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Abstract. Magnetic clouds (MCs) are very geoeffective so- 1 Introduction

lar wind structures. Their properties in the interplanetary

medium have been extensively studied, yet little is known

about their characteristics in the Earth’s magnetosheath. ThiMagnetic clouds (MCs) are a subset of coronal mass ejec-
Cluster spacecraft offer the opportunity to observe McCstions characterised in the interplanetary medium by an in-
in the magnetosheath, but before MCs reach the magnetd-rease of the interplanetary magnetic field (IMF) strength and
sphere, their structure is altered when they interact with thed Smooth rotation of its directiolB(rlaga et al.1981). They
terrestrial bow shock (BS). The physics taking place at thedenerally also present a lower proton density and tempera-
BS strongly depends 08g,, the angle between the shock fure than the ambient solar wind. Because of the low density
normal and the interplanetary magnetic field. However, inand the high IMF magnitude, the Alén Mach numberi/a)

situ observations of the BS during an MC's crossing are sel1S low during MCs, falling below 5 and even approaching 1
dom available. In order to relate magnetosheath observation§ Some extreme events (see, for exampieley, 2007).

to solar wind conditions, we need to rely on a model to de- Understanding how MCs interact with Earth's environ-
termine the shock’s position and normal direction. Yet duringMent is of major interest for space weather, as they are
MCs, the models tend to be less accurate, because thenAlfy Known to trigger intense geomagnetic storrer(nolaev et
Mach number ) is often significantly lower than in reg- al., 2012 Huttunen et a].2005 and references therein). One
ular solar wind. On the contrary, the models are generallyStep in the complicated chain of events leading to such a
optimised for highMa conditions. In this study, we com- Storm is their encounter with the bow shock (BS), which al-
pare the predictions of four widely used models available inters the cloud structure. The modified MCs then propagate
the literature YWu et al, 200 Chapman and Cairn€003 into the magnetosheath and interact with the magnetosphere.
Jdab et al, 2005 Mérka et al. 2005H to Cluster's dayside Their structure in the magnetosheath can be observed, for
BS crossings observed during five MC events. Our analysig*@mple, by ClusterEscoubet et g1.1997), the Geomag-
shows that thég,, angle is well predicted by all four mod- Netic Tail Lab (GEOTAIL) Nishida 1994 or the Time His-

els. On the other hand, tHefab et al.(2005 model yields oy of Events and Macroscale Interactions during Substorms
the best estimates of the BS position during latx MCs.  (THEMIS) (Angelopoulos 2008 spacecraft, which occa-
The other models locate the BS either too far from or tooSionally cross this region, while WindACuna et al, 1995
close to Earth. The results of this paper can be directly use@nd the Advanced Composition Explorer (ACE}¢ne et al.

to estimate the BS parameters in all studies of MC interaction-998 spacecraft provide a continuous monitoring of the so-
with Earth’s magnetosphere. lar wind in Lagrangian point L1. However, we seldom have

. observations of the MCs when they cross the BS.
Keywords. Interplanetary physics (planetary bow shocks) — In order to relate downstream observations with solar wind

magnetospheric physics (solar wind—magnetosphere interags, gitions upstream of the BS, we need to know the BS po-
tions) sition and shape. We can then calculate the obliquity angle,

Published by Copernicus Publications on behalf of the European Geosciences Union.



1012

which is crucial for the shock’s physics. It is defined as the
angle between the normal to the BS surface at a given point
and the IMF direction, and generally noted@gs,. When a
spacecraft crosses the BS, the shock’s position and obliquity
can be determined locally. But if a large coverage of the BS
surface is required, or if there is no observation in the vicinity
of the BS, we have to rely on a model to estimate the shock
parameters. However, although MCs are one of the most im-
portant storm drivers, most existing BS models are optimised
for high Ma conditions.

In this study, we will focus on a few events where Cluster
encounters the BS multiple times during an MC'’s crossing.
The spacecraft provides us with quasi-simultaneous observa-
tions upstream and downstream of the shock, and informa-
tion about the shock’s position. We will use these events to
compare the predictions of different BS models available in
the literature with in situ observations, in order to test their
reliability during MC events. The aim of this work is to select
an existing tool on which we could rely to estimate the shock
parameters in MC conditions.

2 Models, data sets and methods
2.1 Bow shock models

Since the prediction and the discovery of Earth’s BS, many
models have been developed in an attempt to reproduce its
stand-off distance, shape and response to changes in solar
wind parameters (e.g. sdéérka et al. 2003 for review).

A large part of them is based on fits of observed BS cross-
ings combined with gasdynamic or magnetohydrodynamic
(MHD) considerations (e.dNémeek andSafrankows, 1991
Peredo et 81995, whereas some others rely on MHD sim-
ulation results (e.gCairns and Lyon1995.

A comparative study of BS models has already been led by
Mérka et al.(2003 20053, who compared the predictions
of six different models to 5870 BS crossings observed by
the IMP 8 spacecraft. As their data set covered a large range
of solar wind parameters, they were able to test them under
both normal and extreme solar wind conditions. We focus
here on the BS position in the range of parameters relevant
to MCs, i.e. at low Mach number. The study bférka et
al. (20053 showed that in such conditions thiémeek and
Safrankowa (1991) model yields more consistent results than
other models that have been specifically designed to account
for Mach number dependence, such asRhagis and Russell
(1999 or theCairns and Lyor{1995 models.

On the basis of the conclusionsi&rka et al(20053 and
taking into account the new versions of the models that have
been developed since, we will compare the predictions of the
following models to BS crossings observed during MCs:

— The Jgab et al.(2009 model (hereafter referred to as
JO5) is an improvement of tidémeek andSafiankova
(1991 model built upon a larger data set (5270 cross-
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ings instead of 21). Indeed, it has been stressed that
the flaws of theNémetek andSafrankova (1991 model
under normal solar wind conditions were due to the
lack of data points Nlérka et al. 20053. As the
Némeek andSafiankowa (1991) model, the JO5 model
explicitly depends on solar wind dynamic pressure and
IMF strength, whereas the magnetosonic Mach number
(Mms) has been replaced 3¢ in the new version (see
Peredo et al(1995 for discussion about these Mach
numbers);

— The Chapman and Cairn2003 model (CC03), based

on MHD simulations, adds a flaring parameter depend-
ing on Ma to Cairns and Lyon(1995 BS stand-off
distance estimate. The flaring parameter depended pre-
viously only on solar wind dynamic pressure, but the
model predictions under lo#, conditions have been
improved by adding & dependence, as suggested by
Cairns et al(1995. There are in fact two versions of
this model, corresponding to different values of the an-
gle between the solar wind speed and the 18#f; 90°

and 453. The latter introduces a north—south asymmetry
in the BS shape. In our study we will use one version
per MC, according to the average valuedg{ during
this event (see the last column of Talie

The Wu et al. (2000 model (Wu00) combinegarris

and Russel(1999) BS stand-off distance estimate with
Shue et al(1997) magnetopause shape. It uses the same
parameters as the magnetopausSiofie et al(1997),

and thus explicitly depends on the dynamic pressure and
the B, component of the IMF. It also takes into account
the upstrean s, as does-arris and Russe{lL994 BS
stand-off distance. In their workyu et al.(2000 tested

this model in the case of a single MC and it yielded good
results for this specific case. As this event took place in
1995, before Cluster was launched, it was not included
in our study which focuses on Cluster observations;

— TheMérka et al(20058 model (M05) is a correction to

the Peredo et al(1995 model. It is based on the same
data set (550 crossings) and the same analysis method,
and thus only depends ddiy and the dynamic pressure.
Because of the few data points in the | range,

the uncertainty on the BS position is very large when
Mp < 5, andMérka et al(20058 recommended not to
use their model foMp < 3. However, the specific fea-
ture of this model is that the empiricada dependence

is included in the coefficients of the equation describing
the BS surface. It causes the BS shape to be much more
variable than in other models. Moreover, this model
does not rely on the formula &preiter et al(1966 or

its version modified byrarris and Russe{lL994) to take

into account the vanishing of the BS when the upstream
Mach number reaches 1. These formulas lead to the
BS stand-off distance being proportional respectively to

www.ann-geophys.net/31/1011/2013/
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Table 1. Start and end time of the five loia events, observed BS crossings and solar wind parameters. The numbers between parentheses

1013

in the third column correspond to the number of BS crossings taking place Whea 5. The solar wind density, speed, IMF amplitude
and Bz component given in columns 5 to 8 are averaged over each event. The vaigegifen in column 9 refers to the version of the

Chapman and Cairf003 model used in each event.

Start time End time BS Mp n % B Bz Oy
crossings (cm3) (kms 1) T) (T
19 Mar 2001 —17:00UT 20 Mar 2001 —01:00UT  11(8)  3.3-9.7 13 460 14489 90
31 Mar 2001 —17:00UT 31 Mar 2001 —23:00UT 11 (11) 2.0-4.2 13 610 27-113.6 90
22 Apr 2001 — 06:00UT 22 Apr 2001 — 13:00 UT 7(7) 3.6-3.9 9.9 370 1411.2 90
27 Jan 2003 -00:00UT 27 Jan 2003 -15:00UT  15(12) 2.6-7.0 3.1 530 10.5 67 45
14 Apr 2006 — 00:30UT 14 Apr 2006 — 09:30 UT 9(9) 2.3-3.3 6.1 510 17.5-11 90

1/M% (CC03 model) and AM2 — 1) (Wu0O and JO5

which Cluster alternately moves from solar wind to the mag-

models). The M0O5 model will be used as a means ofnetosheath. The spacecraft observes roughly a dozen cross-

comparison to illustrate the differeds dependences.

Among the models presented above, only the M0O5 mode
gives explicit calculations of the variance in the predicted
shock position. Thus, in the other considered models, the un-
certainty of predictions is unknown. Although uncertainty es-

timations increase greatly a model's usability, we will apply
the same analysis method to all four models.

As an example, the corresponding modelled BS shapes i

quiet solar wind conditionsi{ = 400kms®, B=5nT,n =

6 cm~3) are displayed in Figl (solid lines — the data points
will be discussed in the following part) in th&-R plane,
whereR = +/Y2+ Z2 andX, Y andZ are given in the Geo-
centric Solar Ecliptic (GSE) reference frame. Wu00 and MO

(black and grey curves) BS nose positions are very similar

around 14 Earth radiiKg). CC03 model (light blue) locates
the subsolar point slightly farther, around R, whereas J05
model (dark blue) locates it 2 toR¥ closer to Earth than the
other models.

In conclusion, the models take into account different so-

lar wind parameters and have been built upon different dat

during normal solar wind conditions, they display evident
differences, and too few models provide error bars.

2.2 Used data

2.2.1 Cluster observations

ings per event. The crossings have to be clear enough to be
IWeII identified, especially when performing minimum vari-
ance analysis (MVA) to determine the BS normal direction.
During the active part of solar cycle 23 (2001-2006), in
which events fulfilling our criteria were most likely to take
place, we found five MCs during which Cluster crossed the
BS several times whilafa was low (Ma < 5). These events
and their main characteristics are summarised in Table
©olumn 3 shows that most of the observed BS crossings take
place under lowMa. As it can be seen in columns 5 to 8 from
the mean solar wind parameters, quite diverse upstream con-
ditions were encountered. The IMF values remained always

5particularly high, as expected for MC events. It should be

noted that these values averaged over each event are only
given as general information about our data set. The solar
wind parameters which will be used as inputs for the BS
models are averaged over five minutes.

We did find a sixth event which also met our criteria: the
15 May 2005 MC, one of the most extreme solar wind events

of solar cycle 23. The IMF strength reached values as high as

sets, which can be observations or simulation results. Eve?]GO nT, while the density fell to 1 cn?, causingM to drop

around 1. During this event, none of the models studied here
yields good estimates of the BS geocentric distance. Cluster
encountered the shock between 15 andRg0whereas the
models predict it to remain much farther sunward. For 13 h,
the BS-estimated position displays large fluctuations, some-
times moving outward beyond 3. The average distance
between the BS position observed at Cluster’s crossings and

Cluster is a fleet of four spacecraft that orbit Earth and crossts estimated position ranges betweeRg/(M05 model) and
the different boundaries of its magnetic environment, with an26 Rg (JO5 model). On the contrary, during the cases in Ta-

orbital period of 57 h. Their trajectory changes with time, in

ble 1, its position is correctly estimated by at least some of

order to observe both dayside and nightside magnetospher¢éhe models. As a means of comparison, the average distance

They can regularly be found in the vicinity of the BS four to

between observed and predicted BS ranges betwedgn 1

five months a year and provide us with direct observations of( Wu00 model) and &g (M05) during the 27 January 2003

its position and normal direction.

MC, which will be discussed in Sect. 3. In the following, we

When searching for events, our selection criteria were thatill limit our study to the five MCs listed in Tabl&.
Cluster encounters the shock multiple times during an MC Since we cannot describe all the events here in detail, we
while the M is below 5. The selected events comprise longwill use in following sections the 27 January 2003 MC as an

intervals of lowMa solar wind, at least a few hours, during

www.ann-geophys.net/31/1011/2013/
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20 79 Var 2601 the five studied MCs. Though Cluster regularly observes the

I o 31 Mar 2001 |] solar wind close to the BS, its measurements cannot be used
* 22 Apr 2001 |} as model inputs in our study because our analysis requires
o 27 Jan 2003 | continuous solar wind measurements, as will be detailed in
A 14 Apr 2006 |/ Sect.2.3

T The OMNI data set, available at NASA's Coordinated Data

Analysis Web (CDAWeb), is not used for the same reason
as Wind: it is built upon different spacecraft measurements
. for the time intervals listed in Tablg During the first four
ﬂ§ 1 MCs, it is based on ACE observations, but during the last
] event, 14 April 2006, data are taken from Wind measure-
] ments. However, when Wind or OMNI data are also avail-
i able, they may be used as a means of comparison.

An example of observations from the four data sets men-
tioned above, ACE, Wind and Cluster 1 observations and the
MO5 ] 1 min-resolution OMNI data which correspond here to ACE
om0 ... data propagated to the BS nose, is shown in Eig.displays

0 5 10 15 20 magnetic field measurements during the 15 h of the 27 Jan-
X (Re) uary 2003 MC when tha/a was low. ACE and Wind mea-
surements have been shifted in time by respectively 45 and
Fig. 1. Bow shock crossings data set and bow shock modelled shap85 min, to fit Cluster 1 time. The IMF direction is given in
in the X-R plane — symbols: Cluster’s crossings during the studiedthe GSE frame to which we associated a spherical coordi-
events — solid lines: modelled bow shock shape under quiet solapnate systend is here the colatitude, ranging between 0 and
wind conditions ¢ = 400kms™, B=5nT,n = 6cm3). 180C° andg the longitude, ranging betweer 80 and 180.
The three solar wind data sets (i.e. ACE, Wind and OMNI)
display very similar features. As for Cluster 1, it encounters
example, as it presents a wide variety of BS crossiMis.  the shock 15 times, and alternately moves from solar wind
ranges from 2 to 11 and remains below 5 during most of theto the magnetosheath. The shock crossings take place at each
MC passage. sharp variation of the IMF amplitude shown in the first panel

Although Cluster provides us with four simultaneous dataof Fig. 2. When Cluster 1 observes an IMF strength several
sets of solar wind parameters, we will only use measurementmes higher than the other spacecratft, it is located in the
from a single spacecraft, since adding the other ones does netagnetosheath. However, whenever Cluster 1 is in the solar
bring further information suitable for this study. wind, it appears clearly that the IMF amplitude and direction

Cluster 1 BS crossings in thE-R plane are shown in are similar on the four data sets.

Fig. 1, each type of symbols corresponds to a different event. In the following, we use data from the ACE Magnetic
The crossings have been identified using magnetic field andrield Experiment (MAG) and Solar Wind Electron Proton
electron data, respectively from the FluxGate Magnetome-Alpha Monitor (SWEPAM) Emith et al, 1998 McComas et
ter (FGM) and the Plasma Electron And Current Experimental., 1998 as inputs for the BS models. These data are shifted
(PEACE) Balogh et al.1997 Johnstone et gl1997. These  intime from L1 to the BS, assuming that the solar wind prop-
crossings are located in the dayside region, from 7 tBg agates along the Sun—Earth line at a constant speed and that
the x-direction and from 5 to 1Rg alongR. Cluster’s orbit  the structures do not change during their propagation. For
varies with time, and its apogee is aroundrE9 so the stud-  each event, we determine the time shift that will be applied
ied events cover the largest range of shock crossings that cam the entire data set using the measured solar wind speed av-
be reached by this spacecraft. When comparing these datraged over the whole event. On the basis of the maximum
points to the average BS shapes given by the models, we n@and minimum speed observed during the interval, we esti-
tice that the BS has been observed far from its usual positionmated that using a constant time shift throughout an entire
event leads to errors af5 min on the propagation time. As
2.2.2 Solar wind inputs our data are averaged over 5min, a constant time shift is a
reasonable approximation.
The unperturbed solar wind upstream of Earth is observed by As mentioned in Secg. 1, the Wu00 model depends on the
several spacecraft whose measurements can be used as inpotagnetosonic Mach number, whereas the other models take
for the BS models. Since the Wind spacecraft is located faiinto account the Alfen Mach number. Th&/sis calculated
from the Sun—Earth line during the first three events listed inusing ACE radial proton temperature measurements and as-
Tablel, the ACE spacecraftis preferred as a solar wind proxysuming an isotropic temperature. Whenever Wind data were
because it provides us with consistent data sets throughouwtlso available near L1, it has been checked that the results

15

R (Re)

10/

Wu00
CCO03
JO5

Ann. Geophys., 31, 10111019 2013 www.ann-geophys.net/31/1011/2013/
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Fig. 2. Magnetic field amplitude and direction during the 27 January 2003 MC from ACE (black), Wind (red), OMNI (green) and Cluster 1
(blue) data sets — see text for definitiordofind.

are not sensitive to the electron temperature. Since duringegion where the satellite is located, then we consider that the
MCs the IMF strength is high and the temperature is low, themodel is correct for this data point. If not, then the model is

Alfv én and magnetosonic Mach numbers are roughly equaincorrect. This allows us to calculate rates of success and fail-
in such solar wind conditions. In the following sections, we ure in both regions, solar wind and magnetosheath, for each

will only display and discuss th&s dependence. model. The results of this analysis are presented in Sekt.
. A key parameter to study the BS, besides its position, is
2.3 Evaluation methods ©gn, defined as the angle between the IMF and the normal

. . . . . to the shock surface at a given point. The IMF direction is
Ilj previous studies compavrlng the predictive capabilities Ofgiven by the solar wind monitor (e.g. ACE in our case). To
d|.fferent BS models (e.gViérka et al. 20953’ the author_s etermine the BS normal, we calculate the normal direction
tried to match each observed BS crossing with a F’red'(:t":"gredicted by each model at the point where the Earth—Cluster

one. Hofwr?ver, s(|jr'1c¢ we have noflnfo;mf':\\;gg ab(zjutlthe UNCeTTine intersects the BS surface. It corresponds to the BS closest
tainty of the predictions, except for the model, we can- point to the spacecraft since Cluster is not located far on the

not set a validity range for the different model estimates. Wesianks during these events (see Fiy. The shock obliquity

use here another method to compare their accuracy, based Qo getermined using the ACE magnetic field propagated
the plasma region, solar wind or magnetosheath, in which th o Earth.

;pacgcraft travels at agiv.en time. Observations clearly show To compare these modelled shock obliquity to observa-
in whlch_ region Cluste_rl is Iocgte_d, beca_luse thg plasma anﬂons' we perform minimum variance analysis (MVA) on

m_agnetlc _fleld properties are distinctly dlf_ferent in the S_‘OlarCIuster 1 magnetic field data. The minimum variance axis
wind and in the magnetosheath (see the first panel ofig. ., a5n0nds to the BS normal direction, as the normal com-

Even though we do not know the accurate BS position,,,nant of the IMF is conserved when crossing the BS,

we have information about its location relative to the SPace-4ccording to Rankine—Hugoniot relations. We assume that

cr_aft. We will then compare the estimated shock posmo_n MVA results are reliable when the eigenvalues of the diag-
with Cluster 1 location throughout the event and check if onalised matrix are well distinct and when the normal direc-

their predicted relative locations are consistent with the ob-tion does not depend on the time interval on which MVA is

seryatlons. We need t9 kn_ow the estimated posmlon of the B%en‘ormed. To calculate the obliquity angle, we use upstream
during the whole studied interval, hence our choice for ACE e values measured by Cluster 1 in the vicinity of the BS

continuous solar wind measu'rements. The comparison between observed and estimatgds pre-
In order to compare quantitatively the models, we deter-Sented in SecB.2

mine for each data point in which region each model predicts
the spacecraft to be. If the predicted region corresponds to the

www.ann-geophys.net/31/1011/2013/ Ann. Geophys., 31, 101049 2013
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Fig. 3. Bow shock position and obliquity during the 27 January 2003 MC: models and observations — first panel: upstréanviatia

number calculated from ACE data (time shift: 45 min) — second panel: predicted time variation of the bow shock geocentric distance in
Cluster’s direction and Cluster’s trajectory — third panel: predicted time variati@ggfat Cluster’s location — red diamonds: Cluster’s bow
shock crossings.

3 Results do not depend o1y in exactly the same way, though of-
ten quite similarly as mentioned earlier. They also take into
3.1 Bow shock position account different fitting parameters, specific to each model.

Moreover, the JO5 and Wu00 models explicitly dependson

The variation of the BS geocentric distance, along the Earth-and B, respectively. The specific features of each model lead
Cluster line, during the 27 January 2003 MC is shown into different amplitudes of the response of the BS position to
Fig. 3 (second panel) for the four models. From 00:00 UT to changes in the upstream solar wind parameters.
09:00 UT, the four models display the same features, which Besides the amplitude of the fluctuations in the BS po-
are anti-correlated to the changes in the upstréangFig. 3, sition, there is another major difference between the mod-
first panel) and dynamic pressure (not shown but similar toels: their relative position. Wu00 and CCO03 are found far-
Mp). Even if the Wu0O model does not depend i but ther from Earth than M05 and JO5. This trend remains until
on M, its variations are similar to the other models, as ex-the end of this event, and is also observed during the other
pected from MC conditions. studied MCs for the CC03, Wu00 and M0O5 models. On the

In Wu00, CC03 and JO5 models, we also notice that thecontrary, JO5 position with respect to the other models varies
lower the Mach number is, the larger the fluctuations of theduring some of the events, though it is not observed in the
BS position are. This is in agreement with tkiéu et al. case shown here.
(2000 observation that the BS position depends more sen- Starting shortly before 09:00 UT and until the end of this
sitively on small changes ia when its values are very low event, the MO5 model estimates, which were previously as
because of the/]M§ or l/(M,§ — 1) dependence of the BS accurate as the others, display completely different features,
stand-off distance. showing only a smooth decrease while the others display

The fast BS dynamics seem to be mostly driven by the uparge fluctuations. These discrepancies are due to the fact that
streamMp, since we observe that the four models inverselythe second part of this event falls beyond the MO5 model va-
follow its variations (see the first and second panels of &ig. lidity range, asMa remains below 3. However, it is inter-
the behaviour of the M05 model after 09:00 UT will be dis- esting to notice that the MO5 model presents less variability
cussed below). However, the amplitude of the response téhan the others in the low/a range because the BS stand-off
the Ma fluctuations differs from one model to another. In- distance is not directly proportional tq(;IM,i —1)or 1/M§,
deed, the equations that govern the BS shape and positiounlike the other models. The Mach number dependence is

Ann. Geophys., 31, 10111019 2013 www.ann-geophys.net/31/1011/2013/
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included in the shock’s shape parameters and causes a largable 2. Success and error rates of the models’ predictions during
flaring of the flanks, but the BS nose position is less sensitivehe five MC events.
to small Ma fluctuations. In contrast, the CC03 model dis-

plays the largest variations, retreating more thaRd@un- Model % ofsuccess % of success % of error
ward (see Fig3 around 09:15 UT). (solarwind)  (magnetosheath)

The green/purple line in the second panel of Fgor- Wu00 50 94 30
responds to Cluster 1 trajectory during the 27 January 2003  CCO03 36 98 36
event. On the basis of the spacecraft plasma and magnetic  JO5 90 73 18
field observations, its orbit is drawn in green when Cluster 1 MO05 99 23 36

is in the magnetosheath, and in purple in the solar wind. The
shock crossings are indicated as red diamonds. When the

curve of the estimated BS distance from a given model iscreases smoothly over the 15 h of data from 90 g dwly
above Cluster 1 trajectory, the model predicts the spacecra¢hanging from a quasi-perpendicular shock to an oblique
to be in the magnetosheath. Conversely, when the modelleghock. It appears that the four models yield the s#bag
BS distance is below the spacecraft orbit, the model predictgalues and variation, the largest discrepancy being less than
the spacecraft to be in the solar wind. We can then comparg e during the first hour.
the model predictions with the actual location of the space- The values o0f9g, observed by Cluster 1 at its BS cross-
craft relative to the BS. ings are also indicated in the lowest panel of Rgs red

As detailed previously in Sec®.3, we calculate rates of diamonds. However, there are less observed BS crossings in
success and failure in both regions, solar wind and magnethe third panel than in the second panel of Bigl2 instead
tosheath, for each model and for each event. The results adf 15. Some crossings were discarded because MVA did not
this analysis over the five events are summarised in Table yield satisfactory results: the eigenvalues of the diagonalised
The second and third columns are the success rates of th@atrix were not well distinct and/or the normal direction de-
models in the solar wind and in the magnetosheath. The lastended on the time interval on which MVA is performed.
column corresponds to the percentage of wrong predictionghe observeddg, values display a similar decrease from
in both regions. As it is calculated over the entire data setquasi-perpendicular to oblique shock, and their values are
whereas the success rates take only into account either thgery close to the models’ predictions. The discrepancies stay
solar wind or the magnetosheath part, their sum is not equahe|ow 10.
to 100 %. During the other MC events we studied, the predicteg

The success rates show without ambiguity that three outalues are also in good agreement with MVA results, the
of the four models locate the BS either too far (CC03 anddiscrepancies between the different models and between the
Wu00) from or too close (M05) to Earth during these Itk models and the observations never exceedirtg 2Be four

events. They have a high success rate in one of the regiongiodels lead to similar results and predict very well the shock
but fail completely in the other one. The Wu00 model yields obliquity.

slightly better results, but still remains unreliable, since half

of its predictions in the solar wind are incorrect. These three

models also have a larger error rate than JO5, which is an4 Discussion and conclusions

other way to illustrate the fact that their predictions are less

accurate. In the case of M05, this conclusion was expectedn this study we have compared the predictions of four differ-

becauseéMérka et al.(2005h already pointed out that their ent BS models to Cluster observations on the dayside during

model underestimates the BS distance in the subsolar regioklCs, when theM s was low. The variations of the modelled

for Ma <5. BS distances appear to be anti-correlated to changes in up-
On the other hand, the JO5 model has high success rategreamMa and dynamic pressure, which drive the global

both in the magnetosheath and in the solar wind, whichBS dynamics. However, the amplitude of these variations

means that its predictions agree on average quite well wittchanges from one model to another because of the specific

Cluster 1 observations. We still have to keep in mind thatfeatures inherent in each model. Another evident difference

it should be used carefully when it comes to really extremeis their relative position, as some models always locate the

events such as the 15 May 2005 MC, but during regular MCsshock closer to Earth than others. We then compared the

this model predicts reasonably well the BS position. BS distance estimates to Cluster observations and calculated
how accurately the models predicted the spacecraft to be in
3.2 Bow shock normal and shock obliquity the plasma region, solar wind or magnetosheath, where it ac-

tually was. This brought us to the conclusion that Je&b
The variation of thedg,, estimated by the four models dur- et al.(2009 model yielded on average the best results.
ing the 27 January 2003 MC is displayed in the lowest panel It should be stressed that, unlike the other models stud-
of Fig. 3. According to the models, the obliquity angle de- ied here, thelgab et al.(2005 model takes explicitly into
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account the IMF magnitude. The IMF strength might play anWe thank the ACE SWEPAM and MAG instrument teams and the
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