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Abstract – We have used the AMR-CESE-MHD model to investigate the influences of the IMF Bz and the
upstream solar wind dynamic pressure (Dp) on Earth’s magnetopause and bow shock. Our results present
that the earthward displacement of the magnetopause increases with the intensity of the IMF Bz. The
increase of the northward IMF Bz also brings the magnetopause closer to the Earth even though with a
small distance. Our simulation results show that the subsolar bow shock during the southward IMF is
much closer to the Earth than during the northward IMF. As the intensity of IMF Bz increases (also
the total field strength), the subsolar bow shock moves sunward as the solar wind magnetosonic Mach
number decreases. The sunward movement of the subsolar bow shock during southward IMF are much
smaller than that during northward IMF, which indicates that the decrease of solar wind magnetosonic
Mach number hardly changes the subsolar bow shock location during southward IMF. Our simulations
also show that the effects of upstream solar wind dynamic pressure (Dp) changes on both the subsolar
magnetopause and bow shock locations are much more significant than those due to the IMF changes,
which is consistent with previous studies. However, in our simulations the earthward displacement of
the subsolar magnetopause during high solar wind Dp is greater than that predicted by the empirical mod-
els.
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1 Introduction

The interaction between the solar wind and the Earth’s
dipole magnetic field forms a magnetic cavity, the outer bound-
ary of which separates most of the solar wind plasma from the
region dominated by the Earth’s internal magnetic field, which
is named the magnetopause (Chapman and Ferraro, 1930;
Willis, 1975). The magnetopause location is physically bal-
anced by the total pressure in the magnetosheath and the mag-
netic pressure in the magnetosphere. Generally speaking,
subsolar point of the magnetopause is located about 10.0 RE

from the Earth under normal solar conditions (Spreiter and
Stahara, 1985; Shue et al., 1997; De Keyser et al., 2005). When
the supersonic and superalfvénic solar wind encounters the
magnetospheric obstacle, causing a complex dimpled bow
shock structure at the interface between them. The position

and shape of the bow shock is physically determined by the
incident solar wind conditions and the position and shape of
the magnetopause. The subsolar point of the bow shock is gen-
erally located about 15.0 RE under normal solar wind condi-
tions (Farris et al., 1991; Cairns and Lyon, 1995; Fairfield
et al., 2001; Chapman and Cairns, 2003; Merka et al., 2003).

The shapes, locations, and motions of the Earth’s bow
shock and magnetopause have been extensively studied for dec-
ades. A number of the previous investigations revealed that the
bow shock position and shape are primarily controlled by Dp

(Binsack and Vasyliunas, 1968; Formisano, 1979; Farris and
Russell, 1994; Chao et al., 2002; N�emeček et al., 2016), the
upstream Mach numbers (Slavin and Holzer, 1981; Farris and
Russell, 1994; Fairfield et al., 2001; Chapman and Cairns,
2003; Verigin et al., 2003), and the orientation and intensity
of the interplanetary magnetic field (IMF) (Slavin et al.,
1996; Sterck et al., 1998; Kabin, 2001; Chao et al., 2002;
Chapman et al., 2004). In addition, the bow shock position*Corresponding author: juanwang@mail.iggcas.ac.cn
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and shape are also affected by the magnetopause position and
shape that are mainly determined by the solar wind and IMF
conditions (Sibeck et al., 1991; Petrinec and Russell, 1993,
1996; Roelof and Sibeck, 1993; Shue et al., 1997, 1998;
Kuznetsov and Suvorova, 1998; Chao et al., 2002; Dmitriev
et al., 2011; Jelínek et al., 2012).

Based on satellite observations, a large number of empirical
models have been established for studying the position and
shape of the bow shock (Farris and Russell, 1994; Peredo
et al., 1995; Chao et al., 2002; Jeřáb et al., 2005; Merka
et al., 2005). Farris and Russell (1994) suggested that the posi-
tion and shape of the bow shock strongly depends on the posi-
tion and shape of the magnetopause. In addition, the physical
behavior of the bow shock as a function of Dp must be taken
into consideration. Some empirical bow shock models assumed
the rotational symmetry along the Sun-Earth line (Bennett
et al., 1997; Chao et al., 2002). However, some observations
reported deviations from rotational symmetry for the bow
shock (Peredo et al., 1995). By using a large set of the bow
shock crossings, Peredo et al. (1995). confirmed that the
north-south extent of the bow shock cross section in the termi-
nator plane is larger than the east-west extent. However, they
suggested that the empirical formula may be not adequate to
describe the interaction between the solar wind and the magne-
tosphere. By improving upon the model of Peredo et al. (1995)
and Merka et al.(2005) found that the bow shock surfaces has a
very correlation with upstream Alfvén Mach number (MA),
which indicated that the bow shock surface expands when
MA decreases. They also emphasized the importance of the
effects of the IMF orientation to the bow shock location. Nev-
ertheless, the results of Jeřáb et al. (2005) showed that the bow
shock location is not a function of the IMF orientation or IMF
components while depends linearly on the IMF magnitude.
There is a need for further researches to better understand
the effects of the IMF on the bow shock.

Various empirical models of the magnetopause (Fairfield,
1971; Holzer and Slavin, 1978; Sibeck et al., 1991; Petrinec
and Russell, 1993, 1996; Roelof and Sibeck, 1993; Shue
et al., 1997; Kuznetsov and Suvorova, 1998; Chao et al.,
2002; Lin et al., 2010; Wang et al., 2013) have been established
over the past four decades. The solar wind momentum flux
appears to be the primary factor controlling the average sizes
of the bow shock and magnetopause, and the IMF orientation
is a secondary factor (Fairfield, 1971). The magnetopause loca-
tion is no more variable during periods of high solar wind
dynamic pressure than during periods of the low. Especially,
the dayside magnetopause is much more sensitive to the south-
ward IMF than the northward IMF (Sibeck et al., 1991). Sim-
ilarly, other researchers pointed out that the magnetopause
erosion effects are stronger under relatively weaker solar wind
dynamic pressure during southward IMF, and the subsolar mag-
netopause is nearly stationary during northward IMF (Shue
et al., 1997; Wang et al., 2013). But it is interesting that the
dependence of the magnetopause location on the IMF Bz is still
under debate.

However, the empirical models are limited by many factors,
such as the number of the spacecraft crossings, the crossing
positions, the solar wind time delay, and the application scope.
Most spacecraft crossings occur relatively close to the Earth’s
equatorial plane, which severely restricts the bow shock and

magnetopause empirical models around low latitudes. In the
empirical models, an additional cause of uncertainty inherent
is the treatment of the time delay from the solar wind measure-
ments to the magnetopause crossings (Lin et al., 2010). Some
empirical models did not accurately consider this time delay
by introducing imponderable deviations (Roelof and Sibeck,
1993; Shue et al., 1997), while in reality the time delay depends
on the highly variable upstream solar wind conditions (King
and Papitashvili, 2005). The empirical models are also signifi-
cantly limited by the relatively narrow application scope of the
solar wind conditions under which most of the spacecraft cross-
ings occurred, but which may not be suitable for extreme solar
wind conditions.

A physics based MHD model can overcome, to some extent,
all these disadvantages of the empirical models discussed above,
and it has become a valuable and mature tool for analyzing the
responses of the bow shock and magnetopause to the solar wind
conditions comparatively, even under extreme solar wind condi-
tions. Global MHD models for the interaction of the solar wind
with the Earth’s magnetosphere provide an opportunity to quan-
tify the positions and shapes of the Earth’s bow shock and mag-
netopause. Usadi et al. (1993) predicted that the magnetotail
extends with a large cross section and greater north/south than
east/west dimensions during southward IMF. A predictive
model of the magnetopause was developed using 3D global
MHD simulations for different combinations of dynamic pres-
sure and IMF Bz (Elsen and Winglee, 1997). They directly
investigated the asymmetries of the magnetopause between
the meridian and equatorial planes. Researchers have focused
on the high variability of the bow shock’s 3D shape and geom-
etry in response to changes in Alfvénic Mach number MA, solar
wind dynamic pressure and IMF orientation, respectively
(Chapman and Cairns, 2003; Chapman et al., 2004). However,
few of previous studies comprehensively analyze the effects of
the solar wind dynamic pressure and IMF Bz on the positions
and shapes of the bow shock and magnetopause. Thus, this sub-
ject needs to be further discussed in the future.

By using CESE method in general curvilinear coordinates
on a six-component grid system with adaptive mesh refinement
(AMR) (Feng et al., 2010, 2012, 2014), we have developed a
global MHD model (AMR-CESE-MHD) for the magneto-
sphere which has been tested against other former numerical
magnetospheric models through simulating the Earth’s and
Saturn’s magnetospheres (Wang et al., 2014, 2015) and pre-
sented the global structures and dynamics of the magneto-
sphere very well, which are consistent with the observations.
In this paper, a detailed parametric study is presented which
is carried out by using the AMR-CESE-MHD model to inves-
tigate the responses of the Earth’s bow shock and magne-
topause to the upstream solar wind conditions. We focus on
studying the effects of IMF Bz and Dp on the subsolar positions
and tail radii of the bow shock and magnetopause, which can
further improve our understanding of the interaction between
the solar wind and the Earth’s magnetosphere. We first briefly
describe the key points of this model. Next, we present the
results of each case with different solar wind conditions shown
in Table 1. We then compare the results obtained from our
model to those obtained from the empirical models. Finally,
we discuss in detail about the mechanisms of the responses
of the bow shock and magnetopause to the IMF Bz and Dp.
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2 MHD model

In this section, the model equations used for studying the
interaction between the solar wind and the Earth’s magne-
tosphere are described briefly. As for the details of
AMR-CESE-MHD method for numerically solving the model
equations, we can refer to Wang et al. (2014, 2015).

2.1 Model equations and grids

As usual, this model is established by using the ideal MHD
equations coupled with an ionosphere model for the closure of
FACs. The governing equations can be described as below:

oU
ot
þ ½r � ð~F� ~FmÞ�T ¼ S; ð1Þ

here the state vector, flux tensor, diffusive control terms and
Powell source terms are

U ¼
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where q, u, p, B(� B1 + Bd) are the mass density, velocity,
thermal pressure, magnetic field, I is a unit tensor, the ratio
of specific heats c is taken to be 5/3, and the energy density
e1 ¼ qu2

2 þ
p

c�1þ
B2

1
2 . Note that the ideal Ohm’s law

E + u · B = 0 is used here for the ideal MHD equations.
The Powell source terms �$ � B1(0,B,u,u � B1) (Powell

et al., 1999) and the diffusive control terms $(m$ � B1) (Feng
et al., 2011) have been added to the MHD Equations (1) to deal

with the divergence of the magnetic field. Here, following
(Feng et al., 2011), m ¼ 1:3

�t ð 1
�x2 þ 1

�y2 þ 1
�z2 Þ�1, where Dt is

the timestep of each block, Dx, Dy, Dz are grid spacings in
Cartesian coordinates.

Our model is especially designed to simulate planets with
strong intrinsic magnetic field which solves the deviation of
the magnetic field from the intrinsic dipole field, that is, B is
split into time-dependent derived part B1 and time-independent
part Bd (Tanaka, 1994), where Bd corresponds to the Earth’s
intrinsic dipole field with a magnitude of 3.2 · 10�5 T at the
equatorial surface.

Equations (1)–(4) are solved by using the AMR-CESE-
MHD method on a six-component grid system based on previ-
ously presented numerical algorithms (Feng et al., 2007, 2010;
Wang et al., 2014). In the magnetosphere part, the MHD equa-
tions are solved as an initial-boundary-value problem in the
region from 3.0 to 156.0 RE, while the region within 3.0 RE

is treated as a magnetosphere-ionosphere coupling problem.
The grid size varies from 0.1 RE near the inner boundary
(r = 3.0 RE) to be 3.8 RE near the outer boundary r = 156.0 RE

(Wang et al., 2015). The grids have been specially refined by
using the adaptive mesh refinement method near the subsolar
bow shock and magnetopause where the grid resolutions are
0.2 RE and 0.12 RE respectively.

To show the validity and capability of the AMR-CESE-
MHD model, a suite of numerical tests, such as the blast wave
problem and MHD vortex problem, in two and three dimen-
sions including ideal MHD and resistive MHD were carried
out by Jiang et al. (2010). The results indicated that the CESE
MHD solver can handle all these problems very well.

2.2 Magnetosphere-ionosphere coupling

According to Raeder et al. (1998), the coupling between the
magnetosphere and ionosphere is established by mapping the
field-aligned currents from the magnetosphere to the iono-
sphere. The ionosphere is treated as a two-dimensional spheri-
cal shell at 1.017 RE. Thus a potential equation as below is then
solved (Raeder, 2003):

r � R � rU ¼ �J jj sin Ij j ð5Þ
where U is the ionospheric potential, J jj is the intensity of the
field-aligned currents and I is the dipole magnetic field incli-
nation angle. R denotes the tensor of the ionospheric conduc-
tances written as

R ¼
Rhh Rh/

�Rh/ R//

� �
ð6Þ

where

Rhh ¼
RP

sin2 I
; Rh/ ¼

RH

sin I
; R// ¼ RP ð7Þ

where RP is the Pedersen conductance and RH is the Hall con-
ductance. In Equations (5) and (6), it is assumed that the par-
allel conductivity is infinite as compared to Equation (1) of
Amm and Goodman (1996).

We take the Pedersen conductance to be 5 S and uniform at
the northern and southern hemispheres, and neglect the Hall

Table 1. Cases with different solar wind and imf parameters used in
the simulations.

Case nsw (cm�3) vxsw (km/s) Bzsw (nT)

Northward
1 5.0 �400.0 5.0
2 5.0 �400.0 10.0
3 10.0 �600.0 5.0

Southward
4 5.0 �400.0 �5.0
5 5.0 �400.0 �10.0
6 10.0 �600.0 �5.0
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conductance for simplicity. In accordance with Hu et al. (2005),
Equation (5) can be reduced to

f hð Þ o
2U

oh2 þ g hð Þ oU
oh
þ h hð Þ o

2U
ou2
¼ �p hð ÞJ jj h;uð Þ ð8Þ

where

f hð Þ ¼ sin2 h cos h 1þ 3v2h
� �

; g hð Þ
¼ sin h 1þ sin2 hþ 3 cos4 h

� �
;

hðhÞ ¼ 4 cos3 h; pðhÞ ¼ 8R2
ionsin2hcos3h

RP ð1þ 3 cos2 hÞ1=2
j cos hj:

It is assumed that the magnetic field is dipole and equipo-
tential in the region between the magnetospheric inner bound-
ary and the ionosphere in this present model. Meanwhile, we
neglect the perpendicular currents in order to get the field-
aligned currents. According to the current continuity, it follows
that J||/B = const along the magnetic field lines in this region
from which the field-aligned currents for Equation (5) can be
written as J jji ¼ rJ jjm, where J jji and J jjm denote the field-
aligned currents at the ionosphere and the magnetospheric
inner boundary respectively, r is the ratio of the magnetic field
strength at the ionosphere and the inner boundary (Merkin and
Lyon, 2010).

We take the assumption that the ionospheric potential is a
constant at or near the low-latitude boundary of the computa-
tional domain. The computational domain of Equation (5) is
(0 � h < 32�) \ (0 � u � 180�), with Dh = 1� and
Du = 180�/64. With the conductances and the mapped field-
aligned currents at the ionosphere, we solve Equation (5) by
using the Newton iteration method. Then, the ionospheric
potential is mapped along the magnetic field lines back to
the inner boundary (Gombosi et al., 1998), where it is used
as the boundary condition for the magnetospheric flow and
field by taking ut ¼ �ðrU� B=B2Þt, here the subscript ‘‘t’’‘
refers to the tangential components of the velocity at the inner
boundary. The ionospheric and magnetospheric solutions are
coupled together after every time step during the simulations.

2.3 Initial and boundary conditions

Table 1 lists the input parameters of all these cases used in
our parametric study, with vysw = 0, vzsw = 0, Bxsw = 0,
Bysw = 0, psw = 0.032 nPa in all cases, where the x-axis points
from the Earth to the Sun, the z-axis is positive to the north pole
and is in the plane which contains the x-axis and the Earth’s
dipole axis, and the y-axis completes the right-handed coordi-
nate system. This is the GSM coordinate system. We choose
to use very high values of IMF Bz and Dp (the observations
under such conditions are very limited) to further study the
interaction between the solar wind and the Earth’s magneto-
sphere. Cases 1, 2, 3 are northward IMF cases, and Cases 4,
5, 6 are southward IMF cases. Case 1 and Case 4 are the clas-
sical steady solar wind conditions which are used as the refer-
ence cases here. Comparing to Case 1 (or Case 4), Case 2 (or
Case 5) has a doubled IMF Bz, and Case 3 (or Case 6) has an
increased solar wind dynamic pressure Dp. In this study, we just

took into account of the influences of the upstream solar wind
dynamic pressure Dp, and not considered the effects of solar
wind velocity and density separately. We will conduct a further
research on the influences of solar wind velocity and density
separately to the locations of the magnetopause and bow shock
in our future work.

The sunward side of the plane at x = 15.0 RE is initialized
by the solar wind parameters. For the earthward side, the mag-
netic field is initialized by the superposition of dipole magnetic
field and mirror dipole magnetic field to create Bx = 0 at the
plane of x = 15.0 RE (Raeder, 2003). The density and plasma
pressure are initialized according to Ogino (1986). At the day-
side of the outer boundary, fixed inflow boundary conditions
are applied. At the nightside of the outer boundary, free flow
boundary conditions are used. At the inner boundary, the den-
sity and pressure are set to fixed values, the radial component
of velocity is set to zero, and the tangential component of
velocity is determined by the coupling between the inner mag-
netosphere and the ionosphere as discussed above. In accor-
dance with Song et al. (1999), the tangential components of
the time-dependent derived part of magnetic field B1 are deter-
mined by Neumann condition and and its normal component is
determined by Dirichlet condition.

3 Simulation results

In this section, we present the simulation results of all these
cases listed in Table 1 to study the responses of the bow shock
and magnetopause to IMF Bz and Dp. Figures 2–7a show the
color contours of the current density (J ¼ j r�B

l0
j, in unit:

10�3 lA/m2) in the noon-midnight meridian plane, in which

x

P
(n
P
a)

10 15 20
0

1

2

3
Pth

Ptot

Pm

Pd

Fig. 1. Convergence of the AMR-CESE-MHD model respect to the
grid resolutions. The red, blue and light blue lines denote the
pressure profiles (Pth: thermal pressure, Pd: dynamic pressure, Pm:
magnetic pressure, Ptot: total pressure) of Case 1 along Sun-Earth
line when the interest regions are refined with first-level, second-
level and third-level grids, respectively.
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the black lines are the magnetic field lines, and the arrows indi-
cate the magnetic field directions. Figures 2–7b show an illus-
tration of the color contours of the current density in the cross
section at x = �20.0 RE. Three current systems can be clearly
seen: bow shock current, magnetopause current and cross-tail
current, respectively. Closure currents flowing on the magne-
topause and the cross tail current form a closed current system
which presents a h-shaped configuration in the cross section.
The current intensity of the closed system is much stronger
than that around it.

In this paper, we identify the magnetopause and bow shock
mainly based on the peaks of the current density, except that
the dayside magnetopause positions are defined by the last
closed magnetic field lines and the equatorial magnetopause
are determined by the flow streamlines.

The presented results have converged with respect to the
grid resolutions. The highest resolutions near the subsolar
bow shock and magnetopause here are 0.2 RE and 0.12 RE,
respectively. Such grid resolutions are enough for this study.
Figure 1 presents the convergence behavior of the AMR-
CESE-MHD model.

3.1 Northward IMF cases

For northward IMF, magnetic reconnection takes place near
the nightside of the cusp regions between the IMF and the mag-
netospheric magnetic field. From the magnetic field lines in
Figures 2–4a, we find that the magnetosphere is nearly closed
unless at the cusp regions. As shown in Figure 2a, the magne-
totail could extend to 50.0 RE in Case 1. At the dayside, most
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Fig. 2. Color contours of the current density (in unit: 10�3 lA/m2) in (a) the meridian plane and (b) the cross section at x = �20.0 RE in the
tail for Case 1. Black lines with arrows in the left panel are magnetic field lines.
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Fig. 3. Same as Figure 2, but for Case 2.
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of the current forms at the bow shock, and the dayside magne-
topause current turns up near the first closed magnetic field
line. The nightside magnetopause current peaks (with bright
red color) near the cusp regions, extends to the high latitudes
and be farther away from the Earth along the magnetic field
lines. The distributions of the nightside magnetopause current
are almost consistent with locations of the last closed magnetic
field lines.

Figure 3a presents the color contours of the current density
in Case 2, and the magnetotail shrinks remarkably to be about
25.0 RE, nearly half of that in Case 1. Tables 4 and 5 present
the subsolar positions and tail radii of the bow shock and mag-
netopause for each case respectively. It is shown that the subso-
lar bow shock moves sunward to be further away from the
Earth while the subsolar magnetopause moves earthward to
be closer to the Earth. The bow shock expands outward while

the magnetopause shrinks along both the east-west and north-
south directions in the YZ cross section at x = �20.0 RE.

Figure 4a presents that the dayside bow shock and magne-
topause are obviously compressed with increasing Dp in Case
3. The flanks of the magnetotail are compressed substantially
by the upstream solar wind. The global structure of the magne-
tosphere remains closed with the magnetotail extending to be
more than 100.0 RE. Figure 4b shows that the size of the
h-shaped current system is much smaller than that of Case 1.
As shown by Tables 4 and 5, both of the subsolar bow shock
and magnetopause move to be closer to the Earth, and both
of the nightside bow shock and magnetopause shrink remark-
ably along east-west and north-south directions in the YZ cross
section at x = �20.0 RE as Dp increases.

For northern IMF cases, as shown in Figures 2–4a, we have
represented the magnetospheric configurations which are
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Fig. 4. Same as Figure 2, but for Case 3.
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Fig. 5. Same as Figure 2, but for Case 4.
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consistent with those in Gombosi et al. (1998) in large scale
very well, and we credit this previous work very much.

3.2 Southward IMF cases

The global structure of the magnetosphere for due south-
ward IMF has been widely studied previously. Under due
southward IMF, the magnetic reconnection takes place near
x = 10.0 RE at the subsolar magnetopause, where the orienta-
tions of the IMF and the magnetospheric magnetic field are
opposite. The dayside closed magnetospheric magnetic field
lines are opened and transported to the magnetotail by the tail-
ward flowing solar wind. The solar wind plasma can enter into
the magnetosphere along those open field lines connecting to
the high latitude polar regions (Walker et al., 1995). Moreover,
magnetic reconnection could take place at the magnetotail

current sheet at about x = �10.0 ~ �20.0 RE between the open
field lines in the north and south lobes, which can re-close the
open tail lobe field lines. The magnetic field lines in Figures 5–
7a indicate that for due southward IMF the magnetic field lines
in the high latitude are nearly opened and extend to the solar
wind while the field lines in the low latitude are closed. Figures
5–7b also reveal three major current systems in the magneto-
sphere. For due southward IMF, the magnetopause current
and the cross tail current could also form a h-shaped closed
system in the YZ cross section.

Figure 6a presents the color contour of the current density
with the magnetic field lines in Case 5. The magnetopause cur-
rent and cross-tail current form a h-shaped closed system, but
the size of which is only a little larger than that of Case 4 as
shown by Figure 6b. Table 4 shows that the subsolar bow shock
moves to be further away from the Earth. However, the subsolar
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Fig. 6. Same as Figure 2, but for Case 5.
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Fig. 7. Same as Figure 2, but for Case 6.
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magnetopause shrinks to be closer to the Earth as shown by
Table 5. Moreover, we find that both of the nightside bow shock
and magnetopause expand outward along the east-west and
north-south directions in the YZ cross section at x = �20.0 RE.

Figure 7a displays the color contour of the current density
with the magnetic field lines in Case 6. We can clearly find that
the dayside bow shock and magnetopause are compressed by
the solar wind to be much closer to the Earth. Figure 7b pre-
sents the hs-shaped closed system formed by the magnetopause
current and the cross-tail current, the size of which is obviously
much smaller than that of Case 4. Tables 4 and 5 show that both
of the subsolar bow shock and magnetopause in Case 6 move
earthward remarkably, and both of the nightside bow shock
and magnetopause shrink severely along east-west and north-
south directions in the YZ cross section at x = �20.0 RE, as
compared to Case 4.

In accordance to De Zeeuw et al. (2004), the kinetic physics
of the inner magnetosphere have substantial effects on the inner
magnetospheric pressure. In order to estimate how would the
subsolar magnetopause change when the kinetic effects of the
inner magnetosphere are included, we have run all these cases
by using the BATS-R-US model and the BATS-R-US+CRCM
(an inner magnetosphere model) coupled model, and the results
of which are compared with those of the AMR+CESE+MHD
model as shown by Table 2. The results of the AMR+CE-
SE+MHD model are consistent with those obtained from the

BATS-R-US and BATS-R-US+CRCM models very well. The
results also show that the subsolar magnetopause moves sun-
ward, with addition of the kinetic physics of the inner magne-
tosphere (BATS-R-US+CRCM compares with BATS-R-US).
However, its influence on the location of subsolar magne-
topause is not as great as expected. Although the CRCM model
has been added into the simulations, the responses of the
subsolar magnetopause to changes of the IMF Bz and the
solar wind dynamic pressure are still consistent with our
conclusions.

4 Comparisons with empirical models

In this section, we try to compare the MHD results with
those of the empirical models available for the bow shock
(Chao et al., 2002) and magnetopause (Shue et al., 1997), qual-
itatively. Chao et al. (2002) presented a function to describe the
position and shape of the bow shock:

r ¼ r0
1þ e

1þ e cos h

� �a

ð9Þ

where r is the radial distance at a zenith angle (h) between the
direction of r and the positive direction of x-axis, and a con-
trols the level of the tail flaring of the bow shock. The param-
eter r0 is the bow shock subsolar standoff distance. The

Table 2. Subsolar magnetopause locations resulted from different models.

Case BATS-R-US + CRCM BATS-R-US AMR + CESE + MHD

1 10.9 10.8 11.2
Northward
IMF

2 10.4 10.4 10.8

3 8.6 8.5 8.8
4 10.7 10.6 10.9

Southward
IMF

5 10.1 9.8 10.3

6 8.5 8.5 8.0

Table 3. The coefficients of Equation (10).

a1 = 11.1266 a2 = 0.0010 a3 = �0.0005 a4 = 2.5966 a5 = 0.8182
a6 = �0.0170 a7 = �0.0122 a8 = 1.3007 a9 = �0.0049 a10 = �0.0328
a11 = 6.047 a12 = 1.029 a13 = 0.0231 a14 = �0.002

Table 4. The bow shock subsolar position and tail radii for each case.

Case name Rs
0 (RE) Rs	

0 (RE) Rs
t (RE) Rs	

ty (RE) Rs	
tz (RE)

1 15.4 15.5 41.6 40.4 38.0
2 16.7 16.9 49.3 45.1 39.3
3 11.2 11.1 30.8 30.5 30.6
4 15.3 14.4 40.7 40.4 42.4
5 16.6 14.7 46.9 44.1 44.6
6 11.1 10.3 30.1 32.1 31.8

Notes. Rs
0 and Rs

t refer to the subsolar position and tail radius at x = �20.0 RE of the bow shock which are established according to the bow
shock model of Chao et al. (2002). Rs	

0 refer to the bow shock subsolar position, while Rs	
ty and Rs	

tz refer to the bow shock tail radii at
x = �20.0 RE along y-axis and z-axis, respectively. These parameters marked by a superscript star are obtained from our MHD model.
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best-fit results for the parameters r0, a can be expressed as the
functions of Bz, Dp, b and Mms below:

r0 ¼ a1 1þ a2Bzð Þ 1þ a9bð Þ 1þ a4
a8�1ð ÞM2

msþ2
a8þ1ð ÞM2

ms

� �
D
� 1

a11
p for Bz 
 0

a ¼ a5ð1þ a13BzÞð1þ a7DpÞ½1þ a10 lnð1þ bÞ�ð1þ a14MmsÞ

r0 ¼ a1 1þ a3Bzð Þ 1þ a9bð Þ 1þ a4
a8�1ð ÞM2

msþ2
a8þ1ð ÞM2

ms

� �
D
� 1

a11
p for Bz < 0

a ¼ a5ð1þ a6BzÞð1þ a7DpÞ½1þ a10 lnð1þ bÞ�ð1þ a14MmsÞ
ð10Þ

where the coefficients are listed in Table 3, and e in Equation
(9) is equal to a12.

Shue et al. (1997) presented a function to fit the position
and shape of the magnetopause:

r ¼ r0
2

1þ cos h

� �a

where r is the radial distance at a zenith angle (h) between the
direction of r and the positive direction of x-axis, and a con-
trols the level of the tail flaring of the magnetopause. The
parameter r0 is the magnetopause subsolar standoff distance.
They showed that the best fitting result of r0 and a runs as
follows:

r0 ¼
a1 þ a2Bzð ÞD

� 1
a4

p ; for Bz 
 0

a1 þ a3Bzð ÞD
� 1

a4
p ; for Bz < 0

8<
:

a ¼ a5 þ a6Bzð Þ 1þ a7Dp

� �
: ð11Þ

with the coefficients a1 = 11.4, a2 = 0.013, a3 = 0.14,
a4 = 6.6, a5 = 0.58, a6 = �0.01, a7 = 0.01.

We get the corresponding values of the subsolar positions
and tail radii of the bow shock and magnetopause for each case,
which are listed in Tables 4 and 5. Rs

0 and Rs
t are get from the

bow shock model of Chao et al. (2002), and Rm
0 and Rm

t are
established according to the magnetopause model of Shue
et al. (1997). The corresponding parameters marked by a super-
script star are obtained from our MHD model. Rs

0 and Rm
0 are

the positions of the subsolar bow shock and magnetopause,
respectively. Axial symmetry has been assumed in these two
models. Therefore, the cross sections of the bow shock and
magnetopause obtained from them are circular. Here, Rs

t and
Rm

t are used to indicate the tail radii of the bow shock and mag-
netopause at x = �20.0 RE, respectively. Actually, the cross
sections of the bow shock and magnetopause are almost ellip-
tical. In Tables 4 and 5, we give out the tail radii of the bow
shock and magnetopause along y-axis and z-axis at
x = �20.0 RE in our model, which are represented by Rs	

ty ,
Rs	

tz , Rm	
ty , and Rm	

tz , respectively.
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Fig. 8. Thermal (Red), magnetic (black), dynamic (blue) and total (pink) pressures (nPa) at the Sun-Earth line obtained by the global AMR-
CESE-MHD model for (a) Case 1, (b) Case 2 and (c) Case 3. The red dashed lines denote the subsolar magnetopause locations (Rmg) which
are defined by the last closed magnetic field lines and the red dash-dotted lines denote the subsolar bow shock locations (Rbs) which are
determined by the peaks of the current density in our simulations.

Table 5. The magnetopause subsolar position and tail radii for each case.

Case name Rm
0 (RE) Rm	

0 (RE) Rm
t (RE) Rm	

ty (RE) Rm	
tz (RE)

1 11.0 11.2 21.5 18.2 22.1
2 11.0 10.8 19.9 17.2 21.3
3 8.7 8.8 18.5 16.5 18.5
4 10.2 10.9 23.6 21.0 24.6
5 9.6 10.3 24.0 22.3 25.2
6 8.2 8.0 20.6 17.6 20.4

Notes. Rm
0 and Rm

t refer to the subsolar position and tail radius at x = �20.0 RE of the magnetopause which are established according to the
magnetopause model of Shue et al. (1997). Rm	

0 refer to the magnetopause subsolar position, while Rm	
ty and Rm	

tz refer to the magnetopause tail
radii at x = �20.0 RE along y-axis and z-axis, respectively. These parameters marked by a superscript star are obtained from our MHD model.
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Table 4 shows that, for the northward cases, Rs	
0 and Rs	

ty are
almost consistent with Rs

0 and Rs
t . However, for the southward

cases, the deviations between them are a little greater. The rea-
son for this maybe that few pure southward IMF observations
can be obtained in reality which may bring about deviations
into the empirical models. Nevertheless, we just intend to com-
pare the responses of the bow shock locations to the IMF Bz

and Dp qualitatively in this paper. From Table 4, we find that
for the northward cases, both the subsolar position and tail
radius at x = �20.0 RE of the bow shock increase remarkably
as |Bz| increases. For the southward cases, the nightside bow
shock tail radii at x = �20.0 RE increase substantially, while
the subsolar position increases with a small scale. Moreover,
both the subsolar position and tail radius at x = �20.0 RE of
the bow shock decrease remarkably as the solar wind dynamic
pressure Dp increases for due northward and southward IMFs.

Table 5 presents that, for both northward and southward
cases, Rm	

0 and Rm	
tz are nearly consistent with Rm

0 and Rm
t ,

and the deviations between them are no larger than 1.5 RE.
We find that the subsolar position of the magnetopause
decreases slightly, and the magnetopause tail radius at
x = �20.0 RE decreases as |Bz| increases under northward
IMF. For southward IMF, as |Bz| increases, the magnetopause
subsolar position decreases slightly, and the magnetopause tail
radius increases. Moreover, we find an inverse correlation
between the magnetopause subsolar position (or tail radius at
x = �20.0 RE) and the solar wind dynamic pressure Dp for
both due northward and southward IMFs. Both the subsolar
position and the tail radius at x = �20.0 RE of the magne-
topause decrease obviously as the solar wind dynamic pressure
Dp increases.

Overall, the responses of the bow shock and magnetopause
to IMF Bz and Dp from our MHD simulation results described
in the above sections are consistent with the empirical models.

5 Discussion

We compare Case 1 and Case 2 to investigate the responses
of the subsolar magnetopause and bow shock to the northward
IMF Bz. Case 1 and Case 2 have the same upstream solar wind
dynamic pressure (Dp), while the IMF Bz intensity in Case 2 is

doubled. Figure 8 shows the profiles of the thermal, magnetic,
dynamic and total pressures at the Sun-Earth line obtained by
the global AMR-CESE-MHD model for Case 1, Case 2 and
Case 3. It is clearly seen that the magnetic pressure (Pm)
increases obviously along the earthward direction (negative
x), the thermal pressure (Pth) increases first and then decreases.
Pm becomes the major pressure gradually, and the dynamic
pressure (Pd) is nearly zero at the subsolar magnetopause. As
the northward IMF Bz increases (see Case 2), more magnetic
flux would pile up in the magnetosheath and drape around
the magnetopause. Therefore, Pm increases significantly at
the dayside magnetopause, and the total pressure (Pt) is larger
in Case 2 than that in Case 1 as shown by Figure 8b. Thus, the
subsolar magnetopause is compressed and moves earthward
(with a displacement ~0.3 RE). A number of studies have
shown that the bow shock depends on the upstream solar wind
Mach numbers, and the bow shock will move away from the
Earth in response to a decrease of the magnetosonic Mach
number (Mms ¼ vsw

vms
, Mms is the magnetosonic Mach number,

vsw is the solar wind speed, and vms is the magnetosonic speed)
(Farris and Russell, 1994; Chapman and Cairns, 2003). As
usual, the solar wind magnetosonic speed is defined by
vms ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2

s þ v2
A

p
, where cs and vA are the sonic speed and

Alfvénic speed respectively. The increase of the intensity of
IMF Bz could results in the increase of the Alfvénic speed,
and the solar wind vms increases as well. As a result, the solar
wind Mms decreases. In response to the decrease of the
upstream solar wind Mms, the subsolar bow shock in Case 2
moves outward with a large displacement (~1.4 RE) as shown
by Figure 8b.

Case 3 is compared with Case 1 to investigate the effects of
the upstream solar wind dynamic pressure to the subsolar posi-
tions of the magnetopause and bow shock for northward IMFs.
These two cases have the same IMF Bz. But the upstream solar
wind dynamic pressure and Mms in Case 3 are larger as com-
pared to Case 1. Figure 8c present that Pth and Pd in the magen-
toheath in Case 3 becomes much greater than that in Case 1. Pt

at the subsolar magnetopause increases greatly, so that the day-
side magnetopause is compressed severely with a displacement
(~2.4 RE) which is a little larger than that predicted by the
empirical model (~2.3 RE). As the size of the obstacle (the
magnetopause) become much smaller and the upstream solar
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Fig. 9. The same as Figure 8, but for (a) Case 4, (b) Case 5 and (c) Case 6, respectively.
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wind Mms increases, the subsolar bow shock becomes much
closer to the Earth with a quite large distance (~4.4 RE).

We also compare the southward cases to study the effects of
the IMF Bz and Dp to the subsolar positions of the magne-
topause and bow shock under southward IMFs. We find that,
as the southward Bz increases, more closed field lines are
opened during the dayside magnetic reconnection process, thus
the subsolar magnetopause moves earthward with a displace-
ment (~0.6 RE). However, as the solar wind Mms decrease in
Case 5, the bow shock move sunward with only a small-scale
displacement as compared to Case 4 (see Fig. 9b). It is possible
that the position and shape of the magnetopause may also
determine the position of the subsolar bow shock in this situa-
tion. As shown by Figure 9c, when the solar wind dynamic
pressure increases for southward IMF, we find that the magne-
topause is compressed remarkably with a displacement
(~2.9 RE) which is larger than that predicted by the empirical
model (~2.0 RE). It indicates that the dependence of the posi-
tions of the subsolar magnetopause on the solar wind dynamic
pressure is larger than that predicted by the empirical models.
Moreover, the subsolar bow shock is compressed to be much
closer to the Earth with a large distance (~4.1 RE) in Case 6.
It presents that the solar wind dynamic pressure also dominates
the positions of the subsolar magnetopause and bow shock for
southward IMFs.

Case 1 and Case 4 are compared to study the effects of the
IMF Bz orientations to the locations of the subsolar magne-
topause and bow shock. Both of the intensity of IMF Bz and
the solar wind Dp are equal in these two cases, but the IMF
Bz orientations are opposite. That means the solar wind Mms

are equal in these two cases. Under southward IMF, the mag-
netic reconnection takes place near the subsolar magnetopause
where the magnetic flux would be transported from the dayside
to the nightside. However, due to the strong intensity of the
Earth’s dipole magnetic field, the subsolar magnetopause could
moves earthward with only a small distance ~0.3 RE in Case 4
as compared to Case 1. Figure 10 clearly shows that the

position and shape of the magnetopause on the equatorial
and meridian planes have great changes in Case 4 as compared
to Case 1 which means that the subsolar magnetic reconnection
have a great effect on the position and shape of the magne-
topause. In response to the changes of the position and shape
of the magnetopause, the position and shape of the bow shock
also have a great change (see Fig. 10). The subsolar bow shock
moves earthward and the flaring angle becomes larger.
Although the Mms are equal in these two cases, the bow shock
still moves earthward in Case 4 as compared to Case 1 which
suggests that the position of the bow shock is not only deter-
mined by the solar wind Mms, but also determined by the
IMF Bz orientations.

As the northward IMF Bz increases, the magnetic reconnec-
tion at the cusp regions increases. More closed magnetospheric
magnetic field lines rooted on the nightside polar regions are
peeled off and accumulate behind the magnetotail, causing
the shrinkage of the magnetotail radii and the contraction of
the magnetotail. Under due southward IMF, magnetic recon-
nection takes place at the subsolar magnetopause. As the south-
ward IMF Bz increases, the rate of the dayside magnetic
reconnection increases (Lockwood and Wild, 1993). More
closed magnetospheric magnetic field lines near the subsolar
magnetopause are opened during the dayside magnetic recon-
nection process, and the tailward solar wind flow bring the
magnetic flux from the dayside to the nightside (Shue et al.,
1997). The subsolar magnetopause shrinks to be a little closer
to the Earth, while the night magnetopause could expand
towards the north-south and east-west directions. The magne-
topause is primarily determined by the balance between the
total pressure of the external solar wind and the magnetosphere.
When the solar wind dynamic pressure is increased, for no mat-
ter northward IMF or southward IMF, the whole magnetopause
can be compressed significantly. We can see that the subsolar
magnetopause moves earthward, and the nightside magne-
topause shrinks along the north-south and east-west directions.
As the size of the obstacle (the magnetopause) becomes much
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Fig. 10. Positions of the magnetopause and bow shock on the (a) equatorial and (b) meridian planes for Case 1 and Case 4 from our
simulations. Red solid and dashed lines denote the positions of the bow shock and magnetopause for Case 1, respectively. Blue solid and
dashed lines denote the positions of the bow shock and magnetopause for Case 4, respectively.
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smaller, the whole bow shock moves inside with quite a large
distance.

Furthermore, we have also carried out additional runs to
study the effects of the IMF Bx and By components to the posi-
tions of the subsolar magnetopause and bow shock. Our results
show that the dependence of the positions of subsolar magne-
topause and bow shock on the IMF Bx and By is rather little.
The IMF Bx and By may introduce asymmetry into the shapes
of the magnetopause and bow shock.

6 Conclusions

A parametric study is carried out with different values of
the IMF Bz and Dp under northward and southward IMFs by
using the AMR-CESE-MHD model. Our results present that
the increase of the southward IMF Bz could result in an earth-
ward movement of the magnetopause, and the displacement
could increase with the intensity of the IMF Bz. The increase
of the northward IMF Bz could also bring the magnetopause
to move earthward but with a small distance. The subsolar
bow shock during southward IMF is much closer to the Earth
than during northward IMF. However, as the intensity of IMF
Bz increases, the variations of the sunward movement of the
subsolar bow shock during southward IMF are much smaller
than that during northward IMF, which means that the changes
of the subsolar bow shock location with upstream solar wind
magnetosonic Mach number are much smaller during south-
ward IMF. We suggest that the orientation of the IMF Bz has
an important effect on the subsolar bow shock location. Our
simulations also show that the effects of upstream solar wind
dynamic pressure (Dp) changes on both the subsolar magne-
topause and bow shock locations are much more significant
than those due to the IMF changes, which is consistent with
previous studies (Farris and Russell, 1994; Shue et al., 1998;
Boardsen et al., 2000; Chao et al., 2002). However, in our sim-
ulations the earthward displacement of the subsolar magne-
topause during high solar wind Dp is greater than that
predicted by the empirical models.
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