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Abstract. Three events are discussed from the decliningKeywords. Magnetospheric physics (Magnetopause, cusp,
phase of the last solar cycle when the magnetopause and/@nd boundary layers)

the bow shock were observed unusually close to the Earth
due to major interplanetary disturbances. The observed ex-

treme locations of the discontinuities are compared with the

predictions of three magnetopause and four bow shock modl  Introduction

els which describe them in considerably different ways using

statistical methods based on observations. A new 2-D magThe terrestrial magnetopause is the result of the interaction
netopause model is introduced (based on Verigin et al., zoogzetween the supersonic solar wind and the Earth’s magnetic
which takes into account the pressure of the compresse jeld. The location of the magnetopause is one of the most im-
magnetosheath field raised by the interplanetary magnetiOrtant parameters in space physics because it is the bound-
field (IMF) component transverse to the solar wind flow. The &y that separates the magnetospheric plasma from the so-
observed magnetopause crossings could be predicted with /8" wind and determines the size of the magnetosphere. As
reasonable accuracy (0.1-®g) by one of the presented the velocity of the solar wind exceeds the velocity of sonic,
models at least. For geosynchronous magnetopause crosAlfv énic, and magnetosonic waves in interplanetary space, a
ings observed by the GOES satellites, (1) the new modepow shock forms in front of the magnetopause where plasma
provided the best predictions when the IMF was extremelyParameters suddenly change; velocity decreases while den-
large having a large negati& component, and (2) the pre- sity, temperature, and the tangential component of the mag-
dictions of the model oBhue et al(1998 agreed best with netic field increase. The region between the bow shock and
the observations when the solar wind dynamic pressure wat!€ magnetopause is the magnetosheath.

extremely large. The magnetopause crossings close to the Since Ferraro (1952) first calculated the size of the mag-
cusp observed by the Cluster spacecraft were best predictedtosphere, space physicists have given much effort to mod-
by the 3-D model oLin et al. (2010. The applied empiri- elling the location and the shape of the magnetopause under
cal bow shock models and the 3-D semi-empiric bow shockdifferent solar wind conditions. Most of the early studies sup-
model combined with magnetohydrodynamic (MHD) solu- posed that the location of the magnetopause depends solely
tion proved to be insufficient for predicting the observed un-©n solar wind dynamic pressurg. Fairfield (1971) recog-
usual bow shock locations during large interplanetary dis-nized that the IMF (interplanetary magnetic field) orientation
turbances. The results of a global 3-D MHD model were in ¢an also affect the magnetopause location. Later, several two-
good agreement with the Cluster observations on 17 Januargjimensional empirical models were developed on the basis of

2005, but they did not predict the bow shock crossings on 31Mainly low-latitude magnetopause crossings assuming rota-
October 2003. tional symmetry. Several two-dimensional models (cf. Howe

and Binsack, 1972; Petrinec et al., 1991; Sibeck et al., 1991;
Petrinec and Russell, 1993; Shue et al., 1997; Verigin et al.,
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2009) define the magnetopause size and shape in limitetlon of a general conic of revolution with different sets of ob-
parameter ranges, and they are not valid for extreme solaservations (cf. Fairfield, 1971; Formisano et al., 1971; Slavin
wind conditions, which are rarely observed. Other modelsand Holzer, 1981; Farris et al., 1991; Cairns et al., 1995).
include extreme values of interplanetary parametggsaphd ~ When ordering the observations according to solar wind dy-
IMF B3), and they try to predict unusual magnetopause lo-namic pressure and/or Mach number, it became obvious that
cations beyond average conditions (cf. Roelof and Sibeckthe standoff distance and the flaring angle of the tail are in-
1993; Petrinec and Russell, 1996; Shue et al., 1998; Chao dluenced by these parameters.
al., 2002). Several studies compared the forecasting capabil- Formisano (1979) derived a three-dimensional empirical
ities of different models for magnetopause crossings undebow shock model including a large number of high-latitude
extreme solar wind conditions (cf. Shue et al., 1998; Yang etbow shock crossings which were normalized to average solar
al., 2002; Suvorova et al., 2005). wind dynamic pressure. This model was modified by Neme-
Shue et al. (1998) improved their earlier model (Shue etcek and Safrankova (1991) and later by Jerab et al. (2005)
al., 1997), when comparing it with the model of Petrinec andby using different forms for the effect of the Mach num-
Russell (1996), in order to get better predictions for magne-bers. Peredo et al. (1995) presented a three-dimensional
topause crossings observed by Geotail and Interball 1 alongmpirical model explicitly parameterized by the Adic
the flank and by geosynchronous satellites on the dayside unvlach number. The observed bow shock crossings were pres-
der extreme solar wind conditions. Yang et al. (2002) com-sure normalized and rotated into Geocentric InterPlanetary
pared the models of Petrinec and Russell (1996), Shue é@¥ledium coordinates (GIPM defined by Bieber and Stone,
al. (1998), and Chao et al. (2002) when investigating magne4979) where the X-axis points opposite to the solar wind di-
topause crossings on geosynchronous orbit on several daysection and the IMF is in the X-Y plane. In the GIPM frame
A more extended comparison of these three models wasfreferenceVerigin et al.(2001ab, 2003 developed a three-
made by Suvorova et al. (2005), including two more mod- dimensional semi-empiric bow shock model combined with
els (Kuznetsov and Suvorova, 1998; Dmitriev and SuvorovaMHD (magnetohydrodynamic) solution.
2000), when investigating the necessary solar wind con- Merka et al.(2003 compared the predictions of different
ditions for geosynchronous magnetopause crossings. Thelyow shock models with observations collected by the IMP 8
found that the magnetopause location is not influenced byspacecraft over 12 years. The accuracy of the models was
IMF B; when B; has large positive value angy > 21 nPa, estimated by the ratio of the predicted to observed radial dis-
or when B; has large negative value ari§ < 4.8nPa. Su- tances. They found that the model of Formisano et al. (1979)
vorova et al. (2005) explained the first case with pressureprovided the most accurate bow shock location when all
balance and the second case with the saturation oBthe data were used. For typical solar wind conditions, the best
influence. estimations were provided by the paraboloid surface given
As more satellites sampled the Earth at different orbitsby Cairns et al. (1995) when applying the standoff distance
reaching higher latitudes, parameters raising asymmetry (depredicted either by Farris and Russell (1994) or by Cairns
viations from the cylindrical model) were also taken into ac- and Lyon (1995). The predictions of the model by Peredo et
count. Formisano et al. (1979) determined the average sizal. (1995) were about 20 % larger, while the predictions of the
and shape of the magnetopause in Solar Magnetic (SM) comodel by Nemecek and Safrankova (1991) were more than
ordinates for three different values of the tilt anglef the 10 % larger than the observed bow shock distandeska et
geomagnetic dipole. They used a limited number of mag-al. (20053 extended their earlier investigation using a larger
netopause crossings in the high-latitude region, which weredataset observed by IMP 8 over 27 years. Also, they included
normalized for solar wind dynamic pressuPg. Boardsen the model of Verigin et al. (2001b) and found that this model
et al. (2000) developed a quantitative empirical high-latitudeunderestimated the distance to the bow shock by about 10 %
model parameterized b¥y, IMF Bz, and¢ in Geocentric  for average parameters. For large solar wind dynamic pres-
Solar Magnetospheric (GSM) coordinates, which was onlysure values, however, the predictions of Verigin et al. (2001b)
valid in limited regions. Lin et al. (2010) presented a global were almost correct. The predicting capabilities of the other
three-dimensional asymmetric magnetopause model takingnodels were about the same as found earlieMayka et
into account the effect of the tilt angle in addition to the solar al. (2003. Merka et al.(20058 were trying to improve the
wind parameters. Based on an extended dataset, they foundodel of Peredo et al. (1995) by transforming the bow shock
that their new model provided the smallest standard deviatiorcrossings to the Geocentric Plasma Ecliptic system (GPE de-
for the magnetopause location when compared with eighfined by Merka and Szabo, 2004) where the X-axis points op-
other models. posite to the solar wind direction and the ecliptic north is in
The first bow shock models also assumed cylindrical sym-the X—Z plane. The GPE-based bow shock model was found
metry relative to the solar wind direction. After the gas- to be more accurate and equally or more stable compared to
dynamic simulation of Spreiter et al. (1966), several two- the investigated other models.
dimensional empirical models were developed for the aver- Interplanetary plasma and magnetic field parameters sig-
age position and shape of the bow shock by fitting the equanificantly change in connection with large solar events like
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flares and coronal mass ejections (CMESs). The velocity of MP1, the two-dimensional magnetopause model of Shue
the solar wind can increase above 1500 krh svhile the av- et al. (1998), was selected based on the comparative studies
erage value is~400kms?. Also, the plasma density can of Yang et al. (2002) and Suvorova et al. (2005) investigat-
be about 10-20 times larger than average. High solar windng extreme solar wind conditions. It uses simple expressions
dynamic pressure compresses the terrestrial magnetospheffer the standoff distance and for the flaring angle of the mag-
Also, when the IMFB; is negative, the standoff distance of netopause, and its forecasting capability for magnetosheath
the magnetopause can significantly decrease as a result of themcounters of geosynchronous satellites seemed to be satis-
possible reconnection at the nose according to several studidactory compared to the other investigated models. MP2, the
(Sibeck et al., 1991; Petrinec and Russell, 1993; Roelof andhree-dimensional magnetopause model by Lin et al. (2010),
Sibeck, 1993; Shue et al., 1997, 1998; Chao et al., 2002; Liris taking into account the effect of the dipole tilt angle in ad-
etal., 2010). dition to solar wind parameters (including extreme values),
In this paper, three events will be discussed from the de-and it provided the smallest standard deviation for the mag-
clining phase of the last solar cycle when one or more ma-netopause location when compared with other models. MP3
jor CMEs were detected on the Sun. The extensive disturis a modified version of the two-dimensional magnetopause
bances raised in the interplanetary plasma and field reacheahodel by Verigin et al. (2009). It was selected since its ap-
the Earth and caused extremely strong geomagnetic stormproach for taking into account the effect of the IMF is differ-
During these events, the geosynchronous GOES satellites (&nt from the other two models. However, this model has not
an orbit of 6.6 Earth radiiRg) observed the earthward dis- been tested previously for extreme solar wind conditions.
placement of the magnetopause. They spent several hours in The comparative studies derka et al.(2003 2005ab)
the magnetosheath and measured magnetic field of interplaranalyzed two of the bow shock models which will be used
etary origin having a negativ8, component. The Cluster here for detailed investigations. BS2, the two-dimensional
spacecraft observed the bow shock and the magnetopauseodel of Farris and Russell (1994) combined with the model
very close to the Earth in one event, and they crossed thef Cairns et al. (1995), and BS4, the three-dimensional model
bow shock at unusual locations several times in another cas@f Verigin et al. (2001b), provided reliable predictions for
In Sect. 2, three magnetopause and four bow shock modthe bow shock location. BS3, the three-dimensional model
els will be presented which describe these discontinuities irby Jerab et al. (2005), is an improved version of two earlier
considerably different ways. In Sect. 3, the three events willmodels (Formisano, 1979; Nemecek and Safrankova, 1991)
be investigated in detail; the observed locations of the magwhich were included in the comparative studiesvidrka et
netopause and the bow shock will be compared to the predical. (2003 2005ab). The arbitrary model BS1 uses a simple
tions of the selected models based on measured interplanéwo-dimensional shape for the bow shock (Farris et al., 1991)
tary parameters. In Sect. 4, a comparative analysis of the precombined with the standoff distance provided by Farris and
sented models will be performed in two special cases: (1) theRussell (1994).
IMF is extremely large and the solar wind dynamic pressure
is above average, and (2) the solar wind dynamic pressure i8.1  Applied magnetopause models
very high and the IMF is average. The general discussion
will include a comparison of plasma and field parametersModel 1 (MP1). The magnetopause model 8hue et al.
provided by a global 3-D MHD model with data observed (1997 1998 applied the functional form

by Cluster 1.
2 o
Rvyp=R —_— 1
MP MPO<1+COSQ) (1)
2 Modelling the magnetopause and the bow shock whereRwp is the radial distance to the observation point and

6 = arcco$X/Rwvp] is the solar zenith angle, SZA. This form

The magnetopause and bow shock models which are useds two parameter&yp, is the standoff distance amdcon-

in this study are empirical models except for the bow shocktrols the tail flaring. The parameters were determined as the
model of Verigin et al.(2001ab, 2003. The coefficients of ~ function of the solar wind dynamic pressupg and IMF B,

the equations were determined from a great number of obsefD! Geocentric Solar Magnetospheric coordinates (where
vations performed under different upstream conditions, ands the aberrated direction from the Earth to the Sun, and the
therefore the applied database influences the validity of thdnagnetic dipole is in the X-Z plane). The model of Shue et
model. Two-dimensional magnetopause and bow shock mod@l- (1997) was improved by Shue et al. (1998) for extreme
els assume cylindrical symmetry around the aberrated Sunsolar wind disturbances3¢ < —18nT andPy > 8.5 nPa) by
Earth line, i.e. around the average solar wind direction (tak-ntroducing a nonlinear dependence of the parameters on so-
ing into account the aberration due to the Earth’s rotationlar wind conditions:

around the Sun). They provide relatively simple mathemati-

cal expressions for the size and shape of the discontinuity. Rup, = {10.22+ 1.29tanl0.184(B, + 8. 14)]}Pd s (1a)
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anda = (0.58-0.007B,)(1+0.024In P4]) whenPyisinnPa  satellite, which were collected mainly under average inter-

andB; innT. planetary conditions. For the shape of the magnetopause,
These formulas represent the saturation effect®8,06n they used an expression originally suggested by Howe and

the standoff distance and the saturation effect®pbn the  Binsack (1972):

flaring of the magnetopause. The two models frBhue et D2 v

al. (1997 1999 provide similar magnetopause distances for _ _ T

average solar wind parameters. X () = R, 2n2Rc tar?( D ) )

. . whereX is the distance from the center of the Earth in the
Model 2 (MP2). Lin et al. (2010) developed an asymmetric berrated solar direction arlis perpendicular to itRmp,

three-_dlmens_mnal_ magnetopa_use model in aberrated GS IS the standoff distanc&c is the magnetopause curvature ra-
coordinates in which the location and shape of the magne-

topause depends not only srsolar zenith angle, but also on dius in the subsolar region; atlis the magnetotail diameter
. ' ) at a large distance from the Eartki (& —o0). The parame-
the azimuth angler = arctariZgswm, Yesm] and the dipole 9 & —o0) P

tilt analed m red from-7 towards th lar dir ters were determined by minimizing the root mean square
i :‘ Fgrerﬁ theailr?f rel nortmr GS'\r" r?] ?rs the rsno an tiec-r deviation of the observed magnetopause positions from the

on. Fro € Interplanetary parameters, In€ Magnetic présq ¢, -6 described by Eq. (3). Verigin et al. (2009) found that
sure Py, is also taken into account (under average conditions

. . \ . RmpP,. Rc, andD depend only on solar wind dynamic pres-
gﬁdﬁl\fl)g/Bl(?O) In addition to solar wind dynamic pressufg sure, and the influence of the IMF could be neglected.
Z

In order to include the effect of large interplanetary mag-
Rvp(0,¢,$) = Rmp, F (0, 0, $) + a1a(Pq+ Pm)™S netic field values in this study, the model of Verigin et
0 al. (2009) is modified here so that it takes into account the

azi a1
(equnw” 1+ expldsys ]) (2) pressure of the compressed magnetosheath field in addition
where to the solar wind dynamic pressure when determining the
shape and size of the magnetopause. Crooker et al. (1982)
explazBz] — 1 provided an empirical formula for the magnetosheath field at
— ai
Rupo = dao(Pa+ Pm) <1+ 2 expasB;] + l) (22) the stagnation point as
and Bsy =, /4BéWBST, (3a)
F(0,¢,¢) ={c0g6/2) +assin20) (1 — exd—61)}/ . where Bst is the magnetospheric stagnation field, while the

shocked solar wind is approximated by4,. The IMF

The first term in Eq. (2) corresponds to Eg. (1) of model component transverse to the solar wind flow A%, =

MP1; hereg = (¢, ¢) controls the tail flaring (see Eq. 2a). > 5
The second term represents the influence of the polar indenJ(Béw) +(Bgy)”-
tation vertices wheren, () is the angle between the direc-  In this new model, the stagnation field pressure is balanced
tion of Rup (0, ¢, ¢) and the direction of the northern (south- by the total plasma and magnetic pressure in the magne-
ern) indentation vertex, whilé, andds depend on the dipole tosheath as
tilt angle ¢.

The complete set of equations of Lin et al. (2010) contains

22 fitting coefficientsy; (i = 0,21, nine of them are explic-  \herer — 0.881 tells how much the plasma pressure dimin-
itly given here in Egs. (2) and (2a), which were determinedisheq from the upstream solar wind to the magnetopause (cf.
from about 2500 magnetopause crossings observed by morgyejter et al., 1966; Howe and Binsack, 1972). When substi-

than 10 different spacecraft using the Levenberg—Marquar[utmg Bsy from Eq. (3a) to Eq. (3b)BsT can be calculated

method for nonlinear multiparameter fitting. Extreme fqma quadratic equation providinBsy, and P can be de-
values of solar wind parameters (like; = —49.6nT and  iarmined as

Py = 33.7nPa) were also represented in the database. More

than half of the magnetopause crossings (the 1482 caseg =de(1+8+M) wheres = (Béw)z/(nde).
observed by Hawkeye) were used only for fitting the inden- (30)
tations. According to Lin et al. (2010), their model improved
the prediction capability of describing the three-dimensionalthe fitting values foRvp,, Rc, andD in Eq. (3) were deter-
structure of the magnetopause compared with eight previougined from the magnetopause crossings used by Verigin et
empirical models, especially in the cusp regions. al. (2009) by minimizing the rms deviation between observa-

o - tions and the theoretical surface. The following expressions
Model 3 (MP3). Verigin et al. (2009) developed an empirical \yere provided for the parameters:

cylindrical model using almost 3000 magnetopause cross-
ings observed by the Prognoz satellites and by the Interball Rvp, = 11.16 Rg P~ Y8, (3d)

P = B31/(8m) = kPq+ B3,/ (87), (3b)
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Rc =1651Re P~ Y8, and where D = 0.937(0.8464-0.042B|) and M = Ma. C is a
D = 98.06ReP /6. constant andRy is the geocentric distance to the supsolqr
) point of the average bow shock position which is described in
In this model the effect of the interplanetary magnetic field unaberrated Geocentric Solar Equatorial (GSE) coordinates
is taken into account through the corrected pressure (segs
Egs. 3c and 3d).
Ray = a11X2 + a22Y2 + a3322 +a12XY +a14X
2.2 Applied bow shock models +azaY +azaZ + asa. (5a)

Model 1 (BS_l) The simple empirical two—dimensiona] Formisano (1979) tookizs =0, neglecting theZ depen-
model of Farris et al. (1991) described the bow shock usingdence in Eq (Sa) The Coefﬁciem§. providing the best fit

the functional form were determined from the observations; Formisano (1979)
1+e used about 2500 bow shock crossings (mainly from the
Res=Resy 1= o (4)  HEOS 2 spacecraft), while Jerab et al. (2005) used about

. _ _ _ 5400 crossings (observed by 5 spacecraft on different orbits)
whered is the solar zenith angle in aberrated coordinates.as presented in their papers. Two earlier versions of model
Res, is the standoff distance, andis the eccentricity. Far- BS3 (Formisano 1979 Nemecek and Safrankovad 991)

ris et al. (1991) received= 0.81 andRgs, = 13.7Re when  \yere investigated in the comparative studied/efrka et al.
fitting this formula to 351 independent bow shock crossings(2003 2005ab).

observed by the ISEE 1 spacecraft.

Model 1 of the present study is using Eq. (4) wite- 0.81  Model 4 (BS4) Verigin et al.(2001ab, 2003 developed a
as determined by Farris et al. (1991) for describing the shapgnree-dimensional semi-empiric bow shock model combined
of the bow shockRgs, standoff distance is calculated from wjth MHD solution using the GIPM (Geocentric InterPlan-
the actually measured interplanetary solar wind and magneti@tary Medium) reference frame where the X-axis is anti-
field parameters according to Farris and Russell (1994):  parallel to the solar wind direction and the Y-axis is paral-
lel (if Bx < 0) or anti-parallel (ifBx > 0) to the IMF com-
(v —HME+2 )

(4a) ponent perpendicular to the solar wind direction, meaning
(v + D(MZs—1)

that B, = 0. In the GIPM coordinate system, the IMF points

] ) to the second or fourth quadrant of the X-Y plane, i.e. the
whereMms = Vsw/ Vms IS the upstream magnetosonic Mach ;5. parallel region of the bow shock can be separated from
number,y polytropic index is 5/3, and the magnetopause e quasi-perpendicular side. As the IMF is expected to influ-
standoff distanceRwvp, is taken from the model of Lin et gnce the size and shape of the bow shock, the GIPM frame
al. (2010). provides an easier comparison of different observations.

. i The equation for the quasi-hyperbolic bow shock surface
Model 2 (BS2) The bow shock standoff distance provided .5 pe written in the following form (cfVerigin et al,

by Farris and Russell (1994) can be combined with other réP20014h)
resentations of the whole bow shock surface. Model 2 uses
i i (1 1
the formula given by Cairns et al. (1995) X = Rgg, + X Rs(Mad — 1) — 5(1_ )

RBs, = Rwmp, <1+ 11

1/6

X = Rps, — 0.0223 P4/1.8)"Y2Re 1, (4b)

\/ (Mas? — 1)(Y2 + Z2) — x Rs(Mas®™ — 1)

where X is the distance from the center of the Earth in the

L A-x Y24 72 N (1+ x)%(Y2+ 72 ©)
magnetopause stan_doff distarRgp, in Eq. (4a), providing " XRs Ma2—1  4x2R2(Mad — 1)’
RBs, for Eq. (4b), is taken from the model of Shue et
studies ofMerka et al.(2003 2005ab). curvature radius at the nogg can be determined from pa-

rameterskRvp, and Rc for the magnetopause (see Egs. 3

dimensional empirical model which was first presentedflow as described byerigin et al. (2001ab). In Eq. (6),
by Formisano (1979) and later modified by Nemecek andy = 3.2/(Mas+ 1) is the shaping parameter wheté,s=

aberrated solar direction arid is perpendicular to it. The

al. (1998). Model BS2 was analyzed in the comparativewhere the standoff distance of the bow shdtks, and its
Model 3 (BS3) Jerab et al. (2005) improved the three- and 3d) and from the compression ratio of the solar wind
Safrankova (1991). For the bow shock surface, Jerab el/sind,sis a function of the asymptotic cone angtgs of

al. (2005) used the formula the tail slope Yerigin et al, 2001ab). In this work, mag-
) netopause parametefyp, and Rc provided by the new
Rog— Rav_C (1 (= DMZ+2 ) () model MP3 in Eq. (3d) are useerigin et al. (2001ab,
Ro P4/ (y+1D(M2-1) )" 2003 used the paramete®yp, and Rc = 2Ryvp,/(2— «)
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Fig. 1. 17 January 2005. Top panel: GOES 12 magnetic field observations: total value (green ling), ianG@SM coordinates (lilac).
Panel 2: model magnetopause locations for angular directions corresponding to GOES 12 position: MP3hneed /.1998, MP2 in

green Lin et al, 2010, and MP3 in black (new model); G12 trajectory: blue line. Panel 3: solar wind dynamic pressure. Bottom panel: IMF:
total field (green), and®; (lilac). Interplanetary data from Wind measurements.

from the model of Shue et al. (1998), presented here as MP1. 4-s-resolution magnetic field data measured by the FGM
This earlier version of model BS4 was analyzed in the com-instrument (Balogh et al., 2001), proton velocity and den-
parative studies dflerka et al.(2005ab). sity measured by the two instruments CODIF and HIA of
the Cluster lon Spectrometry experimeng(Re et al., 2001)
aboard the Cluster spacecraft were taken from the Cluster
Hungarian Data Centre, availablehdtp://hdc.rmki.kfki.hu/
3 Case studies cdms/ They were in good agreement with the data available
at the Cluster Active Archive dittp://caa.estec.esa.int/
In the following analysis, 1-min-resolution interplanetary
parameters are used which were taken from the OMNI3.1 17 January 2005
dataset available at NASAs Coordinated Data Analysis
Web (CDAWeb): http://cdaweb.gsfc.nasa.gov/ighpblic/. As a result of a large CME, solar wind velocity and density
The OMNI dataset provides plasma and magnetic field datasignificantly increased upstream of the terrestrial bow shock
measured by different spacecraft upstream of the terrestriabn 17 January 2005. The two lower panels of Fig. 1 present
bow shock and propagated to the nose of the bow shock. Ththe solar wind dynamic pressure and the IMF (total value and
interplanetary parameters were determined from Wind meaB, component) taken from NASA's OMNI dataset between
surements for 17 January 2005 and from ACE measurements2:00 and 23:00 UT on 17 January 2005. The dynamic pres-
for 31 October 2003 and for 20 November 2003. 1-min- sure was extremely high between 14:00 and 20:00 UT. The
resolution magnetic field data from the Geostationary OperdMF was large only until about 16:00 UT and negative (but
ational Environmental Satellites are also available at NASAsnot extremely large)B, values were measured most of the
CDAWeb. GOES 10 and GOES 12 were collecting magnetictime between 15:10 and 17:40 UT. Magnetic field data (total
field data at the time of the investigated cases. There wasalue and theB, component) measured aboard GOES 12 are
no low energy plasma detector aboard the GOES satellitesshown in the top panel of Fig. 1. The negative or very small
energetic particle data were provided only for GOES 10 onB; values observed by GOES 12 between 15:15UT and
20 November 2003. 17:41 UT indicate that the satellite was in the magnetosheath
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as it was close to the Sun—Earth line. Also, the variations 17 January 2005, 8 — 24 UT
in B; (lilac line) and in the total values (green) are in good
agreement with the variations of the IMF. However, the mag-
netic field trends observed by GOES 12 are similar to those
of the IMF also before 15:15 UT and after 17:41 UT for some
time, butB; is positive. Since no plasma data are available BS
from GOES 12, it is difficult to tell the exact times when

the satellite crossed the magnetopause during the time inter-

vals 15:00-15:15UT and 17:41-18:00 UT. Panel 2 of Fig. 1

presents the location of the magnetopause for angular direc- MP I
tions corresponding to the GOES 12 position as calculated \r&
from the three different models presented in Sect. 2: MP1
(Shue et al.1998 in red, MP2 (in et al, 2010 in green,

and MP3 (new model) in black. The orbit of GOES 12 at
6.62Rg is marked by a blue line. For the model calculations,
the propagating time of the solar wind from the bow shock
to GOES 12 was taken into account based on the measured

2 2
sqrt(Y+Z2%), Rg
20 N

upstream solar wind velocity and on the estimated flow time —7g "¢ 0 X, R
of plasma packages from the bow shock to the position of the
satellite (cf. Tatrallyay and Erds, 2002). Fig. 2. Cluster 1 inbound trajectory and GOES 12 orbit in cylindri-

As seen in Fig. 1, model MPBhue et a].199§ predicts  cal coordinates. Sections in the magnetosheath are marked in lilac.
that the satellite is upstream of the magnetopause betweeYellow sections: in interplanetary field. Green line for C1, gray line
15:05UT and 17:41 UT wheB; is negative or close to zero, for G12: in magnetosphere. BS2 mod@lajrns et al. 1995 Far-
except for the large fluctuation around 15:10 UT. Model Mp2 S @nd Russell1994 bow shock is shown by blue line and MP1
(Lin et al, 2010 and the new model MP3 provide longer ex- M°del Shue et al.199§ magnetopause by red line: dashed curves
cursion to the magnetosheath, but the difference between thfé)r average solar Wll.’1d parameters, solid curves calculated with pa-

. . . ., .rameters around 17:40 UT when G12 reentered the magnetosphere.
predicted magnetopause locations and the satellite’s orbit i
small (within 0.2Rg) for about 1 h before 15:05UT and for
more than 1 h after 17:41 UT. Figure 2 shows the trajectory of
GOES 12 on 17 January 2005 in cylindrical coordinates (G12
gray line); the section in the magnetosheath (between 15:1%erval as the HIA detector was in solar wind mode detect-
and 17:41 UT) is marked in lilac. The solid red curve presentsing ions only from the solar direction, but the sudden change
the location of the magnetopause calculated from model MPAt the in- and outbound bow shock crossing can be seen.
(Shue et al. 1998 with parameters around 17:30UT. The Green traces show the change of the parameters measured
bow shock profile shown by the solid blue line was calculatedaboard Cluster 4, which observed multiple bow shock cross-
with the same interplanetary parameters using model BS2ngs (two excursions into the magnetosheath) indicating that
(Cairns et al.1995 Farris and Russelll994. For compar-  the bow shock surface was between the two spacecraft (sep-
ison, dashed curves present the magnetopause and the basated by about 1500 km) for a few minutes. The number
shock for average solar wind parameters. density was obviously increasing in the magnetosheath ac-

Figure 2 also presents the inbound pass of Cluster 1 (C1¥ording to Cluster 4 data, nhamely two peaks were observed
between 08:00 UT and 24:00 UT in cylindrical coordinates. corresponding to the two magnetosheath intervals.

Sections of the orbit are shown in lilac when the satellite The next inbound bow shock crossing was abo®:7
was in the magnetosheath according to magnetic field andloser to the Earth at 19:51 UT when solar wind dynamic
plasma measurements. Cluster 1 was in the magnetosheathessure was decreasing after its peak value and the mag-
between 10:25 and 10:42 UT, as seen in Fig. 3 from the sudnetosphere was expanding. Figure 3 presents magnetic field
den changes in the measured parameters. Figure 3 shows thad plasma data also for the time interval from 18:15 to
velocity V, magnetic fieldB, and number densityy data  23:00 UT. Unfortunately, plasma moments are unreliable be-
measured aboard Cluster 1 in red and Cluster 4 in greerfore 19:51 UT when the velocity values are not presented and
Plasma parameters were provided by CIS/HIA for Cluster 1the proton number densities may be incorrect as the instru-
and by CIS/CODIF for Cluster 4. Black traces show the re-ments were not in the proper operation mode. (Data Caveats
sults of a global 3-D MHD model which will be discussed are provided ahttp://cluster.cesr.fr:8000br the different

in Sect. 4. Velocity decreased while magnetic field increasecperation modes.) The sudden increase in the magnetic field
aboard Cluster 1 for 17 mins when the spacecraft was in th@nd number density data measured aboard both Cluster 1
magnetosheath. The number density values for Cluster 1 arand Cluster 4 indicate the time of the bow shock crossing
decreasing (instead of increasing) in the magnetosheath iras shown in Fig. 3. The sudden decrease in the velocity of

Simes of bow shock and magnetopause crossings are given.
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Fig. 3.17 January 2005. Solar wind velocity; magnetic field3, and proton number density measured by Cluster 1 in red and by Cluster 4

in green. The same parameters for the trajectory of Cluster 1 provided by a global 3-D MHD model run in CCMC (black curves). Observed
inbound bow shock crossings at 10:25 and 19:51 UT marked by dotted lines; outbound crossing at 10:42 UT shown by solid line; inbound
magnetopause crossing at 21:43 UT marked by dashed line.

electrons measured by the PEACE instrument (not showrb h, and it was negative for more than 12 h, as seen in Fig. 5.
here) also confirms that the bow shock was crossed by botfherefore, entry to the magnetosheath by a dayside geosyn-
spacecraft at 19:51 UT. Magnetic field is suddenly increasingchronous satellite is obviously indicated by observing neg-
when the magnetopause is crossed by Cluster 1 at 21:43 Udtive B, values. Two GOES satellites were on the dayside
and by Cluster 4 a few minutes later. Velocity and numberwhen the solar wind dynamic pressure and the IMF reached
density are decreasing at the same time. In Fig. 2, the tralarge values. GOES 12 spent more than 6 h; GOES 10 spent
jectory of Cluster 1 is marked in yellow when it was in the 5.5h continuously upstream of the magnetopause.
interplanetary field, and the green section was spent in the The top panel and the second panel from the bottom of
magnetosphere. Fig. 5 present magnetic field observations of GOES 10 and
Figure 4 presents the results of different models provid-GOES 12, respectively (total value in green a®ydin lilac
ing the bow shock (top panel) and magnetopause locatioin GSM coordinates). The panels to be found under the
(second panel) for angular directions corresponding to theGOES measurements (panel 2 for GOES 10, bottom panel
Cluster 1 position. The observed magnetopause location dbr GOES 12) show magnetopause locations predicted by
21:43 UT is in good agreement with the prediction of mod- different models for angular directions of the satellites: MP1
els MP2 (in et al,, 2010 and MP3 (new model), as seen in (Shue et al.19998 in red, MP2 (in et al, 2010 in green,
panel 2. The magnetopause is farther away from the Eartland MP3 (new model) in black. Solar wind dynamic pres-
according to model MP1Shue et al.1998. The top panel sure and the IMF are provided in the two middle panels.
shows that the best prediction for the bow shock is givenFor the model calculations, the propagating time of the solar
by BS1 Farris et al, 1992, Farris and Russelll994. The  wind from the bow shock to the GOES satellites was taken
other models predict the bow shock at a distance of abouinto account as described in Sect. 3.1. The times of observed
0.5—-1Rg farther upstream than it was observed at 19:51 UT.outbound magnetopause crossings are marked by solid verti-
Neither of the models predict the observed in- and outboundtal lines; inbound crossings are marked by dashed lines. The
bow shock crossing at 10:25 and 10:42 UT, respectively. Ac-negative B, values observed by GOES 10 before 14:00 UT
cording to model BS3Jerab et aJ.2005, however, Clus- and by GOES 12 after 21:30 UT are not considered as mag-
ter 1 was supposed to observe multiple bow shock crossingeetopause crossings as the satellites were close to the termi-

around 13:00-14:00 UT. nator or behind it.
Figure 5 shows that MP1Shue et al. 1998 underes-
3.2 20 November 2003 timates the displacement of the magnetopause towards the

Earth. It predicts that the excursion to the magnetosheath of

During the event on 20 November 2003, the interplanetarypoth satellites was shorter than observed (by about 2 h for
magnetic field had an extren < —30nT value for almost
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Fig. 4.17 January 2005. Top panel: model bow shock locations for angular directions corresponding to Cluster 1 Regitidack line):

BS1 in greenfarris et al. 1991, Farris and Russelll994, BS2 in red Cairns et al. 1995 Farris and Russelll994, BS3 in blue Jerab

et al, 2005, and BS4 in black\erigin et al, 2001ab, 2003. Observed bow shock crossings are marked by vertical lines (inbound dotted,
outbound solid) at 10:25, 10:42, and 19:51 UT. Panel 2: model magnetopause locations for Cluster 1 angular directions: M8Hua red (
et al, 1998, MP2 in green Lin et al, 2010, and MP3 in black (new model). Observed magnetopause crossing at 21:43 UT is marked by
dashed line. Panel 3: solar wind dynamic pressure. Bottom panel: IMF total value (greeB} #itdc). Interplanetary data from Wind
measurements.

GOES 10, by more than 3h for GOES 12). Models MP2 3.3 31 October 2003
(Linetal, 2010 and MP3 (new model) provide better agree-

ment with the .ob'servatlons, the predictions of MPS are bet On 29-31 October 2003 (Halloween storm), several large so-
ter at the beginning of the long magnetosheath interval for, .
) . ; lar events were observed which were followed by large geo-

both satellites, while the observed re-entry time to the mag- . ; 0
. . magnetic storms. Due to the extreme disturbances in inter-

netosphere is better predicted by MP2 for GOES 12. The .
. : planetary space, there are long gaps in the OMNI dataset

three models provide almost the same location for the magy i )
o ~between 05:49 UT on 29 October and 11:14UT on 31 Oc-

netopause for the GOES 10 angular directions around the N ber. Plasma and field parameters (based on Geotail mea
bound crossing between 20:00 and 22:00 UT. MP3 also pre- : b

dicts the two short magnetosheath intervals for GOES 12 aglfﬂ;gm gr::ttso)b::elzprg\n”?ﬁg Xglé ];oraigg:gs ?hlen Jgﬁ)g;’eg:g
13:02-13:15UT and at 13:27-14:02 UT; MP2 predicts part ' P ’ y

of them, while MP1 does not predict them. Neither of the density of the alpha particles and the IMF components are

models provides magnetopause crossings for GOES 10 aﬁvailablefor_all 3 days showing large disturbances. However,
16:31 and 16:42 UT, but the prediction of MP3 is closest to proton density data are provided only from about 11:00 UT

the geosynchronous orbit on 31 October, while proton velocity data are available from
' about 01:00 UT.

Both GOES 10 and GOES 12 were on the dayside in the
afternoon hours of Universal Time, and they spent several
hours in the magnetosheath (observing negaBiyeon 29
and 30 October when the magnetosphere was compressed
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Fig. 5.20 November 2003. Top panel: GOES 10 magnetic field observations: total value (gredéz)iar@®@SM coordinates (lilac). Panel 2:

model magnetopause locations for angular directions of GOES 10 position: MP1 i&ived ¢t al.1998, MP2 in green(in et al,, 2010,

and MP3 in black (new model); G10 trajectory: blue line. Panel 3: solar wind dynamic pressure. Panel 4: IMF total value (green) and
Bz (lilac). Panel 5: GOES 12 magnetic field: total value (green) Badlilac). Bottom panel: model magnetopause locations for angular
directions of GOES 12 position: MP1 in re8Kue et al.1998, MP2 in green in et al, 2010, and MP3 in black (new model); G12
trajectory: blue line. Solid vertical lines mark the time of observed outbound magnetopause crossings; dashed lines mark inbound crossings.
Interplanetary data from ACE measurements.

supposedly due to the large dynamic pressure accompaniettie flanks. The Cluster satellites were upstream of the bow
by large negative values of IMB; (values below—20nT). shock from 05:33 UT for about 10 min, and around 11:37 UT
In spite of the insufficient interplanetary data coverage, theseand 11:57 UT for about 1 min in both cases as marked by
events were discussed in several papers (e.g. Dmitriev et alblue crosses in Fig. 6 where the trajectory of Cluster 1 (C1)
2005; Lopez et al., 2007). Some earlier results will be pre-is shown from 00:00 to 22:00 UT. Sections in the magne-
sented later in this section, but GOES observations are nabsheath are marked in lilac. The spacecraft made four ex-
further analyzed in this work. cursions to the magnetosphere between 09:52 and 10:46 UT
The four Cluster spacecraft were in the tail region on 29—-as shown in Fig. 7 and also indicated by a thin green trace
30 October. On 31 October, however, they observed sevaround 10:15UT in Fig. 6.
eral out- and inbound bow shock and magnetopause cross- Figure 7 presents the total magnetic field, proton veloc-
ings between 05:00 and 12:00 UT on their inbound path onity and density for two time intervals on 31 October 2003.
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31 October 2003, 0 — 22 UT (indicated by vertical lines). The difference in distance be-
tween model calculations and observations is larger than
2 2 N 3 Re in the SZA= 100 angular direction (corresponding to
BS Sqrt(Yz’BZ_)’ Re ~2.5Rg in the direction of the bow shock normal), even for
the BS1 modelKarris et al. 1991 Farris and RussellLl994)
which provides the location closest to the orbit. In panel 2 of
Fig. 8, the calculated magnetopause locations are presented.
MP ) I Dashed line at 16:38 UT indicates the inbound magnetopause
crossing which was followed by three short excursions (3—
5min) back to the magnetosheath. The three-dimensional
MP2 model (in et al, 2010 provides better predictions
for the observed magnetopause locations compared to the
other two models which predict the magnetopause farther
upstream than observed. The spacecraft was relatively close
to the cusp indentation (at an angle of 20224t that time.
Model MP2 also predicts the short excursion of the space-
craft to the magnetosphere around 15:55UT and the mul-
T« T B tiple magnetopause crossings observed after 16:38 UT until
17:43 UT.
Fig. 6.31 October 2003. Cluster 1 inbound trajectory in cylindrical  Dmitriev et al. (2005) investigated all magnetopause cross-
coordinates. Lilac sections of orbit are in magnetosheath, green IinqangS at geosynchronous orbit during 29-31 October which
is in magnetosphere. Times of bow shock crossings are marked byq 14 pe identified from magnetic field measurements of the
blue crosses. BS2 modeL4irns et al. 1995 Farris and Russell  5oeg gatellites or from ion and electron spectra detected

1994 bow shock is shown by blue lines and MP1 mo@&H(e et a. . .
1998 magnetopause by red lines: dashed curves for average solat?y four different LANL (Los Alamos National Laboratory)

wind parameters, solid curves calculated with parameters aroun&ate”'tes' Several multiple magnetopagse crossings arpund
11:57 UT when the spacecraft crossed the bow shock. local noon were found to be accompanied by global oscilla-

tions of the geomagnetic field with period of 4—6 min. The

amplitude of these magnetopause oscillations was estimated

at about 0.3-0.® around the nose. Also, a dawn—dusk
Between 09:40 and 10:50 UT, multiple magnetopause crossasymmetry of the magnetopause was revealed when mag-
ings were simultaneously observed (with negligible time de-netopause crossings observed simultaneously on the morn-
lay) by all four Cluster satellites, which were separated bying and afternoon side were compared with estimated mag-
300-400 km. Inbound crossings are marked by dashed vertinetopause locations using the models of Shue et al. (1998),
cal lines; outbound crossings are shown by solid lines. TheKuznetsov and Suvorova (1998), and Chao et al. (2002). For
four magnetospheric intervals are indicated by plasma velocthe time of the largest disturbances, no measured solar wind
ity and density dropping to very low values (as measured bydynamic pressure data were available. Dmitriev et al. (2005)
CIS/HIA aboard Cluster 1) and by magnetic field increasingestimated the lower level of dynamic pressure from mag-
to a value between 50-60nT exhibiting only minor varia- netosheath intervals, i.e. when the satellite was located in
tions. The second time interval between 11:35 and 12:00 UTthe magnetosheath; the actual pressure was supposed to be
presents multiple bow shock crossings as observed by Clusiigher than the model prediction. On the other hand, the up-
ter 1 and Cluster 4. For this time interval, plasma parameterper level of the pressure was obtained from magnetosphere
are provided by the CIS/CODIF instrument. Inbound cross-intervals.
ings are marked by dotted vertical lines; outbound crossings In this study, the upper limit of solar wind dynamic pres-
are shown by solid lines. The different transit times throughsure was estimated for the time intervals spent by Cluster 1 in
the shock indicate that Cluster 4, which was about 100 kmthe magnetosphere as it was done by Dmitriev et al. (2005).
further upstream in the direction of the bow shock normal, The actual pressure was supposed to be lower than the value
spent a longer time in the interplanetary field compared toapplied in model MP1&hue et al. 1999 when providing
Cluster 1. the observed magnetopause locati®g:< 4.7 nPa between

The OMNI dataset provides all parameters from about09:52 and 10:02 UT, whilé’y < 4.3 nPa between 10:15 and

11:15 UT, after the recovery of the ACE plasma detector. Fig-10:40 UT. In a similar way, the lower limit of dynamic pres-
ure 8 shows model predictions for the location of the bow sure was estimated for the time intervals when Cluster 1 was
shock and the magnetopause for angular directions of thaipstream of the bow shock, and the actual pressure was sup-
Cluster 1 position between 11:15 and 19:00 UT. As seen irposed to be higher than the value used in model B2#r(s
the top panel, neither of the models provides a good preet al, 1995 Farris and Russell 994 when providing the ob-
diction for the bow shock location at 11:37 and 11:57 UT served bow shock locatior?y > 95 nPa between 05:33 and
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Fig. 7. 31 October 2003, 09:40-10:50 UT and 11:35-12:00 UT. Solar wind veldtitsnagnetic fieldB, and proton number density
measurements: Cluster 1 in red and Cluster 4 in green. Observed inbound magnetopause crossings are marked by dashed lines; inbound bc
shock crossings are marked by dotted lines. Solid lines mark outbound crossings for both discontinuities.

05:43 UT, while Py > 90nPa around 11:37 and 11:57UT. 4 Discussion
The lower levels of dynamic pressure estimated from the

bow shock cr(_)s_sings are in acceptable a_greement bl th%bserved bow shock and magnetopause locations were pre-
results of Dmitriev et al. (2005), who estimatey > 80— sented in Sect. 3 for three events when these boundaries were

90nPa for the time interval 05:33-05:43 UT afg> 60— unusually close to the Earth due to large interplanetary dis-

_70 nP% arourédblll_:i(')\l—l_lz:oo Ut r:rom magnetlﬁanSﬁ CT0SKurbances. The observations were compared with the predic-
Ings observed by geosynchronous satellites When USyjo g of models which use different methods for describing

ing the Shue et ql. (1998) model (cf. Fig. 10 in their paper).the location of the discontinuity. MPShue et al.1998 is
However, solar wind dynamic pressure measured by ACE beé two-dimensional model which provides simple equations

t\r/]veen 1.1:30 3ndb 12:00 léL WSS .m_uch srr:allze(; 0(20_25 nPa}or the relations between interplanetary solar wind conditions
than estimated above and by Dmitriev et al. ( 5)- (dynamic pressure and IMB;) and magnetopause parame-
Lopez et al. (2007) reconstructed solar wind plasma dat&fers (standoff distance and flaring angle). MR (et al,

in the vicinity of the_ Earth using der_1§ities from the Geotall 2010 is a three-dimensional magnetopause model which in-
plasma wave experiment and velocities from ACE (data for

Ioh il ilable) for 29 and 30 October. B ludes the effect of the dipole tilt angle and the magnetic
alpha particles were available) for 29 an ctober. ase(iressure of the interplanetary field (in addition to dynamic

on these estimated interplanetary parameters, the Lyon— : : -
Fedder—Mobarry (LFM) th?ee-dimgngional MHD code (if pressure and IMB;). .M_P3 is a new two—d|men3|onal _model
y ' (developed from Verigin et al., 2009) which takes into ac-

Lyon et al., 2004) was used to simulate magnetic field alongC :
. . ount the IMF component transverse to the solar wind flow
the GOES 10 and GOES 12 trajectory. Magnetosheath inter: P

. ) and the dynamic pressure.
vals provided by the LFM model were compared with the BS1 uses a simple equation of an ellipsoid of revolu-
predictions of three empirical models (Petrinec and Russelltion for describing the shape of the bow shock. The eccen-
_1993; ROFTI,Of qnd S|be'ck., 1993; Shue et al,, 199_8)' Accord'tricity was determined for average conditions by Farris et
ing to ve_r|f|cat|on statistics for eagh model against GO'_ESaI. (1991), but actual solar wind measurements are used in
observations, the LFM model p_rowded the_ best forecastmgthis work for calculating the standoff distance (Farris and
results for magnetopause crossings. Also, in agreement W'”F'Qussell 1994) based on the magnetopause standoff distance
the results of Dmitriev et al. (2005), a significant local time provideéj by MP2 (in et al, 2010. BS2 provides a two-
asymmetry was found in the magnetopause position. dimensional bow shock shape depending on the actual so-
lar wind dynamic pressure (Cairns et al., 1995), and the
standoff distance is calculated from the formula given by
Farris and Russell (1994) using the magnetopause standoff
distance determined by MPBlGue et al.1998. BS3 is a
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Fig. 8. 31 October 2003. Top panel: model bow shock locations for angular directions of Cluster 1 position: BS1 irFgresref al.
1991, Farris and Russelll994), BS2 in red Cairns et al. 1995 Farris and Russelll994, BS3 in blue {erab et a).2005, and BS4 in
black (Verigin et al, 2001ab, 2003; spacecraft trajectorRc1 is the black line. Observed bow shock crossings (out- and inbound around
11:37 and 11:57 UT) are marked by vertical lines. Panel 2: model magnetopause locations for Cluster 1 angular directions: MEHuim red (
et al, 1998, MP2 in green [(in et al, 2010, and MP3 in black (new model); spacecraft traject®gy; is the black line; dashed line is
magnetopause crossing. Panel 3: solar wind dynamic pressure. Bottom panel: IMF total value (gr@erlilacyl Interplanetary data from
ACE measurements.

three-dimensional empirical model in the GSE system us-2001gb, 2003 are shown in GSE coordinate system while
ing the actual solar wind dynamic pressure, &lfic Mach  the 3-D magnetopause model MR4r( et al,, 2010 is pre-
number, and the total value of the IMF (Jerab et al., 2005).sented in GSM coordinates (the rotation angle from GSE to
BS4 is a three-dimensional semi-empiric model combinedGSM was 22° at 13:00 UT and 10at 16:30 UT). As seen
with MHD solution using the GIPM reference frameeti- in Figs. 1 and 4, the IMF was very large, and dynamic pres-
gin et al, 2001ab, 2003. It uses measured solar wind veloc- sure was higher than average around 13:00 BE 40 nT,
ity, density, magnetic field, and Mach numbers. The magne-B; ~ 0nT andPq = 15 nPa. Around 16:30 UT, however, the
topause standoff distance and curvature radius are taken froMF value was average, but dynamic pressure was extremely
MP3 (new model). While BS1 is an arbitrary model, BS2 and large: B = 5nT, B, = +4nT, andPy = 53 nPa.
earlier versions of BS3 were analyzed in comparative stud- As seen in Fig. 9a, larg& (with large By, but B, = 0)
ies ofMerka et al.(2003 2005ab). BS4 was investigated by and moderately larg@y provide significant differences be-
Merka et al.(2005ab). tween the predictions of the magnetopause models. The mag-
Figure 9a and b show the magnetopause and bow shocketopause provided by MP3 (new model) is more thd&g 1
profiles provided by the three magnetopause and four bowcloser to the Earth at the nose compared to the other two
shock models applying the solar wind parameters measurethodels due to the largB, component. The difference be-
at 13:00UT and 16:30UT on 17 January 2005 when ex-tween MP1 Ehue et al.1998 and MP3 (new model) slightly
treme solar wind conditions were observed. The vertical axisncreases towards the flanks. MP2n( et al, 2010 is lo-
pointing upwards represents thé/-direction, while the ver-  cated between MP1 and MP3, the cusp indentation is at 49
tical axis pointing downwards represents th&-direction  solar zenith angle in th&/ — Zgsm section. The differences
for the three-dimensional model profiles. The 3-D bow shockbetween the bow shock locations provided by models BS1
models BS3 Jerab et al.2005 and BS4 Yerigin et al, (Farris et al. 1991 Farris and Russgll994, BS2 (Cairns et

www.ann-geophys.net/30/1675/2012/ Ann. Geophys., 30, 16¥692 2012



1688 M. Tatrallyay et al.: Multispacecraft observations of the terrestrial bow shock and magnetopause
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Fig. 9. Magnetopause and bow shock profiles provided by the three magnetopause and four bow shock models when using the solar wind
parameters measuréal) at 13:00 UT andb) at 16:30 UT on 17 January 2005: MP3hue et al.1998 in dashed red, MP4.{n et al,, 2010

in dotted green, and MP3 (new model) in continuous black line; B®itris et al. 1991 Farris and Russelll994) in dotted green, BS2

(Cairns et al.1995 Farris and Russell994) in dashed red, BS3érab et a).2005 in dashed blue, and BS¥€rigin et al, 20013ab, 2003

in continuous black line. Vertical axis pointing upwardsgsg direction; vertical axis pointing downwards:Zgsg direction (MP2 model

is in GSM coordinates).

al., 1995 Farris and Russelll994, and BS4 Yerigin et al, very similar in theX/ + Y section; the deviation of the other
200148b, 2003 are within 0.5Rg inthe X /+Y section. Inthe  two bow shock models is more significant. BJafris et
X/ — Z section, the deviation of the 3-D BS4 model from the al., 1991 Farris and Russelll994) is located closer to the
2-D models increases towards the flank. The 3-D BS3 modeEarth than BS2 as the standoff distance of BS1 is based on
(Jerab et a).2005, which is more influenced by the value of the magnetopause standoff distance of MP2, which is smaller
the IMF (see parametdb in Eq. 5), predicts the bow shock than that of MP1 used for BS2. According to Fig. 9a and 9b,
location significantly farther upstream compared to the otherthe shapes of BS1 and BS2 are similar in the investigated
models. SZA ranges, in spite of the fact that the flaring angle of BS2
Figure 9b shows that the deviations between the differenis influenced by the dynamic pressure while the eccentricity
magnetopause and bow shock models are smaller when thaf BS1 is constant. The nose distance of B3&réb et a).
dynamic pressure is extremely large and the IMF is aver-2009 is the smallest, while its flaring angle is the largest.
age, as measured around 16:30 UT. In this case, the 3-D MP2 For average solar wind conditions, as measured around
model Lin et al, 2010 provides the closest location to the 07:00UT on 17 January 2005, the differences between the
Earth, the cusp indentation (at58ZA) almost disappears predictions of the different magnetopause and bow shock
due to the large compression. The magnetopause profile pranodels were found to be smaller. The only exception is the
vided by MP1 Shue et al.1999 is farther away from the 3-D BS3 model Jerab et a).2005, which deviates signifi-
Earth by about 0.&Kg at the nose, and the deviation increasescantly from the other three models; namely the flaring angle
towards the flanks. The MP3 profile (new model) is betweenof the bow shock is larger as seen also in Fig. 9a and b. There-
MP1 and MP2 at all solar zenith angles. The 2-D bow shockfore, the distance to the nose is smaller, while the distance at
model BS2 Cairns et al. 1995 Farris and Russell1l9949 the terminator is larger.
and the 3-D model BSArigin et al, 20013b, 2003 are
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In all three events presented in Sect. 3, MBhye et the bow shock normal direction. On both days, interplan-
al., 1998 provided the outermost location for the magne- etary parameters changed significantly when the discussed
topause compared to the other two models, as illustrated alsbow shock crossings were observed. Accordingly, all four
by Fig. 9a and b. On 17 January 2005 when dynamic presmodels predicted displacements of the bow shock towards
sure was very large but; values were small, the predictions the Cluster 1 orbit, but the provided locations were not close
of MP1 seem to be the best for the location of GOES 12,enough to the trajectory of the spacecratt.
supposing that the satellite was in the magnetosheath only Under disturbed solar wind conditions, statistical models
between 15:05 and 17:41 UT. Magnetopause locations probased on the values of interplanetary parameters in an equi-
vided by the other two models are also within &2 of librium state cannot always give good predictions for the
the satellite’s orbit for about 1 h before 15:05UT and after sudden displacement of the discontinuities, as they may be
17:41 UT when these models predict magnetosheath interaffected also by indirect effects. Global MHD simulations
vals. In lack of plasma data, it is difficult to tell the exact showed (Samsonov et al., 2007) that a moderately strong
times of magnetopause crossings as IMfwas positive interplanetary fast shock, interacting with the Earth’s mag-
during these time intervals. For 20 November 2003, how-netosphere, will be reflected from the ionosphere. The pas-
ever, when the IMFB, component was negative for more sage of the inbound transmitted shock causes the bow shock
than 12h, it is obvious that the satellites entered the magand the magnetopause to move inward, while the passage of
netosheath when they observed negafyan the nose re- the sunward-propagating reflected shock causes the bound-
gions. For this event, magnetosheath intervals predicted byries to move out, as confirmed by Pallocchia et al. (2010)
models MP2 (in et al, 2010 and MP3 (new model) agree based on observations aboard Double Star TC1 and Cluster 3.
better with observations compared to model MBhye et  Safrankova et al. (2007) suggested that the combination of
al., 1998 for both GOES 10 and GOES 12. It seems that the inward and outward motions of the bow shock, caused by
the saturation effect is not properly taken into account inthe transition of an interplanetary shock, results in an inden-
Eq. (1a) for large negativB, values. Chao et al. (2002) mod- tation of the bow shock surface which flows along the bow
ified the model of Shue et al. (1998) by providing different shock together with the interplanetary shock. The motion of
formulas for the standoff distance and for the flaring anglethe indentation can be recorded as two bow shock crossings
in different ranges ofB;. Also, the coefficients are differ- separated by 1-5min. Safrankova et al. (2007) interpreted
ent in their formulas in different ranges &vp,. Yang et  out- and inbound bow shock crossing pairs observed by In-
al. (2002) found that the forecasting capability of the modelterball 1 and Geotail as the result of the passage of an inter-
of Chao et al. (2002) is better for the prediction of geosyn-planetary shock through the magnetosheath.
chronous magnetopause crossings compared to the model of Jelinek et al. (2010) found several cases in THEMIS ob-
Shue et al. (1998) and also to the model of Petrinec and Russervations when the whole magnetosheath was swept along
sell (1996). the probes in a few minutes due to the large displacement

The magnetopause crossing observed by Cluster 1 anf the bow shock and the magnetopause as a result of their
21:41UT on 17 January 2005 is much better predicted byinteraction with solar wind discontinuities. In one case, up-
models MP3 (new model) and MPRif et al, 2010 com-  stream observations did not reveal any cause of the observed
pared to model MP1Shue et a.1998. On 31 October 2003, magnetopause displacement, because solar wind parameters
the magnetopause crossing at 16:38 UT is closest to the pravere nearly stable except for the IMF and By components
dictions of the 3-D MP2 model, which also indicates the mul- which changed proportions. The change in the direction of
tiple crossings observed earlier and later. In both cases, ththe field was different as observed by ACE and Wind. Jelinek
spacecraft was relatively close to the cusp (at an angle oét al. (2010) supposed that a tangential discontinuity evolved
22°-24) when the magnetopause crossings were observedetween the location of ACE and the Earth. They suggested
Dynamic pressure and magnetic field were larger than averthat the IMF orientation (not simply the variationsBn) may
age values, but not extreme. control the magnetopause and bow shock positions.

From the presented bow shock crossings observed by In order to illustrate the capabilities of a global three-
Cluster 1, only the one at 19:51 UT on 17 January 2005 coulddlimensional magnetohydrodynamic model, simulations were
be well predicted by BS1, which is an arbitrary combination performed at NASAs Community Coordinated Modeling
of the models of Farris et al. (1991) and Farris and RussellCenter http://ccmc.gsfc.nasa.ggwising the SWMF BAT-
(1994) using the magnetopause standoff distance from th&RUS code. The same upstream solar wind and magnetic
model of Lin et al. (2010). Neither of the models predicted field parameters were used as for the empirical models; they
bow shock crossings around 10:25 and 10:42 UT on 17 Janwere measured by Wind for 17 January 2005 and by ACE
uary 2005, shown in Fig. 3 (SZA* 60°), and around 11:37 for 31 October 2003. The Earth’s magnetic field was approx-
and 11:57 UT on 31 October 2003, shown in Fig. 7 (SZA imated by a dipole with the actual axis orientation. In Fig. 3,
~ 100). In the first case, the calculated bow shock locationsthin black lines present the velocity, magnetic field and pro-
were closer to the Earth than observed by abakt2in the  ton number density profiles determined by the 3-D MHD
second case they were farther upstream by aboukgR i& model for the Cluster 1 trajectory on 17 January 2005. As
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indicated by the decrease of velocity, and increase of magmodels are using the magnetopause standoff distance deter-
netic field and proton number density, the CCMC model runmined by a magnetopause model; BS1 is based on MP2, BS2
predicts an excursion to the magnetosheath around 10:30 Udn MP1, and BS4 on MP3, as discussed in Sect. 2.2. BS4 also
which is slightly shorter than observed by Cluster 1. The di-applies the curvature radius of the magnetopause at the nose.
rection of the solar wind was out of the ecliptic plane by  The observed magnetopause crossings could be predicted
8-13 for more than 1h around the time of the bow shock by one (or more) of the three empirical models with a reason-
crossings, and sudden changes occurred in all interplanetagble accuracy. Under different conditions, however, different
parameters. In such a case, the 3-D MHD model can be exmodels provided the best prediction.

pected to provide better prediction for the location of the bow
shock. However, the MHD model cannot resolve the thick-
ness of the discontinuity.

As seen in the second time interval of Fig. 3, the global
MHD model predicts sudden changes in all parameters be-
tween 19:00 and 19:30 UT, which can be interpreted as two
in- and outbound bow shock crossings. As seen in Fig. 4,
the simple models also predict two out- and inbound dis- 2. On 17 January 2005 when solar wind dynamic pressure
placements of the bow shock, caused by the variations of  was extremely large, the predictions of the model of
the interplanetary parameters. The MHD model provides a  Shue et al. (1998) agreed best with the location of the
decrease in velocity and a sudden increase in magnetic field magnetopause as observed by GOES 12. In this case,
around 19:51 UT, corresponding to the observed time of the ~ however, the exact time of the magnetopause crossings
bow shock crossing. Around 21:40 UT, magnetic field in- could not be determined as IMB; was not always neg-
creases, while velocity and density decrease according to the  ative during the investigated interval and plasma data
3-D MHD model, in good agreement with the observed time were not available.

of the magnetopause crossing. However, the MHD model 3 Th ¢ . b d by Cluster 1

cannot resolve the thickness of the discontinuity; the mag- ~ weerze rgsgtnr?rggs:ltjess b(;r?ﬁzl?r?rseeo disnizvr?siongl m(l)JcSieelrof
t transiti fast ing to the Cluster 1 ob- " § .

netopause transition was faster according to the Cluster 1 ob Lin et al. (2010), probably due to the location of the

servations compared to the model prediction. : :

The results of a similar 3-D MHD model run at CCMC spacecraft being relatively close to the cusp (at an an-
for 31 October 2003 do not indicate that the bow shock was ~ 91€ Of 22-24") on 31 October 2003 and on 17 Jan-
close to the trajectory of Cluster 1 around 11:37 or 11:57 UT. uary_2(_)05. The new model also provided a very good
Around that time, ACE observed a significant increase in so- prediction for the latter event.
lar wind dynamic pressure and a decrease in the IMF magBow shock crossings observed by the Cluster spacecraft
nitude and change in direction. It can be supposed that thisould not be predicted by either of the empirical models,
structure evolved while propagating to the Earth at a spee@xcept for the event at 19:51 UT on 17 January 2005 when
of ~1000 km s1, and it raised indentations in the bow shock the arbitrary model BS1Farris et al, 1991, Farris and Rus-
when passing through the magnetosheath to the location dgell, 1994 provided the closest prediction. The insufficiency
the Cluster spacecraft at SZA100. of the statistical models can be explained by the large dis-

turbances in the interplanetary field. Magnetic field discon-

tinuities may evolve while travelling to the Earth from the
5 Summary spacecraft monitoring the solar wind. Also, they can raise

new discontinuities when interacting with the terrestrial mag-
Three events were discussed from the declining phase of theetosphere. Predicting these secondary effects is beyond the
last solar cycle when the magnetopause and/or the bow shoatapability of the empirical models which use interplanetary
were observed unusually close to the Earth due to major inparameters measured farther upstream of the bow shock.
terplanetary disturbances. The observed extreme locations A global three-dimensional MHD model of NASAs
of the discontinuities are compared with the predictions of CCMC predicted the short magnetosheath excursion ob-
three magnetopause (MP1: Shue et al., 1998; MP2: Lin eserved by the Cluster spacecraft on 17 January 2005, proving
al., 2010; MP3: new model based on Verigin et al., 2009) andthat this event was caused by the variations of the interplan-
four bow shock models (BS1: Farris et al., 1991, combinedetary parameters as measured by the Wind spacecraft. Ac-
with Farris and Russell, 1994; BS2: Cairns et al., 1995, com-cording to the results of the 3-D MHD model, the bow shock
bined with Farris and Russell, 1994; BS3: Jerab et al., 2005was not close to the trajectory of Cluster 1 when it observed
BS4: Verigin et al., 2001a,b, 2003) which describe them inthe two short solar wind intervals on 31 October 2003, in-
considerably different ways using statistical methods basedlicating that this event was probably caused by secondary
on observations, except for BS4, which is a 3-D semi-empiriceffects raised by the evolution of the measured interplanetary
model combined with MHD solution. Three of the bow shock disturbances.

1. On 20 November 2003 when the IMF was extremely
large having a large negative component, the geosyn-
chronous magnetopause crossings observed by the
GOES satellites were best predicted by the new model,
while the model of Shue et al. (1998) provided the poor-
est prediction.
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