), the spacecraft is
elled magnetic field strength is of the same order of magnidocated downstream of a strongly quasi-parallel shok;
tude as that measured by the spacecraft (84, although  remains around 20from 15:30 to 21:30 UT. The large vari-
the model tends to underestimate it. In terms of the magneti@ation of the mean magnetic field direction across the bow
field direction, th& andg obtained with the model are rather shock, denoted by the higlr values, above 30 is most
close to the average values of the measéraddg (Fig. 8b likely related to these low®g,, values. At the end of the plot,
and c). however, the increase i1 is not accompanied by variations
Similarly, theys angle (Fig.8d) given by the model (black in ®g,. Therefore, we infer that it is related to the draping
curve) reproduces the measurements (blue curve) rather weldf the field lines because at this time Cluster approaches the
most likely because it is calculated from 5min averages,magnetopause, as was the case in Event 1. Since we are in
which smooth the fluctuations. The major difference be-a quasi-parallel configuration, the large fluctuations in the
tween the two curves in Figd is the position of the peak magnetic field observed by Cluster are expected (see, for ex-
around 18:30-19:00 UT. According to the magnetosheattample Shevyrev and Zastenk&005 Shevyrev et a)2007).
model, the increase iy up to 80 around 18:30UT coin- In particular, from 12:00 to 16:00 UT, when Cluster is in the
cides with an outward motion of the magnetopause and thesolar wind, it in fact probes the foreshock, which interacts
bow shock caused by a decrease in the Alfvén Mach numbewith the MC. Thus the smoothly rotating magnetic field of
(not shown). Because of the displacement of the boundarieghe MC can already be altered upstream of the bow shock.
the spacecraft is located much deeper inside the magneto- As mentioned inTurc et al. (2014, the magnetosheath
sheath from 18:00 to 19:00 UT. Therefore, the peakydé model is not expected to reproduce the fluctuations ob-
probably due to the draping of the field lines. What causesserved downstream of the quasi-parallel shock, or upstream
the time shift between the modelled (around 18:30 UT) andin the foreshock, because it does not take into account the
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microphysical processes taking place there. However,&ig. roughly conserved downstream of the bow shock.@,
shows that the average magnetic field direction seems taecreases to more oblique values, the variation of the mag-
be reasonably well estimated by the model, even for suchetic field direction from the solar wind to the magnetosheath
low ®gp values. Regardless, we cannot reasonably use thancreases. If the shock is in a quasi-parallel configuration, the
magnetosheath model to further interpret the observations itMC’s structure inside the magnetosheath differs significantly
this shock configuration. from that in the solar wind. In Event 2, the modification of the

magnetic field orientation can exceed st downstream of

the bow shock. The temporal variation of the difference be-
6 Discussion and conclusions tween upstream and downstream structures, observed during

the 15 May 2005 MC (Event 2), can be related to the time-
The Earth’s bow shock is known to modify the properties varying shock configuration, which progressively turns from
of the incoming solar wind to divert it around the magneto- quasi-parallel to quasi-perpendicular at Cluster’s location as
sphere. In particular, the interplanetary magnetic field (IMF)the MC moves past the Earth.
magnitude increases and its direction rotates as predicted The results of this case study stress the important role
by the Rankine—Hugoniot relations and due to the field lineplayed by the shock configuration on the MC’s structure
draping around the magnetopause. The same processes anside the magnetosheath. This is consistent with the con-
expected to occur when an MC crosses the bow shockclusions drawn byTurc et al. (2014 when applying the
This could significantly modify the orientation of the MC's magnetosheath model to synthetic MCs. On the basis of
magnetic field and consequently alter its interaction withthe observations of the magnetic structure of MCs in the
the magnetosphere through reconnection or other local promagnetosheath, we suggest that three different scenarios can
cesses. However, the effects of the bow shock on the MC’'ccur at the bow shock’s crossing, depending on the encoun-
magnetic structure are generally not taken into account whemered shock configuration, i.e. quasi-perpendicular, oblique
studying the geoeffectivity of MCs. or quasi-parallel. If the shock is in a quasi-perpendicular

In this paper, we analyse spacecraft observations in theonfiguration (i.e©®gp = 60°), the MC'’s structure is almost
Earth’s magnetosheath to investigate the variation of theunchanged at the bow shock’s crossing, thatyisis be-
magnetic structure of MCs caused by the bow shock’s crosstow 20°. In an oblique configuration (i.e. 6Q> ®gp = 30°),
ing. We study four events as four typical and different ex- the magnetic field orientation varies significantly & 20°)
amples of magnetosheath observations during MCs. In thdut still follows a similar smooth rotation as in the solar
first case, the MC's structure observed in the magnetosheatvind. Finally, if the MC encounters a quasi-parallel shock
is roughly the same as that in the solar wind. In contrast,(i.e. ®g, < 30°), the magnetic field orientation again varies
the second event highlights that the MC’s smooth rotationlargely, but in addition its slow variation changes from the
sometimes differs largely from that observed upstream of thesolar wind to the magnetosheath, where fluctuations arise and
bow shock. Moreover, the alteration of the MC's structure dominate any structured magnetic field. As the quasi-parallel
across the bow shock can vary with time as the MC passeand the quasi-perpendicular regimes can coexist on the bow
by the Earth. In the third example, data from two different shock’s surface, it is likely that the MC's structure will be
spacecraft are available simultaneously at two different locastrongly modified in a part of the magnetosheath. The mag-
tions inside the magnetosheath. The combined observationsetic field reaching the magnetopause during the MC'’s pas-
of Cluster and Geotail show that the structure of the MC dif- sage will most likely display pronounced asymmetries, in the
fers from one region of the magnetosheath to another duringame way as the Parker-spiral IMF creates dawn—dusk asym-
this event. In the dawnside magnetosheath, the magnetic fielchetries, which could have an impact on its interaction and
orientation is the same as in the solar wind, whereas in thgossible reconnection with the Earth’s magnetic field. To in-
duskside it follows the smooth rotation observed upstreamyestigate this in more detail, it could be worth considering
but at a different angle. Finally, the fourth event illustrates an extension of th@urc et al.(2014 magnetosheath model
that, in some cases, the MC’s smooth rotation disappears inwhich includes reconnection processes, as is done for exam-
side the magnetosheath because of large magnetic field flugle in Cooling et al.(2001), but this lies beyond the scope of
tuations. In this case, the magnetic compression downstrearthis paper.
of the bow shock is also very weak. In addition to the interpretation of the observations of MCs
The differences between these four events appear to bmside the magnetosheath, the comparison of the model’s re-

strongly related to the conditions encountered at the bowsults with the spacecraft measurements allows for the inter-
shock. The values of the shock obliqui®g,, are deter- ests and limitations of the model to be discussed. Firstly,
mined directly with minimum variance analysis when bow the magnetic field strength obtained with the model is of the
shock crossings are observed, or indirectly with a magnetosame order of magnitude as that observed by the satellites. It
sheath modelTurc et al, 2014). A good agreement between is sometimes slightly overestimated or underestimated, and
the model’s results and the observations is obtained. We findt strongly depends on the approximations made in the flow
that, when®g;, is close to 90, the structure of the MC is model and in the compression ratio applied at the bow shock.
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Finding the precise source of these discrepancies is left for Topical Editor C. Owen thanks two anonymous referees for their
future work. Secondly, the modelled magnetic field direction help in evaluating this paper.

is in excellent agreement with the observations. The same

conclusions are drawn for the valuestdd, when the space-
craft cross the bow shock. We interpret the variations in the,
magnetic field direction from the solar wind to the magneto-
sheath as a.function of the conditions encountered at the bowcuﬁa, M. H., Ogilvie, K. W., Baker, D. N., Curtis, S. A., Fair-
shock, thatis, th®gn values. In some cases, whegn can- field, D. H., and Mish, W. H.: The Global Geospace Sci-
not be invoked to account for the observed Variations, the ence Program and Its |nvestigationsl Space Sci. Rev., 71, 5-21,
model allows us to relate them to the field line draping. We  doi:10.1007/BF00751323995.

also find that the magnetosheath model yields very good reAngelopoulos, V.: The THEMIS Mission, Space Sci. Rev., 141, 5—
sults even at two distant locations inside the magnetosheath, 34, doi10.1007/s11214-008-9336-2008

and allows us to consistently interpret the differences be-Balogh, A., Dunlop, M. W., Cowley, S. W. H., Southwood, D. J.,
tween the two spacecraft observations. Thirdly, we note that Thomlinson, J. G., Glassmeier, K. H., Musmann, G., Lubr,
the bow shock model does not reproduce the timing of the - Buchert, S., Acuna, M. H., Fairfield, D. H., Slavin, J. A.,
bow shock crossings exactly. This is most likely due to the ~Riedler, W., Schwingenschuh, K., and Kivelson, M. G.: The
fact that the bow shock model is built on statistical data sets Cluster Magnetic Field Investigation, Space Sci. Rev., 79, 65~
. . . . 91, doi10.1023/A:1004970907748997.

of the bow shock position, but does not include its dypamlcs.Bisi’ M. M., Breen. A. R., Jackson, B. V.. Fallows, R. A., Walsh.
Moreover, MCs correspond to rather extreme solar wind con- 5 p, wiki¢, z., Riley, P., Owen, C. J., Gonzalez-Esparza, A.,
ditions, during which the accuracy of the model is expected aguilar-Rodriguez, E., Morgan, H., Jensen, E. A., Wood, A. G.,
to decrease. Therefore, there is a need for a more accurate Owens, M. J., Tokumaru, M., Manoharan, P. K., Chashei, I. V.,
parametrisation of the bow shock position and dynamics dur- Giunta, A. S., Linker, J. A., Shishov, V. I., Tyul'Bashev, S. A.,
ing MC conditions, but again this lies beyond the scope of Agalya, G., Glubokova, S. K., Hamilton, M. S., Fuijiki, K., Hick,
this paper. Finally, the magnetosheath model is not reliable P. P., Clover, J. M., and Pintér, B.: From the Sun to the Earth:
when the®g,, values are particularly low because it does not ~ The 13 May 2005 Coronal Mass Ejection, Sol. Phys., 265, 49—
reproduce the magnetic field fluctuations and the turbulence 127, d0i10.1007/s11207-010-9602-2010

associated with the quasi-parallel shock. However we fing®!1292. L., Sitler, E., Mariani, F., and Schwenn, R.: Mag-

netic loop behind an interplanetary shock — Voyager, Helios,
a rather good agreement between the average modelled andamI IMP 8 observations, J. Geophys. Res., 86, 6673-6684,

observed magnetic fields. _ doi:10.1029/JA086iA08p06673981
Therefore, even if no direct estimate of the bow shock nor-cqgling, B. M. A, Owen, C. J., and Schwartz, S. J.:

mal is available, we can rely on this magnetosheath model Role of the magnetosheath flow in determining the motion
to determine the shock obliquity upstream of the satellite, as of open flux tubes, J. Geophys. Res., 106, 18763-18775,
was done in Sech. This provides us with the meansto relate  doi:10.1029/2000JA000452001
dayside magnetosheath observations during MC events to theasso, S., Mandrini, C. H., Schmieder, B., Cremades, H., Cid, C.,
conditions encountered at the shock. Additionally, this model Cerrato, Y., Saiz, E., Démoulin, P., Zhukov, A. N., Rodriguez,
allows for the impact of the bow shock to be separated from L. Aran, A., Menvielle, M. and Poedts, S.: Linking two con-
the effects of the draping on the magnetic field direction. secutive nonmerging magnetic clouds with their solar sources, J.
Finally, the present study evidences that, in some case%CGeOphys' Res., 114, A02109, du. 1029/2008JA013102009

the MC’s magnetic field varies significantly from the solar her, E., Gonzalez, W. D., Tsurutani, B. T. and Gonzalez, A. L. C..
9 9 y Interplanetary conditions causing intense geomagnetic storms

wind to the'ma}gneﬁosh.eayh. Therefore, during such events, (Dst < -100 nT) during solar cycle 23 (1996-2006), J. Geophys.
the magnetic field impinging on the magnetopause cannot Res 113 A05221, ddi0.1029/2007JA012742008

be approximated by the IMF, and the magnetosheath magescoubet, C. P., Schmidt, R., and Goldstein, M. L.: Cluster —
netic field should be taken into account. This large variation Science and Mission Overview, Space Sci. Rev., 79, 11-32,
of the magnetic field orientation occurs when an oblique doi:10.1023/A:1004923124584997.

or quasi-parallel configuration is encountered at the bowGopalswamy, N., Akiyama, S., Yashiro, S., Michalek, G.
shock’s crossing. For that reason, the knowledge of the shock and Lepping, R. P.: Solar sources and geospace conse-

obliquity seems to be crucial to better understand the impact duences of interplanetary magnetic clouds observed during
of an MC on the Earth’s environment. solar cycle 23, J. Atmos. Sol.-Terr. Phys., 70, 245-253,

doi:10.1016/j.jastp.2007.08.072008.
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