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X-2 SAMSONOV ET AL.: MAGNETOPAUSE POSITION

Abstract. = We compare predicted magnetopause positions at the subso-
lar point and four reference points in the terminator plane obtained from sev-
eral empirical and numerical MHD models. Empirical models using various
sets of magnetopause crossings and making different assumptions about the

magnetophﬁ!hape predict significantly different magnetopause positions

(with a sc 1 Rg) even at the subsolar point. Axisymmetric magne-

Petersbur&&wsia
2Charle(}ﬁrersity, Prague, Czech

Republic (n

3Institute of Y\tmospheric Physics CAS,

Prague, C@epublic

4Code 6©ASA Goddard Space Flight

Center, Greenbelt, Maryland, USA
’Depar of Climate and Space,

University of Michigan, Ann Arbor,

Michigan,%ﬁ
6Johns Qns University Applied

Physics@tory, Laurel, Maryland, USA
7Departl;ent of Physics and Space

Science CJ, University of New

Hampsb@rham, New Hampshire, USA

DRAFT June 29, 2016, 9:56am

This article is protected by copyright. All rights reserved.

DRAFT



10

11

12

13

14

15

16

17

18

19

20

21

22

SAMSONOV ET AL.: MAGNETOPAUSE POSITION

topause models cannot reproduce the cusp indentations or the changes re-

lated to the dipole tilt effect and most of them predict the magnetopause closer

to the Earth than non-axisymmetric models for typical solar wind conditions

and zero tilt angle. Predictions of two global non-axisymmetric models [Lin

et al., ZMng et al., 2013] do not match each other, and the models need

additional cation. MHD models often predict the magnetopause closer
to the E‘arEan the non-axisymmetric empirical models, but the predic-
tions of imulations may need corrections for the ring current effect

and decreageggof the solar wind pressure that occur in the foreshock. Com-
paring M}@odels in which the ring current magnetic field is taken into
account e empirical Lin et al. model, we find that the differences in
the refereEin’c positions predicted by these models are relatively small

for B, = herefore we assume that these predictions indicate the ac-

d

tual ma use position, but future investigations are still needed.

Author M
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X-4 SAMSONOV ET AL.: MAGNETOPAUSE POSITION

1. Introduction

The magnetopause is the boundary between the Earth’s and interplanetary magnetic
fields. Space weather studies require better predictions for the magnetopause shape and
position uider i]ifferent solar wind conditions. The magnetopause position can be roughly
determine&the pressure balance between the dynamic pressure of the supersonic
solar wigdmadadethe magnetic pressure of the Earth’s dipole [e.g., Chapman and Ferraro,
1931; Zhig%mmd Romishevskii, 1959; Beard, 1960; Spreiter and Briggs, 1962; Mead and
Beard, 19leon, 1969]. This method is relatively simple, but inaccurate. First, the
total presmven at the subsolar magnetopause is not exactly equal to the solar wind
dynamic @re le.g., Spreiter et al., 1966; Samsonov et al., 2012]. Second, the total

magnetosiEerlc magnetic field is a superposition of magnetic fields from several current

systems a dipole field [e.g., Tsyganenko and Andreeva, 2015]. Later, Sotirelis and
Meng | veloped a magnetopause model using the Newtonian approximation to
calculat external magnetosheath pressure and the T96 [Tsyganenko, 1995, 1996]

magnetic field model to calculate the internal magnetospheric pressure, using a series of
numerical 1terations.

However® t of our knowledge about the magnetopause position comes from empirical
models ﬁEn a large number of spacecraft crossings. Since Fuairfield [1971], more
than 15 émpirical magnetopause models have been developed (14 of them mentioned
in Suwm:d Dmiitriev [2015]) which define the magnetopause using different sets of
observa@owever, with only several exceptions [Dmitriev and Suvorova, 2000; Wang

et al., 2013; Shukhtina and Gordeev, 2015], all the empirical models made some a priori
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SAMSONOV ET AL.: MAGNETOPAUSE POSITION X-5

assumptions about the magnetopause shape. For example, the well-known Shue et al.

[1998] model assumed the functional form

R=R, (2)a (1)

1+ cosf

for the migne&)pause, where R is the radial distance, R, is the position of the subsolar
point, anc@t-he solar zenith angle. This assumption may lead to significant errors in
some regiGiam particular in the cusps where the magnetopause lies closer to the Earth
and the slape becomes non-axisymmetric [Boardsen et al., 2000]. Recent magnetopause
models [BQGTL et al., 2000; Lin et al., 2010; Wang et al., 2013] reproduce, at least
qualitativM\e cusp indentation, but both the Boardsen et al. [2000] and Lin et al.
[2010] models gre also based on assumed functional forms. The Wang et al. [2013] model
uses the Sfipport Vector Regression Machine technique, and this method is not restricted
by any prmd analytical form. However, the model includes two free parameters (y and
C') whi ine the fitting procedure. The authors chose these parameters making
implicit ptions about most probable (rather smooth) magnetopause shape.

Alternatively, the magnetopause shape and position can be determined using results
from globa D simulations [e.g., Elsen and Winglee, 1997; Garcia and Hughes, 2007; Lu
et al., 201 w=@Ontrary to empirical models, the pressure balance condition in this approach
is satisFﬁE(ery point, and the magnetopause shape is always non-axisymmetric. But
the global' MHD models do not include properly all magnetospheric current systems,
in particune ring current, therefore the magnetopause position derived from MHD
solution%lso be inaccurate. In this paper, we discuss these and other factors not

considered by MHD models which may influence their predictions.
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X-6 SAMSONOV ET AL.: MAGNETOPAUSE POSITION

Recently Gordeev et al. [2015] suggested a set of benchmarks for verifying global MHD
codes. In particular, one of the key parameters in their tests was the magnetopause
position at the subsolar point (y = z = 0) and * = 0 and z = —15 Rp planes. They
compared the MHD predictions with results from the Shue et al. [1998] model at the
subsolarwijessddand with the Lin et al. [2010] model at other points. Gordeev et al.
[2015] conhat the MHD predictions correlate well with results from the empirical
models TnE@ral, but sometimes underestimate or overestimate distances predicted by
the empiricljodels. But they only briefly mentioned concerns about the accuracy of the
empirical etopause models themselves. Is it really true that the empirical models
are more accurate than the MHD models and which of the empirical models is better?

Our pu now is to compare predictions of several empirical and MHD models for
typical soEnd conditions. We are looking for systematic differences between axisym-
metric an—axisymmetric empirical and MHD models at reference points and will
suggest Eions for these differences. We do not specifically intend to estimate the
quality - nt models, however we can show that predictions of some models can dif-
fer signiﬁw from those of the majority. We investigate ways of improving the MHD

models, i icular by adding the magnetic field created by the ring current. We discuss

the role ofﬁ&arth’s magnetic dipole tilt.
The magnetopause shape and position depend on the solar wind conditions and the

Earth’s dijilt angle, but most empirical models average magnetopause positions for
different condigions using only several input parameters (usually the solar wind dynamic
pressure nd interplanetary magnetic field B,). Therefore we prefer to compare

results from models for idealized stationary solar wind conditions rather than study some
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SAMSONOV ET AL.: MAGNETOPAUSE POSITION X-7

particular events with arbitrary pre-conditions when the magnetopause shape and size
may be nonstationary and significantly differ from the average. We use typical solar wind

conditions (see below) for which, we believe, the empirical models are most reliable.

2. Empirical and numerical models

2.1. Empisigal magnetopause models

Table 1 presents a list of seven empirical and one analytical magnetopause models.
| |

The Petrusmasnd Russell [1996], Kuznetsov and Suvorova [1998], and Shue et al. [1998]
models (a@ia‘ced below as PR96, KS98, and S98 respectively) are axisymmetric, but
use differ%alytical expressions and differ in their predictions. The analytical model
of Pudovkin ¢k al. [1998] (P98) was developed from the pressure balance condition at
the subsoC)int R,. The P98 model uses both the well-known dependence R, ~
Pd_wl]/ 0 [Me d Beard, 1964] and some assumptions about southward interplanetary
magnetic @;MF) penetration into the magnetosphere resulting from magnetopause
reconnectio oardsen et al. [2000] (B0OO) presented empirical models both for the high-
latitude magnetopause near and behind the cusps and for the nose magnetopause. The
nose maglkmp!mse model used 290 magnetopause crossings which satisfied the criteria:
latitude b@n —81° and 81°, and magnetic local time from 9 to 15. Contrary to
the pre@odels noted above, these models consider the dipole tilt as one of input
parametwsimssd will use only the nose model from Boardsen et al. [2000] below.

The Lma [2010] (L.10) model significantly extends the assumptions of the S98 model
to obtai ree-dimensional asymmetric magnetopause surface. The model is parame-

terized by the solar wind dynamic and magnetic pressures, the IMF B,, and the dipole

tilt angle W on the basis of 2708 magnetopause crossings in total. The three-dimensional
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X-8 SAMSONOV ET AL.: MAGNETOPAUSE POSITION

Wang et al. [2013] model (W13) uses the largest database, containing 15,089 magne-
topause crossings. The model has no predetermined analytical form, and consequently
its results for any given condition cannot be reproduced without full access to the model.
Shukhtina and Gordeev [2015] (SG15) developed a model to determine the magnetopause

positionﬁ'ﬁhdcerminator plane in the high-latitude regions as a function of FPy,,, B, and

e

2.2. Glom/IHD models

We simflate} the interaction between the solar wind and magnetosphere using the
Space Wefitlfe} Modeling Framework (SWMF) [T6th et al., 2005, 2012], the SWMF
coupled Te Comprehensive Ring Current Model (CRCM) [Glocer et al., 2013],
the Lyon- r-Mobarry magnetosphere-ionosphere model (LFM-MIX) [Lyon et al.,
2004; Megnd Lyon, 2010}, and the Open Geospace General Circulation Model
(OpenGG [Raeder et al., 2001] provided by the Community Coordinated Model-
ing Center p://ccme.gsfe.nasa.gov). The resolution of the block-adaptive Cartesian
grid near the magnetopause in the equatorial and terminator planes in the SWMF code
is 0.125 Mhe Cartesian grid resolution in the OpenGGCM code is similar to the
SWMEF, e LFM code uses a non-Cartesian, distorted spherical mesh with a lower
resolutionffi.e. ~ 0.16 Rg in the radial direction and ~ 0.25 Rg in other directions in the

subsolar el

Recent globay numerical models take into account the drift physics in the magnetosphere

through %pling between MHD codes and specific inner magnetospheric codes, like

the Rice Convéction Model (RCM) [e.g., Wolf et al., 1991; Toffoletto et al., 2003; De

Zeeuw et al., 2004; Pembroke et al., 2012] or the CRCM [Fok et al., 2001; Glocer et al.,
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SAMSONOV ET AL.: MAGNETOPAUSE POSITION X-9

2013; Meng et al., 2013]. In particular, the CRCM simulates the evolution of an inner
magnetospheric plasma distribution that conserves the first two adiabatic invariants. The
plasma pressure obtained from the CRCM simulations modifies the pressure in the MHD
code. This modification self-consistently changes other MHD parameters including the
magnet | ekl
The loe boundary of global MHD codes is located at a radial distance of R ~
2-3 REE boundary is usually a non-penetrable sphere. The density in the SWMF
runs is sejwton28 cm~3, and in the OpenGGCM runs to 3 cm™3. In the LFM runs,
the radial {ngemal to the boundary) gradient of the density is equal to zero. Xi et al.
[2015] compared the low-altitude boundary conditions for several global MHD models
;ed that these conditions may influence the accuracy of solutions. The

and dem

ionospherﬁductances are set to constants in the runs presented below, with Pedersen

conducta@ =5 S and Hall conductance Xy = 0.
We fi ar wind parameters at the outer boundary: N =5 cm™3, V,=-400 km/s,
V, =V, e dynamic pressure is 1.34 nPa), T =2 x 10° K, B, = —B, = 3.5 nT and

take differgnt B,. We study three stationary cases with B, = 0, +3, —3 n'T referred to
hencefortk@uns Bz0, Bz+ and Bz—. The dipole tilt in these three runs is set equal
to zero, b separately describe a special case with a non-zero dipole tilt angle. We
usually 1::;_el codes during 3 hours with steady solar wind conditions and check that the
magnetopjositions at the reference points (see below) do not change during the last
hour of simulagions. In some MHD models, the reference point positions (in particular,

along the is) may vary in time [see also Merkin et al., 2013], and in this case we take

averages over the last 30 minutes.
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X-10 SAMSONOV ET AL.: MAGNETOPAUSE POSITION

2.3. SPBU15 MHD model

We have modified the local numerical anisotropic MHD model previously described by
Samsonov et al. [2007]; Samsonov et al. [2012]. The previous code used spherical coordi-
nates and was developed only for the dayside magnetosheath, while the new code solves
single—ﬂMMHD equations in Cartesian coordinates for the entire magnetosphere in-
cluding t@’s dipole field as explained by Tanaka [1994]; Gombosi et al. [2002]. We
apply the @ions in the conservative form (in particular, calculating time variations of
the total egeray rather than of the thermal pressure) and maintain the V-B = 0 constraint
using the icction scheme, i.e. solving Poisson’s equation and correcting B after a few
time steps [ Brackbill and Barnes, 1980]. Below we will refer to this code using the working
name SP ~ We performed simulations using both the isotropic and anisotropic MHD
codes (th@tropic code calculates two thermal pressure components, p; and pj, per-
pendicula@@parallel to magnetic field instead of only one isotropic component p), but
present isotropic MHD results in this paper. With the given spatial resolution,
we foun misignificant differences in the reference magnetopause point positions (see

below) obgained by the isotropic and anisotropic codes.

The out, undaries of the computational domain are located at x = —30 and +20
Rg and at = 440 Rg. The numerical grid is uniform in the whole region with a
resolutio# Or oD x 0.5 x 0.5 R3. Near the Earth (at radial distances R < 5 Rp where

-t

the inner ﬁary is usually located), the conditions V. = 0 and By = 0 (where V is

the flow Veloci:y and Bj is the external magnetic field) are applied. The density at the

inner bou equals the solar wind density, while the thermal pressure is ten times

higher than the solar wind thermal pressure. Although this model cannot reproduce the
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SAMSONOV ET AL.: MAGNETOPAUSE POSITION X-11

inner magnetosphere, it gives reasonable results in the outer magnetosphere, in particular
successfully predicting the magnetopause position.

Gombosi et al. [2002] (equations 93-97) presented a method to solve MHD equations by
splitting the total magnetic field vector into the sum of two terms B = Bg+B1, where By
is given Mally and thus V - By = 0, while B4 is calculated by the numerical scheme.
Since the here is the magnetopause position, By can include both the Earth’s
dipole field ana the magnetic field of a simple model ring current (RC). Specifically, the
model RC js degcribed as a circular current loop, or a torus, of a given radius Rgrc = 5.5 Rg
and finite halthickness Drc = 2 Rg, lying in the dipole equatorial plane and centered
at the ori mhe corresponding components of the RC magnetic field are described in a
closed anzi;form, as detailed in Appendix section of Tsyganenko and Andreeva [2015].

The maﬁde of the RC is quantified by a single parameter AB, which is the dis-
turbance G@roduced by the model RC at the Earth’s center. We simulate the cases

WithouE and with the RC yielding AB = —20 nT in quiet conditions (here the mi-

nus sig a negative z component) and —60 nT in moderately disturbed conditions.
The paralieter AB can thus be viewed as an approximate equivalent of the Dst* index

(corrected e contribution from the magnetopause currents). See details on Dst* in

Tsyganenk; 96].

3. Resfﬂr'

3.1. Magnetgpause shape in empirical and MHD models
The topause position in MHD simulations can be determined by locating peaks
in the electric current density, detecting the boundary between open and closed magnetic

field lines [Elsen and Winglee, 1997], taking the maximum of the density gradient [Gar-
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X-12 SAMSONOV ET AL.: MAGNETOPAUSE POSITION

cia and Hughes, 2007], or tracing solar wind plasma streamlines [Palmroth et al., 2003].
Magnetopause positions determined by the different methods may not coincide, especially
away from the subsolar region.

Using strict magnetopause criteria is essential for automatic methods, but we can check
every YGM eye in case studies. In this study, we identify the magnetopause as the
peak in tc current density. This simple method fails to find the subsolar magne-
topause‘m@ly northward IMF cases, but gives reasonable results in most other cases.
In empiri dels, the magnetopause is primarily determined by the magnetic field ro-
tation. Figurg.l shows the electric current density obtained by the SWMF model in the
run Bz0. @1 maxima of electric currents indicate both the magnetopause and bow
shock pos , but the maximum at the dayside magnetopause is usually higher than
that at thE shock. The boundary between open and closed magnetic field lines nearly
coincides G@he electric current maximum in the low-latitude region sunward of the
termina’ = 0) plane. In the meridional plane, two high-latitude indentations on the
magnet urface are formed above the northern and southern cusps. In the termina-
tor plane, Lhinagnetopause is deformed so that the cusp indentations are slightly rotated
clockwise ] ing from the Sun in accordance with the IMF orientation along the Parker
spiral. Res rom other MHD models show qualitatively similar magnetopause shapes.

We dlspaﬁesuhs from three numerical (SWMF, LEM, and SPBU15 with AB = 0)
and two wacal (S98, W13) models in the equatorial and noon-meridional planes in
Figure 2. In the subsolar region, the result from the S98 model nearly coincides with
the predic of the SWMF and SPBU15. The LFM model predicts the magnetopause

slightly closer to the Earth, and the W13 model predicts the magnetopause at locations

DRAFT June 29, 2016, 9:56am DRAFT

This article is protected by copyright. All rights reserved.



221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

SAMSONOV ET AL.: MAGNETOPAUSE POSITION X-13
~ 1.5 Rg larger than in the other models. The S98 model is axisymmetric, therefore it
does not reproduce the cusp indentations, while the other models do predict this feature,
although the size and depth of the indentations differ between each other. In the low-
latitude region, the SWMF and SPBU15 predict that distances to the magnetopause are
slightly iﬂﬂﬁl on the dusk than on the dawn side (compare to the axisymmetric S98
model). '&y possible reason for this difference in the MHD simulations with no
dipole tﬁtEa uniform ionospheric conductance is the Parker spiral IMF orientation.
In this caUe increase of the magnetic field near the magnetopause is slightly larger
downstrea the quasi-perpendicular bow shock (on the dusk flank) resulting in the
asymmetric magnetopause compression. The LFM model does not predict this feature
because it een run with the solar wind condition B, = 0 which is the default option
used in CMsimulations.

In gene@e differences between the models in Figure 2 do not exceed 1 Rg, except

for the f the W13 model near the z = 0 plane and of the S98 model near and

behind s. In that region the difference amounts to ~ 1.5 Rg.

3.2. Mahpause reference points

We are to quantify the model predictions using radial distances to the magne-
topause ﬂral selected points. We find the magnetopause intersections with the x, y,
and z axﬂ.ﬁd is, the subsolar point and four points in the terminator plane. We do not
address the taiyward locations, because the nightside magnetopause is poorly determined
in MHD {mions and the empirical models are based on much less observations in that

region.
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Table 2 shows the magnetopause positions (in Rg) at the reference points in the Bz0
case as predicted by the empirical models. R, corresponds to the subsolar point, R, and
R_, correspond to the y axis crossings on the dusk and dawn flanks respectively. As
mentioned above, the MHD models predict |R,| < |R_,| because the IMF is directed
along thMr spiral. From the empirical models, only the L10 model is asymmetric
with resp@_both the y = 0 and the z = 0 planes and predicts a similar difference
(R, + R:yf__—bfi Rpg). The L10 model also predicts that R, is significantly smaller than
both R, a _y|, which is the effect of the cusp indentations. The differences between
R. and R_, i@ the L10 model is small, about 0.1 Rg, therefore we do not discuss it.

Results @HD models in the Bz0 run are collected in Table 3. The difference in R,
between t MF and LFM/OpenGGCM is 0.7 Rg, i.e. several times larger than the
SWMF grﬁolution of ~0.125 Rg. The SWMF, SWMF-CRCM, OpenGGCM, and

SPBU15 @t a moderate dawn/dusk asymmetry in the flank locations (mentioned

above), % egative (R, + R_,) ranging from -0.8 to -0.3 Rp.
We ¢ ify the effect of east-west elongation (or equivalently north-south contrac-
tion) in the terminator plane related to the magnetopause indentations near the cusps

using the eter 1y, = (R, — R_,)/(R, — R_,). ry, > 1 for the asymmetric empirical

and allol\ﬂodels, except the OpenGGCM. We get r,, = 1.12 and 1.19 for the empir-
all

ical L1 13 models, r,, = 1.11, 1.13 and 1.10 for the SWMF, SWMF-CRCM and
LFM mo spectively, and r,, = 1.05 for the SPBU15 (without taking into account
the RC)
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3.3. Verification of model predictions for several selected events

Since the model predictions differ greatly, even at the subsolar point, we have selected
7 events observed by the THEMIS probes when the solar wind parameters were relatively
close to the values assumed in our simulations. In particular, we choose events with a
small dyMressure and dipole tilt angle |¥| < 7° in which the magnetopause crossings
occurred .5 Rp from the Sun—Earth line. Table 4 summarizes information about
these chs@

Solar wg parameters for these events have been obtained from OMNIWeb
(http://ompnigeb.gsfc.nasa.gov/) taking into account a small additional time shift (2 min)
from the bow shock nose to the subsolar magnetopause. The dynamic pressure in 4 of
7 events s cantly changes in 20 minutes interval centered around the shifted magne-
topause C@ time. For these events, we include in Table 4 extreme dynamic pressures
in the 10 Mtervals prior to and after the crossing time. We also differ inward (events
on 11.1 »'19.10.2010, 03.11.2010, 08.02.2013) and outward (30.09.2009, 25.10.2009)
magnet rossings using signs 7 >" and 7 <” before Robs values. In event 02.11.2009,
THD is clw apogee and observed an outward crossing shortly after the inward cross-
ing. On 2010 THA observed the inward magnetopause crossing, but subsequent

variations and electron spectra suggest that the spacecraft stays near the magne-

topause oI several hours. Increases/decreases of the dynamic pressure agrees well with

the inwarﬁward direction of the magnetopause motion.

Using the O:S(erved positions of the magnetopause crossings, the solar wind dynamic

pressures e IMF B., we calculate the corrected position (or two positions for variable

pressure) of the subsolar point R”" corresponding to Py, = 1.34 nPa. In this estimation,
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we assume that R, ~ Pd_yz/ % and the magnetopause shape in the subsolar region coincides
with the S98 model. Thus we take into account variations of the radial distance with P,
and solar zenith angle, but not with B,. The IMF B, varies between -1.1 and 5.5 nT, and
the average B, equals 2.1 nT for all events.

We getH of estimated RS ranging from 10.57 to 11.88 Ry with an average
< RYT >@_i 0.3. Apparently we cannot completely rule out the effect of the dipole
tilt Whi:h@ significantly (at ~ 1 Rp for ¥ = 10°) change R, according to Wang
et al. [201U the event 11.10.2009, we have the smallest magnitude of the tilt angle
U =-1.0° B, close to zero (B, = —0.8 nT), and we obtain the largest R = 11.68
Rp (average between two values). On the contrary, the smallest RS = 10.57 Ry is
obtained { .02.2013, when the tilt angle magnitude is largest (¥ = —7.0°) even for
positive =4.8nT).

In the e@@tions above, we use the solar wind dynamic pressure calculated from the
proton as given by OMNIWeb. We assume that the input parameter Py, in
most enfsmmmmand all MHD models corresponds to the proton pressure. If we take into
account that about 4 % of solar particles are the He™? ions, the dynamic pressure should
be multipl 1.16 that results in a larger RS". In the last case, < R >=11.5£0.3.

Plots :ﬁ(lﬂ), R (B,), and R (Dst) (not shown) reveal that RS and ¥ are

anticorrelated for these events, but the dependencies R"(B,) and R$"(Dst) are not

——

clearly detjned due to poor statistics. We discuss these results below.

3.4. Di ces between northward and southward IMF cases
It is known that the subsolar magnetopause moves earthward when the IMF rotates

from northward to southward. This effect can be explained either in terms of the mag-
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netosheath magnetic field penetration into the magnetosphere due to magnetopause re-
connection [Kovner and Feldstein, 1973] or by reconfiguration of the magnetospheric-
ionospheric currents le.g., Hill and Rassbach, 1975; Maltsev and Lyatsky, 1975; Pudovkin
et al., 1986; Sibeck et al., 1991; Tsyganenko and Sibeck, 1994], although both explana-
tions arlily consistent [Pudovkin et al., 1998]. If the empirical models correctly
determinethward magnetopause shift for southward IMF, we could estimate the
accuracy E{D models in predicting this shift and hence in describing the electric
current re@uration.

We compagg two cases with B, = +3 nT (Bz+) and —3 nT (Bz—) with the rest of
solar wind parameters being the same. Figure 3 shows the shape of the magnetopause
in the y ﬁane obtained in the empirical S98 and W13 models and in the numerical
simulatior@\f MF, LFM, and SPBU15). Tables 5 and 6 summarize the differences
AR = Rm — R(Bz—) at the reference points for all empirical and MHD models.

In geEl models predict that the subsolar magnetopause moves earthward for

southw although in some models AR, does not exceed 0.2 R (SWMF, SPBU15),
thus beinihﬂlly visible in the figure. The largest AR, occur in the LFM (0.6 Rg) and
OpenGG .7 Rg) numerical models, the theoretical P98 (0.95 Rg) and empirical
W13 (0.89 models. Table 5 lists the average AR, = 0.57 Rp for seven models.

Igat this is a reasonable measure of the southward IMF effect. Note that

-

the SPBU e does not include the ionosphere and consequently cannot reproduce the

We sup

magnetospherig-ionospheric currents. It seems also that the SWMF with the given spatial
resolution default numerical settings at CCMC underestimates the southward IMF

effect at the subsolar point.
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Now let us consider the magnetopause shape in the terminator plane. It is known that
the magnetopause flaring angle increases for a southward IMF, however this effect is rather
weak in the axisymmetric S98 model. In fact this effect is strongly non-axisymmetric: the
MHD simulations presented below show that the distance to the magnetopause increases
along thﬁHher than along the y axis when IMF B, turns southward. Note that the
position o%e magnetopause intersections with the z axis) should always lie tailward
of the cusp, as predicted by most models. For northward IMF conditions, magnetic recon-
nection ocgurmat the high-latitude magnetopause where the boundary moves earthward.
For south IMF conditions, magnetic field lines reconnected at the dayside magne-
topause convect tailward and accumulate the magnetic flux in the tail lobes [Dungey,
1961]. Co ently, the magnetopause radius tailward of the cusps should increase for
southwarcﬁ in agreement with previous studies [Boardsen et al., 2000].

Only tu@)irical models, W13 and SG15, are really able to reproduce this effect pre-

dicting E—l.m and -0.50 Ry respectively. On the contrary, the L10 model predicts

a small e of R, in the southward case (AR, = 0.38 Rg) which has no physical
explanati(ﬁ. The W13 model contains more observations, but the SG15 model is espe-
cially desi for the high-latitude magnetopause near the terminator plane, therefore

we can o-nlﬁéss that the real AR, is between -1.16 and -0.5 Rg. The changes in the

equatortal’ plane AR, are rather small for the S98 and W13 models, but AR, = AR,

{

for the L del. However, we have no physical reason to suppose a significant AR,

U

between the thward and southward cases. And, to our knowledge, this problem has

A

not been ied before. We assume that the southward IMF effect in R, does not exceed

0.2 R for the assumed solar wind conditions.
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Table 6 shows that all numerical models predict an increase in R, for the southward case,
but AR, varies from -2.7 to -0.7 Rg depending on the model. The SWMF (AR, = —1.3
Rg) and the SPBU15 (AR, = —0.7 Rg) predictions lie closer to our expectations from
empirical models for AR, between -1.16 and -0.5 Rg. AR, is small (0.2 Rg) in the SWMF

and LFM-HS, but too large in the other two MHD models.

3.5. Effeglhe dipole tilt

The dif@e between results of the axisymmetric (e.g., S98) and non-axisymmetric
(BO0O, Ll(\_N)B) empirical models might be explained by the effect of the dipole tilt.
Wang et ml?)} showed that the subsolar magnetopause lies significantly farther from
the Earthmero tilt angle in their model. We calculate the magnetopause positions
for the BO , and W13 empirical models and the SWMF and LFM MHD models for
the tilt an;;o 15° (for positive tilt angles, the north pole inclined sunward). Figure
4 shows tmerence between the radial distances in the noon-meridional plane for the
tilted and nOngilted (¥ = 0°) dipoles as a function of latitude 6 = arctan(z/x).

Although all the models predict an increase in the distance to the magnetopause below
the equat&a}.plane (but sunward of the southern cusp) and a decrease of the distance
above thtorial plane (sunward of the northern cusp) in the case W = 15°, the
magnituﬂ}% is different. It is always smaller than 0.8 Rp for the SWMF model
and rea(mnaximum of ~ 1.8 Rg for the W13 model. Moreover, all MHD models
(including the}LFM model not shown in Figure 4) and the L10 empirical model, but
except t% and W13 models predict —0.1 < AR, < 0 at the subsolar point. While
the W13 moderl predicts a significant tilt effect with AR, = —0.87 Rg, and B00 yields an

intermediate result with AR, = —0.25 Rp.
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The dipole tilt effect can also be estimated from models which calculate the magne-
topause position using the pressure balance condition. In particular, Olson [1969] found
that the subsolar distance decreases with increasing tilt angle, but this effect is relatively
weak. The increase of ¥ from 0° to its maximum of 35° results in AR, < 0.03R,, i.e. for
R, = 11-Hgives AR, ~ —0.3 Rg. Similarly, a small tilt effect at the subsolar point
for ¥ = s predicted by Sotirelis and Meng [1999] (see Figure 9 in their paper),
althougll fhe ettect becomes more significant (~ 1 Rp) for ¥ = —35°.

Thus thgeotgr models predict a weaker dipole tilt effect in the subsolar region than that
predicted e W13 model. However, only three empirical models (B00, L10 and W13)
in principle are able to estimate this effect at the subsolar point. From these models,

B00 was € ally developed for this region and therefore may be more accurate, and its

result is i]Eediate between two others.

Near and the cusps, the tilt effect predicted by both the L10 and W13 models is
enhanc the nose BOO model does not work at high latitudes above 80°). Behind
the cus changes sign, i.e. it is negative below and positive above the equatorial

plane. Thi qualitatively agrees with the previous simulations [Sotirelis and Meng, 1999].

3.6. Eff the ring current

As defin Section 2.3, we can add the RC magnetic field to the dipole field in the
region OWhe RC. As expected, the magnetopause distance increases in all directions
(x,y, 2) in@ms with the RC, because the addition of the RC is effectively equivalent to
an increa; e geodipole moment and, hence, increases the magnetic field on the inner

side of the magnetopause. Table 3 contains the corresponding values at the reference
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points in the runs of the SPBU15 with the RC corresponding to AB = —20 nT (run
SPBU-RC20) and -60 nT (SPBU-RC60).

Now let us make some simple estimates. The Earth’s dipole field at the subsolar point
R, = 11 Rg is 22.7 nT. Taking into account the magnetopause currents, we should
multiplysiissdblue by f = 2.44 [Mead, 1964]. According to Shue and Chao [2013], the
coefﬁcient@ies from ~2.07 to 2.55, but anyway 2.44 is in this interval. Then we
determiﬁeEposition of the subsolar point using the pressure balance conditions for
the magne@wric magnetic pressure created only by the dipole field and the shielding
magnetopayisgecurrents. This gives R, = 10.83 Rg for the solar wind dynamic pressure
of 1.338 ng;@ our cases.

A sym al RC that produces AB = —20 nT at the Earth provides 1.43 nT at
R, =11 E)r Rrc = 5.5 Rg), i.e. 6.3% of the dipole field. We increase the Earth’s
magnetic mnt by 6.3% and find a new magnetopause position from pressure balance
at R, = £ (instead of 10.83 Rg). Repeating for the moderate RC with AB = —60
n'T givzetopause distance of 11.47 Rg, and for the strong RC with AB = —100
n'T gives atdﬁmce of 11.86 Rg. These estimations for the cases 0, -20, and -60 nT nearly
coincide wg e predictions of the new code, i.e. R, = 10.8, 11.1, and 11.4 Rg. Thus
we can cory that the outward displacement of the subsolar magnetopause is 0.2 — 0.3
Rpg for %G with AB = —20 nT and reaches 0.6 Ry for the RC with AB = —60
nT.

Our estimatjpn of the RC effect at the subsolar magnetopause seems to be smaller
than thdhield [1969a, b]. In that paper, a RC resulting in AB = —41 nT at

the Earth, effectively increased the Earth’s dipole moment by 21% beyond 10 Rg. This
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enhancement of the magnetospheric magnetic field is even a little larger than that for the
RC with AB = —60 nT in our case (R, = 11.5 Rg). This difference is explained by
different assumptions about the location of the RC.

Our numerical estimations agree with observations in Hayosh et al. [2005]. Hayosh et al.
[2005] cen'iﬁﬁi'd the difference between the model and observed magnetopause positions
with the @dex and found that the magnetopause moves outward on average by 0.5
Rp as ﬁs@nges from 420 to -60 nT. This dependence of R, on Dst is only slightly
weaker th at obtained in our work. However, it should be taken into account that
Hayosh et g1l al2005] analyzed the tail region between X=-19 and X=0 Rg. Note also
that the observed ground disturbance (Dst) is, roughly, a factor of 1.3 larger than the
RC magn ffect AB used in our study, which is quantified in the equation for the
”correctecmt* = 0.8Dst — 13,/ Py, le.g., Tsyganenko and Sitnov, 2005]. Therefore

taking 1nt unt the telluric currents, the correspondence between results of Hayosh et

(200 urs becomes even better.
Both . in the MHD simulations also increase with the RC, but R, grows faster

than R, agd R.. As a result, the east-west elongation parameter r,, increases from 1.05
for AB = 07 for AB = —60 nT.
The effe the RC should be reproduced in SWMF-CRCM simulations. Indeed the
SWMEF- predicts a more distant magnetopause than the SWMF as shown in the
e —
first two ns of Table 3. In particular, R, is larger by 0.2 Rg, R, (R_,) by 0.7
o and . by 0.3 Rg. Thus the CRCM makes similar or larger changes in the
magnetop istance than the RC with AB = —20 nT in the SPBU-RC20 run, but

always smaller changes than in the SPBU-RC60 run (the last predicts a difference of
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0.6 Rp in R, and 0.9 Rp in R, as mentioned above). The calculated Dst index in the

SWMF-CRCM run is 4 nT.

4. Discussion and conclusions

The magnetopause positions can be predicted using both empirical and analytical mag-
netopause@ and global MHD models. This paper compares results from different
models for the stationary typical solar wind conditions under which both empirical and
MHD mo&ﬂlould work rather well. We search for systematic differences between ax-
isymmetri@ non-axisymmetric empirical and MHD models and suggest explanations
for these m)nces. Additionally, we find several subsolar magnetopause crossings to
compare with $he model predictions.

We sup;Eiat both empirical and MHD models may have disadvantages in predicting
the three-di sional magnetopause. Empirical models make a priori assumptions about
the magnetopause shape: some of them relate the radial distance to the solar zenith
angle usi d functional forms (e.g., the S98 and L10 models), while others set several
fitting parameters based on implicit assumptions about most probable (rather smooth)
magnetophhape (W13). Most empirical models, except the recent L.10 and W13, are
axisymmeQnd, hence, are inaccurate near the terminator plane. The axisymmetric
models d&not reproduce the cusp indentations, but also may underestimate the radial
distanceﬁhe equatorial plane because of the averaging. Empirical models, again
except Llaw 13, do not consider the dipole tilt angle as a control parameter. However,
Wang @13] found that a tilt angle increase from 0° to 10° under low solar wind
dynamic pressure results in a shift of the subsolar point by ~1 Rp earthward and causes

a significant deformation of the dayside magnetopause in the xz plane. In this paper, we

DRAFT June 29, 2016, 9:56am DRAFT

This article is protected by copyright. All rights reserved.



464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

X-24 SAMSONOV ET AL.: MAGNETOPAUSE POSITION

compare the magnetopause positions in the meridional plane for tilts 15° and 0° predicted
by the nose B00, L10, W13, and two MHD models and find that the all models except
W13 predict a relatively small difference AR between W = 15° and 0° in the subsolar
region, although AR increases near the cusps. We cannot decide which predictions are
more acc*iiﬁlvithout additional model validation in the future.

MHD o not include kinetic effects, but we can specify which kinetic factors
are imp&@ox’ correct magnetopause predictions. The magnetopause position depends
on the R ich is not properly described by the MHD codes. We estimate the effect
of the RC atathe subsolar magnetopause by modifying the SPBU15 code and making
simple Calgons, based on assumption of a purely dipole internal field. We find that an
assumed ¢ etrical RC with AB = —20 nT at the Earth and Rrc = 5.5 R enhances
the Subsolﬁtance by ~ 0.23 Rp, while a stronger current with AB = —60 n'T enhances
R, by ~ @ Since a strong RC (AB < —60 nT) occurs only during magnetic storms,
the corr the subsolar distance on the RC effect in MHD results usually should not
exceed owever, this estimate depends on the radius of the RC. A symmetrical RC
located fai}ifrom the Earth results in a stronger effect at the subsolar magnetopause.
Moreover, hape of the ring current in the dayside magnetosphere is still not well
established may differ from a torus [Kirpichev and Antonova, 2014; Andreeva and
Tsyganenglﬁ} which would also influence the magnetopause position.

Global models coupled with the inner magnetospheric models, e.g., with the
RCM or CRCM, may better reproduce the location of the magnetopause. In particular,
the resul e SWMF-CRCM in the Bz0 case approach the results of the empirical

L10 model closer than the results of SWMF without the ring current model. However,
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the difference between the SWMF and SWMF-CRCM at the subsolar magnetopause is
only 0.2 Rg while Pembroke et al. [2012] reported that the magnetopause lies about 1 Rg
sunward in the coupled LFM-RCM run than in the uncoupled LFM run.

The magnetopause current is calculated from the curl of the magnetic field and should
in generaﬁh-ilrrectly reproduced in MHD simulations as well as the magnetic field itself.
However, @uraey of magnetospheric-ionospheric currents may significantly depend
on speciﬁcEparticular MHD code [Gordeev et al., 2015]. We believe that these currents
in the dayg agnetosphere are stronger and exert more influence on the magnetopause
position in the Bz— case, rather than in the Bz0 and Bz+ cases. The cross-tail current
should be reasonably well reproduced by MHD models, and its effect at the subsolar
magnetop s relatively small [Schield, 1969a; Tsyganenko and Sibeck, 1994].

We canEst several other reasons why MHD codes may inaccurately predict mag-
netopause@ions. First, kinetic processes may cause the solar wind dynamic pressure
to signi decrease in the foreshock region upstream of the bow shock [Fuairfield et
al., 199

For a ngarly radial IMF the total pressure near the magnetopause occasionally drops
up to 20 % he solar wind pressure [Suvorova et al., 2010]. However, such significant
changes oc or nearly radial IMF conditions which rarely occur in the solar wind
(althouggdial IMF events were observed more often than usually in 2007-2008). In
the cases ﬁd here, the cone angle between the IMF and x axis is equal to or larger than
45°. Althoughgthe IMF is not radial, we suppose that the solar wind dynamic pressure
immedia stream of the bow shock may differ from the pressure observed by a solar

wind monitor near the L1 point. This effect is not well studied in observations, because
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the plasma parameters from the solar wind monitors near the L1 point and close to the
bow shock (e.g., from ACE and THEMIS) are often intercalibrated, which eliminates
differences between them.

Samsonov et al. [2012] showed that the total pressure varies along the Sun-Earth line
across thqﬁigletosheath and these variations depend on the IMF orientation. Shue and
Chao [201ssed the magnetopause pressure balance in the form (fB./R3)? ~ kPyyn,
where B, Ee magnetic field strength on the equatorial surface of the Earth, f is the
coefficient ting the role of magnetopause currents, and the coefficient k£ denotes the
fraction of the solar wind dynamic pressure applied to the magnetopause. Shue and
Chao [2013] showed that f can vary from ~2.07 to 2.55, and k can vary from 0.74 to 0.94,
dependin e IMF B, and solar wind dynamic pressure. MHD models self-consistently
take into Ent both the changes of the total pressure across the magnetosheath and
the magnse deformation (since f varies depending on the magnetopause shape and
electric . Empirical models are based on measured upstream parameters and
observe topause locations, consequently, both f and k variations are included but
they cannltzseparated.

MHD predict the thermal pressure in the dayside outer magnetosphere p ~ 0.1
nPa which dsdn general agreement with quiet-time observations [e.g., Phan et al., 1994;
Shue anﬂg 2013]. Simulations using an anisotropic MHD model (anisotropic MHD
equations jxe local magnetosheath model presented by Samsonov et al. [2007]) (not
shown) indicatg that anisotropic pressures only slightly change the subsolar magnetopause
distance. grees with global anisotropic MHD results of the uncoupled BATS-R-US

(later developed to SWMF') code [Meng et al., 2013], while the subsolar point predicted
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by the anisotropic BATS-R-US coupled with both RCM or CRCM is ~0.4-0.5 R closer
to the Earth than that predicted by the corresponding isotropic code.

Comparing predictions of empirical and MHD models, we emphasize several items.

Positions of the subsolar point in the Bz0 case.

The aﬁ#igddistance to the subsolar point from all axisymmetric empirical models
(PR96, K, S98) is 11.1 Rg, which agrees with both the average subsolar position
obtained o1 seven selected events (11.2 Rp) and R, predicted by the SWMF and the
SPBU-RQ@ (with the added symmetrical RC with AB = —20 nT and Rrc = 5.5 Rg).
Other MH des, LEFM and OpenGGCM, predict a smaller distance R, = 10.4 Rg. The
difference between MHD predictions may be explained by different boundary conditions
at the low™ ude boundary, affecting the plasma pressure inside the magnetopause.

The twomal non-axisymmetric empirical models (L10 and W13) predict R, = 11.47,
and 12.60 MSpectively, i.e., larger than both axisymmetric empirical and MHD models.
To chec ediction, we have additionally calculated R, using the local (for the nose
region) 21 model of Boardsen et al. [2000] and obtained 11.84 Rp, i.e. between the
L10 and W13 results. As discussed above, the axisymmetric empirical models (e.g., PR96
or S98) do ake into account the dipole tilt effect and therefore may underestimate the
subsolar diiffff:e for zero tilt. In the selected events, the average tilt angle is |¥| = 5.3°,
i.e., the'average R, may still differ from that in the untilted case ¥ = 0°. In event with

e —
U closest ro, we get the largest RS ~ 11.68. MHD models may underestimate
the subsolar d: tance for several reasons, such as the RC effect or depressed solar wind

dynamic re upstream of the bow shock.
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Since R, predicted by empirical and MHD models for the same conditions scatters from
10.4 to 12.6 Rg, it is difficult to determine just one most probable distance. However,
consistent with the arguments above, we believe that the actual subsolar distance in the
Bz0 case for ¥ = 0° is located between 11.0 and 12.0 Rg, i.e. in the interval which
includeswn two MHD models with the ring current magnetic field (SWMF-CRCM,
SPBU—Rom two of three non-axisymmetric empirical models (B00, 1.10) as well as
consisteﬁt@HEMIS observations used in our study. Since only one non-axisymmetric
model (Wt)jredicts R, > 12 Rg, we cannot rely on this prediction without future
verification

Dawn—%’? elongation and positions of reference points in the terminator
plane.

Calcula@or the Mead and Beard [1964] magnetopause model based on the pressure
balance b the dipole field and solar wind pressure give r,, = R, /R, ~ 1.22. In our
B:z0 ca ymmetric empirical models, L10 and W13, predict respectively r,, ~ 1.12
and 1.1 mm the MHD SWMF and LFM give 1.11 and 1.10. The difference between
the predicﬂof the L10 and W13 models is not in R., but in R,, therefore it is related
to a large ial distance to the magnetopause near the equatorial plane for ¥ = (0° in
the W13 m. . The MHD models may underestimate r,, because of the absence of the
RC congn to the magnetic field.

In the se, 1y increases to 1.23 in the W13 model, and to 1.14 and 1.11 in SWMF

ut

and LFM, resgectively. This increase is mainly caused by a R, decrease which can be
explaine e enhanced magnetic reconnection behind the cusps for northward IMF.

Consequently, in the Bz— case, the r,, decreases to 1.14 in the W13 model, to 1.04 and
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0.93 in the SWMF and LFM models respectively. The L10 model predicts insignificant
changes in r,, for the Bz+ and Bz— cases. Thus only one empirical model (W13) may in
principle correctly predict the dawn—dusk elongation and its variations with the B, sign,
and the MHD model predictions differ from each other.

Compﬁ*g-ﬂfedictions of MHD models with the ring current (SWMF-CRCM, SPBU-
RC20, anU—RC60) and non-axisymmetic empirical models (L10, W13, and SG15
for R,) Toﬁrence points in the terminator plane, we get a relatively good agreement
between themmIn particular, R, in the case Bz0 is between 14.6 and 15.6 Ry as confirmed
by all thes dels. The range of R, predicted by SWMF-CRCM, SPBU-RC and L10 is
from 15.9@(&.4 Rpg, while W13 yields 17.9 Rg. The magnitude R_, is about 0.5 Rg
larger thaff=y:

CompaG between northward and southward IMF cases.

The di@ between the Bz+ and Bz— cases is evaluated by means of the parameter

AR, = E) — R, (Bz—). Its value varies from 0.28 R in the S98 model to 0.89 and

0.95 in and P98 models. The MHD models predict AR, within a narrower (or
the same)gan_ge of values, e.g., 0.1 Rg in SWMF and 0.6 Rg in LEFM. In the MHD codes,
the AR, @ly depends on the magnitude of magnetospheric-ionospheric currents.
As mentj above, R, decreases from southward to northward IMF, however only the
W13 anﬂﬁ empirical models predict such a decrease, with AR, = —1.16 and -0.50
Rpg respecis All MHD models predict negative AR,, e.g., -1.3 Rg in SWMF and -2.5
Rp in LFM, agd |AR,| is larger than in the empirical models. The AR, is relatively small

both in e ical and in MHD models.
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A slightly larger compression on the dusk flank due to the Parker spiral
IMF.

When the IMF is oriented along the Parker spiral, the dusk magnetosphere lies down-
stream of the quasi-perpendicular bow shock, and the dawn magnetosphere lies down-
stream &Hlasi—parallel bow shock. Since the magnetosheath magnetic field is larger
downstre@ the quasi-perpendicular bow shock, the total pressure on the dusk-
side magn@use is higher than that on the dawnside magnetopause. Consequently the
magnetop@istance is smaller on the dusk side than on the dawn side. Among the
empirical Is, only L10 is able to reproduce this effect. W13 model uses only the
dynamic pressure and B, in the solar wind data and therefore assumes symmetry across
the noon- ional plane. On the contrary, all MHD models, except LEM, predict this
difference,m[ model does not predict this effect because of the fixed solar wind condi-
tion B, :@@d in the runs presented here. The L10 model predicts R, + R_, = —0.5
Rg, Vergr to the predictions of the SWMF and SPBU15 codes.

Diffe between the empirical and MHD models.

Axisymgtlric empirical magnetopause models do not reproduce the three-dimensional
magnetop@nd lose information due to the tilt angle averaging. The position of the
subsolar poiatdn the axisymmetric models (PR96, S98) is closer to the Earth than in the
non—axisyr;ﬁnr;eric models (B00, L10, W13) for ¥ = 0°. In general, all the reference points

e —
(Rs, Ry, Rﬁdieted by the non-axisymmetric models are also farther from the Earth
than the corregponding points predicted by the numerical models (SWMF, LFM) in the
Bz0 an({z‘ases, i.e., the MHD codes most likely underestimate the magnetopause

distance. However, predictions of the SPBU15 code with the relatively strong RC with
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AB = —60 nT (SPBU-RC60) are close to the L10 results in R,, R, and R_, in the Bz0
case, while R, in the MHD results on 0.5 Rg larger than in L10, but nearly equal to the
prediction of the SG15 empirical model developed for the high-latitude magnetopause.
The magnetopause position predicted by the SWMF coupled with the CRCM is closer to
the L10 Mhan that in the uncoupled SWMF, but the magnetopause distance in the
SWMF-C run is still slightly underestimated in comparison with L10.
Summ-a]fT_g the large amount of information in this paper, we still cannot give a
positive agsweag to the question in the title. Comparing MHD models in which the ring
current m tic field is taken into account (BATSRUS-CRCM, SPBU-RC) with the
empirical non-axisymmetric L10 model, we find that the differences in the reference point
positions ted by these models are relatively small. Therefore we assume that these
predictionﬁcate the actual magnetopause position in the Bz0 case. However, the large
difference men L10 and W13 results (> 1 Rg) near the equatorial plane requires further

investigEl\ some respects, the W13 model makes more reasonable predictions, e.g.

when it fully reproduces the effect of a southward IMF at the terminator plane.
It is also Wtan‘c to note that W13 employs the largest database, including crossings
from botkOnt and old missions, because some missions (THEMIS, MMS) have an
apogee in ubsolar region near 12 Rgr and may miss more distant magnetopause
crossingﬁeheve that the role of the dipole tilt on the magnetopause position is still
not comp understood. Furthermore, the next generation of magnetopause models
should treat E:gnetopause crossings for nearly radial IMF separately, because these are

times whe magnetosheath pressure becomes significantly lower than the solar wind

dynamic pressure [Suvorova and Dmitriev, 2015]. If the number of such events in a
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magnetopause crossings database is relatively large, the models which do not consider
the IMF cone angle as an input parameter will overestimate the magnetopause distance.
Finally, we hope that the results of our work can help to develop a new three-dimensional

empirical magnetopause model which can give a positive answer to the question in the

title,  f—
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Table 1. List of empirical (analytical) magnetopause models

Model PR96| KS98 P98 S98| BOO| L10 W13 SG15
non-axisymmetric N N 1 point N Y Y Y 1 point
dipole tilt N N N N Y Y Y Y ‘
analytical form Y Y Y Y Y Y N Y ‘
number of crossings| 6273 886 | Analit.(33)| 553| 290 | 2708| 15,089 1022 |

2 AP®reviations of models: PRI6 [Petrinec and Russell, 1996], KS98 [Kuznetsov and Suvorova,
1998], @ﬂdovkm et al., 1998], S98 [Shue et al., 1998], BOO [Boardsen et al., 2000], L10 [Lin

et al., 10], W13 [Wang et al., 2013|, SG15 [Shukhtina and Gordeev, 2015].

O

Table miesults from the empirical (analytical) magnetopause models in the case Bz0 (N =5

cm ™3, ‘:OO km/s, T =2 x 10° K, B, = —B, = 3.5 nT and B, = 0).

Model PRI6 KS98 P98 598 B0O L10 W13 SG15
R, Cll.l() 11.45 10.99 10.90 11.84 11.47 12.60
15.78 16.52 16.33 16.44 17.90
-16.94
15.00 15.00 15.66
-14.91

e magnetopause intersections with the x axis, 7, and R, are the intersections with

the y and z axes, R_, and R_, are the intersections with -y and -z. All values are given in Rp.

-

O

Tablemesults from the MHD models in the run Bz0.

Modd*-S‘WMF SWMF-CRCM | LFM| GGCM| SPBU| SPBU-RC20| SPBU-RC60
R, -'—ll.l 11.3 10.4 10.4 10.8 11.1 11.4
R, 5.7 16.4 15.5 13.2 15.5 15.9 16.4 ‘
R_, 6.1 -16.7 -15.5 -14.0 -16.0 -16.4 -16.9 ‘
R, 4.3 14.6 14.1 16.5 15.0 15.2 15.5 ‘

a breviations ’SPBU-RC20’ and 'SPBU-RC60’ denote the results of the SPBU15 for

the ring current yielding AB = —20 and -60 nT at the Earth.
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Table 4. Magnetopause crossings in the subsolar region observed by THEMIS

Date Time| SC Robs | x,y,2(GSM) R PynnPa| B,nT| U | Dst
30.09.2009 | 16:46 | THE | <11.02| 10.9, -1.6, -0.2| 10.80/11.67 | 1.2/2.0 5.5 7.0 2
11.10.2009 | 20:01 | THD | >11.42| 11.4,-0.5,0.9 | 11.88/11.49| 1.7/1.4 -0.5 | -1.0 -5
25.10.2009 | 13:05| THA | <11.68| 11.5,-0.9, 1.6 | 10.96/11.72| 0.9/1.4 -1.1 | -6.0| -17
: THD | ~11.37| 10.4, -4.1, 1.9 ~10.92 1.2 1.2 -6.7 1

THA | ~11.57| 11.0,2.4,2.5 | 11.67/11.24| 1.5/1.2 43 | -4.0| -13

THE | >11.38| 10.9,-1.4, 2.9 >11.27 1.4 0.6 -5.2| -16

THD | >10.37| 10.1,-2.1, 1.4 >10.57 1.6 4.8 | -7.0] -20

a THAm) and THE denote THEMIS A, D, and E. Robs is the observed radial distance,

RS is thege

(in degrees),

-

st index in n'T.

ected subsolar distance calculated for Py, = 1.34 nPa. W is the dipole tilt angle

Table 5G1e differences between magnetopause positions in the northward and southward

cases <R(€5_ R(Bz—)) in the empirical models.

KS98 P98 S98 B00O L10 W13 SG15 Aver. \
0.53 0.95 0.28 0.23 0.57 0.89 0.57*
0.57 -0.05 0.38 -0.15
0.38 -1.16 -0.50 \
* The last column contains the average AR, for six models.
Table'ge differences (R(Bz+) — R(Bz—)) in the MHD simulations.
Model SWMF LFM GGCM SPBU Aver.
AR, | == (1 0.6 0.7 0.2 0.4
AR, | wa 0.2 0.2 1.6 0.8 0.4" |
AR, -1.3 -2.95 -2.7 -0.7 -1.5%
* Th{column contains the average AR, and AR, for all models, except GGCM.
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hor Manuscript

{

Figure 1. Electric current density obtained by the SWMF in the run Bz0 in the equatorial

U

(z = -meridional (y = 0) and terminator (z = 0) planes. Thick white lines indicate the

boun etween open and closed magnetic field lines determined by magnetic field line tracing.

A

This boundary partly coincides with the maximum of electric current. We use the following solar
wind conditions: N =5 cm™, V,=-400 km/s, T =2 x 10° K, B, = =B, = 3.5 nT and B, = 0.

The units in color bar are nA /m?.
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Ipt

Figuremss agnetopause positions in the equatorial and noon-meridional planes obtained by

thor Manuscr

empirical umerical MHD models: black solid [Shue et al., 1998], black dashed [Wang et al.,

£9-

2013], blu MF), green (LFM), and red lines (SPBU15 without the ring current). The solar

wind co ns are the same as those in Figure 1.

A
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or Manuscript

Figu )\ [agnetopause positions in the noon-meridional plane in the northward (solid) and

e —
southwmshed) IMF cases. Panel a: black [Shue et al., 1998], blue [ Wang et al., 2013]; panel

b: blue F), green (LFM), and red lines (SPBU15). Solar wind conditions are the following:
N = 3 V,=-400 km/s, T =2 x 10° K, B, = =B, = 3.5 nT and B, = +3 nT.
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{

anuscrip

M

Figure 45 Differences between the distances to the magnetopause for tilted and non-tilted
dipoles (Z@ R(U = 15°) — R(¥ = 0°)) in the noon-meridional plane as a function of the
latitude QEctan(z /z). Solid black line corresponds to the W13 model, dashed black line to

the BOO_godely red line to the L10 model, and blue line to the SWMF.

>

<
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