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Simulation of pressure pulses in the bow shock and 
magnetosheath driven by variations in interplanetary 
magnetic field direction 

Y. Lin, • D. W. Swift, = and L. C. Lee a 

Abstract. Two-dimensional (2-D) hybrid simulations are carried out to study the 
effects of the variation in the interplanetary magnetic field (IMF) direction on the 
bow shock, magnetosheath, and magnetosphere. A curvilinear coordinate system 
is used in the simulation. The 2-D simulation is also compared with our one- 
dimensional simulation results. It is found that pressure pulses are generated as a 
result of the interaction between the bow shock (BS) and an interplanetary rotational 
discontinuity (RD). First, a structure consisting of a rotational discontinuity and two 
slow shocks are present downstream of the bow shock after the BS/RD interaction. 
The magnetic field and plasma density are anticorrelated in this structure. The 
dynamic pressure increases in the structure, leading to a pressure pulse in the 
magnetosheath. Second, a pressure pulse associated with reflected ions at the 
bow shock may be generated in the foreshock when the IMF changes its direction, 
especially when a local quasi-parallel bow shock becomes a quasi-perpendicular 
shock. The magnetic field, plasma density, and dynamic pressure are positively 
correlated in the upstream pressure pulse. This pressure pulse convects through 
and interacts with the bow shock, producing a pressure pulse in the downstream 
region. The downstream pressure pulses propagate to the magnetopause. The 
amplitude of the downstream pressure pulses can be up to 100% of the background 
magnetosheath value. It is suggested that the pressure pulses impinging on the 
magnetopause may lead to the magnetic impulse events observed in the high-latitude 
ionosphere. 

1. Introduction 

As the supersonic solar wind flows past the Earth, 
a fast shock that stands against the solar wind is pro- 
duced; this shock is referred to as the bow shock [e.g., 
Cabill and Patel, 1967]. Downstream of the bow shock 
the magnetic field, plasma density, and pressure in- 
crease from their values in the solar wind, forming the 
magnetosheath region surrounding the Earth's magne- 
tosphere. The solar wind is slowed and deflected in the 
magnetosheath. A systematic study of the position and 
shape of the curved bow shock front and the properties 
of flow around the magnetosphere has been conducted 
by using a gasdynamic-frozen field MHD theory [e.g., 
$preiter and $tahara, 1985]. Near the magnetopause 
the magnetic flux piles up, resulting in the existence of 
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a plasma depletion layer [Lees, 1964; Zwan and Wolf, 
1976; Crooker at el., 1979]. In addition, slow mode 
structures are observed in the magnetosheath [e.g., Song 
el al., 1992], in which the magnetic field decreases and 
plasma density increases. 

Mass, energy, and momentum are transferred to the 
magnetopause at interface between the magnetosheath 
and the geomagnetic field. A variety of transient physi- 
cal processes may occur at the magnetopause, including 
bursty magnetic reconnection resulting in flux transfer 
events (FTEs) [Russell and Elphic, 1978] and riplets on 
the magnetopause driven by solar wind dynamic pres- 
sure pulses [Kaufmann and Konradi, 1969]. Since the 
magnetic field lines in the outer dayside magnetosphere 
are anchored in the high-latitude ionosphere, one might 
expect ground magnetometers to observe corresponding 
transient events. 

Magnetic impulse events (MIEs) have been observed 
by high-latitude ground magnetometers [Lanzerotti el 
al., 1986, 1987; Lanzerolli, 1989; Glassmeier el al., 
1989]. In the events the magnetic field has isolated 
large-amplitude perturbations accompanied by impul- 
sive perturbations in the ionospheric electric field [Bering 
el al., 1988]. These MIEs are associated with antisun- 
ward moving traveling convection vortices observed by 
multiple stations [Fr•is-Christcnsen el al., 1988]. Ob- 
servations [Friis-Christensen el al., 1988; $ibeck el al., 
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1989; Farrugia et al., 1989] and theories [e.g., Southwood 
and Kivelson, 1990; Glassmeier and Heppner, 1992; 
Lysak e! al., 1994] suggest that the events are related 
to changes in the intrinsic solar wind dynamic pres- 
sure and/or interplanetary magnetic field (IMF) orien- 
tation. A statistical study by Konik et al. [1994] shows 
that 50-70% of the MIEs are associated with substan- 

tial variations in the solar wind magnetic field direction 
(variations in By and Bz), while only 15-30% of the 
events are accompanied by changes in the solar wind 
dynamic pressure. Bering e! al. [1990] reported sev- 
eral MIEs in which the IMF direction changes greatly, 
whereas the solar wind dynamic pressure and magnetic 
field strength remain nearly constant. 

One-dimensional (l-D) MHD and hybrid simulations 
have been carried out to explore the possibility that 
a significant dynamic pressure pulse can be generated 
at the magnetopause by a change in the interplanetary 
magnetic field orientation striking the bow shock [Lin 
et al., 1996; Yan and Lee, 1996]. The idea is that if the 
magnetic impulse events are caused by pressure changes 
applied to the magnetosphere, such changes must be 
generated at the bow shock or in the magnetosheath. 
In these studies, the interaction of an interplanetary ro- 
tational discontinuity (RD) or an Alfven wave with an 
initial bow shock (BS) is investigated. As a result of the 
BS/RD interaction, a large rotational discontinuity and 
two slow shocks are generated downstream of the bow 
shock, propagating toward the magnetopause. A pulse 
in plasma dynamic pressure pV 2 is found to form in the 
region of these discontinuities. The dynamic pressure 
pulse causes the the total pressure (P + B 2/2110 + pV 2) 
to increase by up to 100% of the background value in the 
magnetosheath. The pressure pulse propagates with a 
nearly constant amplitude [Linet al., 1996]. It is specu- 
lated that the pressure pulses impinging on the magne- 
topause may cause an inward and outward motion of the 
magnetopause and lead to the observed traveling con- 
vection vortices and MIEs. The transmission of Alfven 

waves through the bow shock has also been studied by 
using an ideal MHD analysis [Hassam, 1978]. 

Two-dimensional (2-D) MHD simulations have also 
been performed to study the interaction between the 
bow shock and interplanetary discontinuities and waves 
[Yah and Lee, 1994]. The study suggests that slow mode 
structures may be generated in the magnetosheath by 
such an interaction. The dynamic pressure pulses, how- 
ever, are not examined in the study. Note that other 
mechanisms have also been suggested for the generation 
of slow mode and mirror mode structures in the magne- 
tosheath [e.g., Lee et al., 1991; Southwood and Kivelson, 
1992; Denton et al., 1995]. 

On the other hand, the interaction between upstream 
hydromagnetic waves and the bow shock has been inves- 
tigated by using MHD [McKenzie and Westphal, 1970]. 
Wu et al. [1993] carried out 1-D MHD simulations 
to show that the interaction between an interplanetary 
tangential discontinuity and the bow shock can gener- 
ate a fast wave in the downstream region. The interac- 
tion between a tangential discontinuity and a fast wave 
has also been studied by 1-D hybrid simulations [Mandt 

and Lee, 1991]. Thomas e! al. [1991] carried out a 2-D 
hybrid simulation for the interaction of a planar bow 
shock with current sheets embedded in the upstream 
flow. The local disruption of the shock and the forma- 
tion of hot flow anomalies are found in their simulation. 

In addition, the structure of the collisionless bow 
shock itself often exhibits turbulence [e.g., Greenstadt 
and Fredricks, 1979]. Hybrid simulations show that 
quasi-parallel shocks, in which the shock normal angle 
OBn is smaller than 45 ø, have a structure very different 
from that of quasi-perpendicular shocks with OBn > 45 ø 
[e.g., Leroy et al., 1982; Kan and Swift, 1983; Leroy and 
Winske, 1983; Burgess, 1989; Lyu and Kan, 1990; $c- 
holer and Terasawa, 1990; Krauss-Varban and Omidi, 
1991]. Generally speaking, in a collisionless plasma, ion 
reflection at a fast shock plays an important role in 
the dissipation mechanism of supercritical fast shocks, 
in which the Alfven much number MA of the shock 
is greater than a critical number of -•2 to 3. Coun- 
terstreaming ion beams may be present upstream of 
the quasi-parallel bow shock and may generate long- 
wavelength MHD turbulence in the upstream region, 
which may propagate back through the bow shock. A 
recent 1-D hybrid simulation by Thomas et al. [1995] 
also shows that upstream waves of quasi-parallel shocks 
can propagate through the bow shock and generate a 
small pressure pulse in the downstream region. 

The purpose of this paper is to extend to two di- 
mensions our 1-D simulations [Linet al., 1996] for the 
generation of pressure pulses by the BS/RD interac- 
tion. In addition to the pressure pulse generated at the 
downstream rotational discontinuity and slow shock as 
suggested by the 1-D study, we show that the reflected 
ions at the bow shock also produce a significant pres- 
sure pulse in the magnetosheath after the IMF changes 
its orientation. The variation of the IMF direction may 
cause the reflected ions to return to the 2-D curved bow 

shock at a position with a different local shock normal 
angle and Mach number and thus to generate a pres- 
sure pulse in the foreshock. These upstream pressure 
pulses may then propagate to and interact with the bow 
shock and produce a large-amplitude pressure pulse in 
the downstream. These effects of reflected ions have 

not been studied in our 1-D models. Satellite observa- 

tions have shown that many of the observed pressure 
pulses upstream of the bow shock are generated near 
the bow shock and usually have positively correlated 
variations in magnetic field and plasma density, and 
these upstream dynamic pressure pulses correspond to 
compressions or rarefactions in the dayside magneto- 
spheric magnetic field [Fairfield et al., 1990]. The field 
and density are, however, anticorrelated at the pressure 
pulses which arise intrinsically in the upstream solar 
wind. The upstream pressure pulses examined by Fair- 
field et al. [1990] have a duration of a few minutes to 10 
minutes, and some of them tend to be associated with 
IMF direction changes that cause a reconfiguration of 
the foreshock. 

In this paper we present for the first time 2-D hybrid 
simulations for the interaction between an interplan- 
etary rotational discontinuity and the bow shock. A 
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curvilinear coordinate system is used in the simulation. 
Our 1-D simulations [œin et al., 1996] for the BS/RD 
interaction are also briefly presented for comparison. 
The models used in this study are described in section 
2. The simulation results are given in sections 3 and 4. 
Finally, a summary is given in section 5. 

2. Models of the Study 

The 2-D (O/Oz - 0) simulation is carried out in the 
geomagnetic equatorial plane, in which the x axis is 
assumed to be along the Sun-Earth line and pointing to 
the Sun and the y axis is pointing from dusk to dawn. A 
curvilinear coordinate system is used in the simulation; 
this system consists of the radial distance r in the xy 
plane, the z axis pointing from north to south, and the 
polar angle 0 = tan-•(x/y). The Earth is located at 
the origin. Figure I shows this coordinate system. The 
simulation domain is within the region with 10 Re < 
r < 35 Re and 0 ø <_ 0 <_ 180 ø. The inner boundary at 
r - 10 Re corresponds to the magnetopause. 

The 2-D hybrid code adapted in this study was de- 
veloped by Swift [1995, 1996], who used a curvilinear 
coordinate system to model the Earth's magnetosphere 
on a global scale. Among other results the formation of 
the bow shock in front of the magnetosphere is shown 
in his study. In the hybrid code the ions are treated 
as discrete particles, and the electrons are treated as 
a massless fluid. The electrons are assumed to flow 

along magnetic field lines in a way that guarantees quasi 
charge neutrality. In our simulation the grids are uni- 
formly distributed in the r and 0 directions, with a total 
of 151 x 122 grids. The grid size along the r direction 
is Ar - 0.17 Re. 

The ion gyrofrequency f•0 in the solar wind is chosen 
to be 0.5 s -•, where f•0 - eBo/mc, Bo is the magnitude 

x (Sun) 

35Re 10Re 0 y (dawn) 
Figure 1. The curvilinear coordinate system used in 
the simulation, which consists of the radial coordinate 
r in the geomagnetic equatorial (xy) plane, the north- 
south direction z, and the polar angle 0. The x direc- 
tion points to the Sun, and the y direction points to the 
dawn. The boundary at r - 10 Re represents the mag- 
netopause. The solar wind convects the IMF into the 
domain from the front side boundary at r - 35R,. The 
straight line boundary segments at 0 - 0 ø and 0 - 180 ø 
are two outflow boundaries. 

of the IMF, e is the electron charge, m is the ion mass, 
and c is the speed of light. This value of f•0 corresponds 
to an IMF B0 -• 5 nT. In the solar wind the number 
of ion particles per R} is chosen to be No - 670, and 
the ion inertial length •0 - c/•opio, where •Opio is the 
ion plasma frequency, is chosen to be 0.17 Re. The 
Alfven speed in the solar wind is VA0 - 0.084 Res -•. 
The ion plasma beta •0 is chosen to be 0.5, and the ion 
gyroradius is about 0.12 Re in the solar wind. 

The above value of the ion inertial length is about 10 
times the real value in the solar wind, and the Alfven 
speed is about 7 times the real value. The reason for 
choosing a relatively large •0 in the simulation is as fol- 
lows. The grid size along the normal of the bow shocks, 
which is nearly the r direction, must be smaller than the 
scale length of the shock, which is roughly of the order 
of a few ion inertial lengths. A small A0 will require a 
small Ar and thus more ion particles in the simulation, 
since the number of particles per cell must be greater 
than a few tens so that the code noise level is low. This 

approach will lead to a fairly long computing time. In 
our simulation a total of 1,900,000 particles are used, 
and the number of total time steps per run is nearly 
1000. We have also run simulations for different A0 and 
have found that the position, shape, and strength of 
the bow shock are nearly unchanged. In addition, the 
choice of a large VA0 allows a large inflow velocity of 
the upstream solar wind for a given Alfven Mach num- 
ber, and thus the simulation run can be completed in a 
shorter time. Note that the widths and speeds of dis- 
continuities and the associated pressure pulses in the 
simulation, which will be discussed in the next section, 
are larger than those in the real magnetosheath. 

The simulation is performed such that first, the bow 
shock BS is formed by the convection of high-speed so- 
lar wind along the -x direction to the Earth, and sec- 
ond, the interplanetary rotational discontinuity RD is 
allowed to propagate into the domain toward BS at a 
certain time after the bow shock is formed. Initially, the 
solar wind is assumed to be uniform, and the IMF B0 
is constant in the simulation domain. The ion tempera- 
ture is assumed to be isotropic. At t - 0 the solar wind 
starts to pass the obstacle, i.e., the semicircular magne- 
topause. Across the front side boundary at r - 35 Re 
the solar wind flows and convects the IMF B0 into the 
simulation domain. The straight line boundary seg- 
ments at 0 - 0 ø and 0 - 180 ø represent two outflow 
boundaries. 

There can be several choices for the boundary condi- 
tions at the magnetopause boundary, r- 10 Re. One 
choice is to set the normal magnetic field component 
to be zero there and to let the ions be reflected by the 
boundary, corresponding to a tangential discontinuity. 
This boundary condition in the 2-D simulation will lead 
to a large magnetic flux pileup at the magnetopause for 
Bu0 • 0. The bow shock continuously propagates to- 
ward the front side, and thus the bow shock does not 
have a steady standoff distance in relation to the mag- 
netopause. A second choice may be to allow a portion 
of the magnetic flux to be transported out through the 
boundary by E x B drift, where E is the electric field 

 21562202a, 1996, A
12, D

ow
nloaded from

 https://agupubs.onlinelibrary.w
iley.com

/doi/10.1029/96JA
02733 by A

uburn U
niversity L

ibraries, W
iley O

nline L
ibrary on [25/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



27,254 LIN ET AL: PRESSURE PULSES DRIVEN BY VARIATIONS IN IMF 

and can be adjusted at the boundary. In the present 
simulation, we show only the results without the re- 
moval of magnetic flux. The tangential electric field is 
set to be zero at the magnetopause. 

We assume that across the initial RD the physical 
quantities experience a jump only along the discontinu- 
ity normal, which is the propagation direction of RD. 
The quantities are uniform in other directions, and the 
discontinuity front is planar. This rotational disconti- 
nuity is thus locally a 1-D structure, while its propa- 
gation direction can have an arbitrary angle with the 
bow shock. In a plasma with an isotropic temperature 
the direction of the tangential magnetic field can change 
arbitrarily across the rotational discontinuity, while the 
magnetic field strength and plasma density and pressure 
remain unchanged. The normal component of inflow ve- 
locity Vn at the rotational discontinuity satisfies 

V n = :k Bn / •X/-fi'• (1) 

where p is the plasma density and the positive (neg- 
ative) sign is applied if the normal incident velocity 
is parallel (antiparallel) to the normal component of 
magnetic field Bn. The change of the tangential veloc- 
ity across the rotational discontinuity should obey the 
Walen relation, 

AVt = +ABt / v"-•P (2) 

where AVt is the variation of tangential flow velocity 
across RD and ABt is the change of tangential magnetic 
field. The normal component of magnetic field 

Bn = const (3) 

at the rotational discontinuity. In our 2-D simulation, 
RD is assumed to propagate toward the bow shock along 
a given direction k, which is also the normal direction of 
RD. The propagation speed of RD in relation to the so- 
lar wind is determined from (1). When RD propagates 
to various positions, the magnetic field at the corre- 
sponding positions at the frontside semicircular bound- 
ary changes direction, and the flow velocity changes ac- 
cording to (2). The width of the initial RD is assumed 
to be about 3A0. 

In the calculation the ions are accelerated by electro- 
magnetic forces. The electric field is determined from 
the electron momentum equation, and it is then used in 
Faraday's law to advance the magnetic field. The code 
utilizes the subcycling of the advance of the magnetic 
field to the advance of the particle. In our simulation 
the magnetic field is advanced 10 time steps for every 
time step the particles are advanced. 

In addition to the 2-D simulation, for comparison we 
also show the results of 1-D simulations, which solve the 
Riemann problem associated with the BS/RD interac- 
tion. In the 1-D system, all the dependent variables are 
functions of the spatial coordinate x and time t only, 
while the normal direction of BS and RD is assumed 
to be in the x direction. Note that the x direction is 

also the normal of all the resulting discontinuities after 
the interaction, and the fronts of BS, RD, and resulting 

downstream discontinuities are planar, in the yz plane. 
In this system the normal component of the magnetic 
field Bn - Bx is a constant, because V.B - 0 and 
Faraday's law must be satisfied. Compared to the 2- 
D simulation, the 1-D simulation has the advantage of 
running a much longer system, over 500A0 in our sim- 
ulation, while using much fewer particles. Because of 
its high resolution the structure of the resulting discon- 
tinuities and pressure pulses is seen more clearly. A 
comparison between the 1-D hybrid simulation results 
and the 1-D ideal MHD theory of BS/RD interaction 
has been given by Lin e! al. [1996]. In the 1-D simu- 
lation, initially at t = 0, the ratios of downstream to 
upstream quantities at the bow shock are determined 
by the MHD Rankine-Hugoniot jump relations of a fast 
shock, and the rotational discontinuity RD propagates 
toward the bow shock from upstream along the -x di- 
rection. 

The 1-D hybrid code used in our study is that de- 
scribed by Swift and Lee [1983]. In our simulation 
the length per cell is 0.158A0. The simulation domain 
length is Lx - 4000 grids. Two buffer zones are located 
at the two ends of the simulation domain. The ion num- 
ber density upstream of the bow shock is No - 25-50. 
The bow shock and initial rotational discontinuity have 
a half width of 2-4A0. The initial position of the bow 
shock is at xr -- 0.6Lz, and that of the rotational dis- 
continuity is at xR - 0.8Lz. 

In the next two sections we present simulation results 
for four cases. In section 3, two cases with Byo - 0 are 
first shown. The bow shock with a steady standoff dis- 
tance in relation to the magnetopause is formed in these 
cases. The other two cases with By0 • 0 are studied in 
section 4. The normalization of physical quantities is 
as follows. The magnetic field B is normalized to B0, 
the ion number density N is normalized to No, the flow 
velocity V is normalized to VA0, and the time t is nor- 
malized to ft• 1. The thermal and magnetic pressures 
are expressed in units of P0 - B•/•u0, which is equal to 
v0v]0. 

3. Simulation Results for Cases With 

By0 - 0 

In case 1 the IMF B•0 = -0.45B0, Bz0 = 0.9B0, and 
Byo = 0. The solar wind speed is V0 = 5VA0 along 
the -x direction, which corresponds to an Alfven Mach 
number MA = Vo/VAo = 5. An interplanetary rota- 
tional discontinuity propagates to BS along the direc- 
tion k = -x. Across RD its tangential magnetic field 
rotates by A• = 120 ø. 

We first show the 1-D hybrid simulation results for 
case 1, which approximate the results along the Sun- 
Earth line, where the normal direction of both BS and 
RD is in the x direction. The shock normal angle of BS 
is 0• -- tan-•(Bt/B•) = 63.4 ø, where Bt is the tan- 
gential magnetic field. Figure 2 shows the hodogram 
of tangential magnetic field and spatial profiles of By, 
B•, B 2, ion number density N, thermal pressure per- 
pendicular to the magnetic field Pñ (solid line), par- 
allel pressure PII (dotted line), perpendicular temper- 
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Figure 2. The 1-D simulation results of case 1: hodogram of tangential magnetic field and 
spatial profiles of By, Bz, B 2, ion number density N, thermal pressures (solid for Pñ and dotted 
for Pll), temperatures (solid for Tñ and dotted for Tll), Vx, Vy, Vz, dynamic pressure miNV 2, 

2 2 total pressure Ptot -'- (P q- B /2/•o q- NmiV ), and total pressure Px - (P q- B2/2/•o q- NmiVx 2) 
associated with the normal flow velocity at t = 0 and t = 70f• 1. The pressure terms are 
normalized to PBo - Bo 2//•o. At t - 0 an interplanetary rotational discontinuity (RD) is located 
upstream of the bow shock (BS). At t = 70f• 1 a pressure pulse is present downstream of BS 
from a to d. 

320 

ature Tñ (solid line), parallel temperature Tii (dotted 
line), V•, V v, Vx, dynamic pressure miNV 2, total pres- 
sure Ptot = (P + B2/21•o + NmiV2), and total pres- 
sure P• = (P + B22l•o + NrniV•) associated with the 
normal flow velocity at t -0 and t - 70f• 1, where 
mi is the ion mass. Here, P = (PII + 2Pñ)/3. Note 
that the pressure terms in the figure are normalized to 
P/•0 = B 2//•0, and the tangential flow velocity shown in 
Figure 2 is calculated in the frame in which the initial 
dynamic pressure is a constant across the initial RD. 
The initial bow shock is located at x - 175•0, and the 
rotational discontinuity is at x = 205•0. The reason 
for plotting Ptot in addition to P• is that in general, 

especially at the flanks, the flow tangential to the bow 
shock front may have a normal component at the mag- 
netopause that contributes to the dynamic pressure at 
the magnetopause and causes it to move inward and 
outward. 

The initial rotational discontinuity reaches the bow 
shock at t ~ 8f•l. At t - 70f•l after the BS/RD 
interaction a rotational discontinuity RD1, with a large 
magnetic field rotation from a to b, propagates in the 
downstream region of the bow shock, as shown in the 
field profiles and hodogram. The field rotation angle 
across RD1 is almost the same as the initial angle 
Because of the presence of the temperature anisotropy 
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the magnetic field (plasma density) decreases (increases) 
across RD1. The bow shock is located between an up- 
stream point f and a downstream point e, across which 
the magnetic field and plasma density increases while 
the flow speed decreases. Two slow shocks, SS1 from b 
to c and SS2 from d to c, propagate behind RD1 [see 
also Linet al., 1996]. Across the slow shock the mag- 
netic field decreases, and plasma density increases. 

To understand the results shown in Figure 2, we 
briefly introduce the MHD theory of the shock/shock 
interaction. According to ideal MHD theory, once the 
initial RD reaches the bow shock, it cannot simply pen- 
etrate through the bow shock without generating other 
discontinuities. This feature is due to the change in the 
Alfven speed across the bow shock, which is caused by 
the changes in the magnetic field and plasma density. 
Slow shocks must be generated to match the plasma 
flow velocity from the initial unperturbed downstream 
region of BS to the new upstream condition (see Yan 
and Lee [1996] for a detailed discussion). A plasma 
density plateau is thus formed downstream of the bow 
shock after the BS/RD interaction. The field ro•ation 
angle of the initial RD will also be modified in the down- 
stream region of the bow shock. Our study based on the 
ideal MHD theory shows that in general, located from 
the Earth side, a weak fast expansion wave FE, a rota- 
tional discontinuity RD1, a slow shock SS1, a contact 
discontinuity CD, a slow shock SS2, a weak rotational 
discontinuity RD2, and a fast shock BS' are generated 

_ . 

after the BS/RD interaction [Linet al., 1996]. 
The strength and position of the fast shock BS' are 

almost the same as those of the initial bow shock BS. 

The normal component of the flow velocity is superfast 
upstream of the fast shock and subfast and superinter- 
mediate downstream [e.g., Landau and Lifshitz, 1960]. 
The discontinuities RD 1 and SS1 propagate toward the 
magnetopause in the downstream plasma with the in- 
termediate mode and slow mode speeds, respectively. 
Furthermore, the convection of downstream plasma al- 
lows RD1 and SS1 to move with a larger speed to the 
magnetopause. The speeds of RD1 and SS1 are very 
similar, and thus these two discontinuities are not sepa- 
rated. Similar results are found for RD2 and SS2. They 
propagate toward the Sun in the frame of the down- 
stream plasma but are convected to the magnetopause, 
since the normal flow speed of the downstream plasma 
is much larger than the wave mode speeds of RD2 and 
SS2. The contact discontinuity simply convects with 
the flow. 

In the hybrid simulation, however, the contact discon- 
tinuity CD cannot be identified because of the mixing of 
ions from both sides along the magnetic field [Lin and 
Lee, 1993], and the small rotational discontinuity RD2 
and fast expansion wave FE are too weak to be clearly 
seen. 

An ion density enhancement of 30% is found across 
RD 1 and SS1, as seen in the hybrid simulation results in 
Figure 2. The magnetic field decreases in the region of 
the density enhancement. This structure has been inter- 
preted as a slow mode structure in the magnetosheath 
[Y an and Lee, 1994]. A temperature anisotropy is 

present in the downstream discontinuities, and the tem- 
perature is nearly constant. In the region of the density 
enhancement the normal flow velocity remains almost 
constant, and the total pressure Px associated with Vx 
increases about 25% of the background value. On the 
other hand, a large variation in t'he tangential flow ve- 
locity is present from a to d, as is seen in the Vz profile 
of Figure 2. The variations in the tangential flow speed 
and plasma density lead to a large dynamic pressure 
pulse downstream of the bow shock, as is shown in the 
NV 2 profile. Correspondingly, the total pressure Ptot 
increases by nearly 100% of the background value in the 
magnetosheath. At rotational discontinuities or slow 
shocks the sum of the thermal and magnetic pressure 
(P + B2/2•u0) remains nearly constant. The increase 
in the dynamic pressure miNV 2, however, leads to an 
increase in the total pressure. It is found that the pres- 
sure pulse propagates to the magnetopause with nearly 
constant amplitude. The time duration of the propa- 
gating pressure pulse is estimated to be -•1 min, and 
the time for the pressure pulse to nearly reach the mag- 
netopause from the bow shock is --2-3 rain [Linet al., 
1996]. 

Since RD1 and the slow shocks are not clearly sep- 
arated in the simulation, the structure that consists of 
RD1, SS1, and SS2 will be termed RD1. It is charac- 
terized by a change in the magnetic field direction, a 
decrease in the field magnitude, and an increase in the 
plasma density. 

Figure 3 illustrates the structure of magnetic field 
and flow velocity in case I before and after the BS/RD 
interaction. Before the interaction, as shown on the 
left-hand side of Figure 3, RD propagates to BS along 
the -x direction. The fronts of RD and BS divide the 

system into three regions, with region I being the down- 
stream region of RD, region 2 being in the upstream of 
both BS and RD, and region 3 being the downstream 
region of BS. The magnetic field B increases in the z 
direction across BS, while it changes direction across 
RD. The flow velocity V, as shown by bold arrows, de- 

ix x 

Figure 3. Schematic plot for the structure of magnetic 
field B and flow velocity V (bold arrows) in case 1. 
(left) Before the BS/RD interaction the fronts of RD 
and BS divide the system into three regions, regions 
I through 3. RD propagates to BS along -x. (right) 
After the interaction a dynamic pressure pulse is formed 
at RD 1 between dotted lines in region 4 downstream of 
the new bow shock BS'. 
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creases across BS from upstream to downstream, while 
it changes slightly across RD in the upstream of the 
high Mach number bow shock. Note that the changes 
in Bz and Vz across RD are in the opposite direction 
in this case, according to the Walen relation (2). Af- 
ter the interaction between BS and RD the magnetic 
field increases in the -z and +y (not shown) directions 
across the new bow shock BS', and the flow velocity 
decreases, as shown on the right-hand side of Figure 
3. A large kink in the magnetic field appears in region 
4, the downstream region of BS', between the unper- 
turbed fields in regions I and 3. The structure RD1 is 
present in this kink field region between the dotted lines, 
and the tangential flow velocity is greatly enhanced in 
RD1 because of the field tension force. Meanwhile, the 
plasma density also increases in RD1, and the magnetic 
field decreases. A dynamic pressure pulse is formed at 
RD1. 

On the basis of the 1-D model we have carried out 

a parameter search for the amplitude of the pressure 
pulse [œin et al., 1996]. The strength of the pressure 
pulse is found to increase with IA•l across the incident 
RD, where -180 ø < A• < 180 ø, and increase with 
the shock normal angle OBn. On the other hand, the 
strength decreases with the Alfven Mach number MA 
and the upstream •0. For typical solar wind conditions 
the strength of the pressure pulse can be up to 100%. 

The 2-D hybrid simulation results of case I are given 
below. The left column of Figure 4 shows, from top to 
bottom, magnetic field vectors in the xy plane, plasma 
flow vectors in the xy plane, the contours of magnetic 
field B, ion number density N, flow speed V, and total 
pressures Plot -- (P +mi NV2 + B2/21ao) at t- 55f• •. 
A bow shock has formed in front of the magnetopause, 
as indicated in Figure 4. Across the front of BS the 
magnetic field in the xy plane increases toward the two 
flank sides. Correspondingly, the plasma flow decreases 
and diverges to the two sides. The ion density increases. 
Also seen in Figure 4 is an incoming interplanetary ro- 
tational discontinuity RD. The magnetic field changes 
direction across RD, and the flow velocity also changes, 
as can be seen in Figure 4. This rotational discontinu- 
ity is incident into the simulation domain at t - 40f• • 
from the upstream boundary. Note that when RD starts 
to flow into the domain, the BS has not reached a steady 
position. By the time RD reaches BS, the bow shock 
has evolved to a nearly steady position. 

The right column of Figure 4 displays the simula- 
tion results at t - 80f• •. At this time the inci- 
dent rotational discontinuity has passed the bow shock. 
Upstream of the bow shock the IMF has completely 
changed its orientation to be that in the downstream 
of the incident RD, with Bx - Bx0 - -0.45B0, B u - 
0.866B•0 - 0.78B0, and B• - -0.5B•0 - -0.45B0. 
The bow shock stands at a steady distance of ,18.5 
RE from the magnetopause along the Sun-Earth line. 
The position and strength of the new bow shock are 
nearly the same as those of the original BS in a quasi- 
steady state without the interaction. The magnetic field 
increases in this new direction across the bow shock, as 
shown in the field vector plot in Figure 4. A a result, 

kinked field lines are formed between the new and the 

unperturbed plasma regions in the magnetosheath. As- 
sociated with these kinked field lines, a region with an 
enhancement in plasma density and a decrease in mag- 
netic field is generated. The flow speed experiences a 
change due to the field tension. This structure corre- 
sponds to RD1 obtained in the 1-D simulation. This 
perturbation in the field and plasma propagates toward 
the Earth and forms a curved front between the bow 

shock and the magnetopause, as shown in the field, 
plasma density, and flow velocity contour plots. Corre- 
spondingly, a pressure pulse exists in the region of the 
perturbation, as indicated in the contour plot of Plot. 
As the pressure pulse approaches the magnetopause, it 
is slowed down, because the plasma convection speed 
and the wave speeds of intermediate and slow modes 
normal to the magnetopause decrease to zero. The sim- 
ulation is not carried out for the further interaction of 

this pressure pulse with the magnetopause. Neverthe- 
less, it is expected that the arrival of the pressure pulse 
will cause a wavy motion of the magnetopause. 

Note that a slow mode-like structure is also present 
in front of the magnetopause while the initial bow shock 
is formed if the configurations of physical quantities at 
t - 0 are very different from those for the steady bow 
shock. 

Figure 5 shows the spatial profiles of physical quan- 
tities along the r direction at 0 - 90 ø, which is along 
the Sun-Earth line. Presented in the left column are the 

profiles of Br, B•, Bo, field magnitude B, flow velocities 
Vr, Vz, and Vo, total flow speed V, ion number density 
N, perpendicular temperature Tii (dotted lines), paral- 
lel temperature Tñ (solid lines), and total pressures Plot 
(solid lines) and Pr = (P + B2/21ao + miNV• 2) (dotted 
lines) at t - 55fi• •. The middle column shows the spa- 
tial profiles at t - 68fi• •, and the results at t - 80fi• • 
are shown in the right column. 

At t - 55,q• • the interplanetary rotational disconti- 
nuity RD is in the upstream region of the bow shock BS 
and is located at the position r _• 23 RE, as indicated 
in the left column of Figure 5. In the downstream re- 
gion of RD, which is on the sunward (right) side, the 
components of the flow velocity change, while the flow 
speed is nearly unchanged. At this quasi-perpendicular 
shock BS the perpendicular temperature is much higher 
than the parallel temperature. The total pressure Plot 
is nearly constant everywhere. At t - 68fij •, RD 
has interacted with the bow shock, and the structure 
RD 1 with magnetic field changing direction appears just 
downstream of the bow shock, as indicated in the mid- 
dle column of Figure 5. A pressure pulse appears corre- 
spondingly, but it is not clearly separated from the bow 
shock at this moment. 

At t - 80fi• • the structure RD1 has propagated mid- 
way between the bow shock and the magnetopause, at 
r •0 13.4 RE. A large change in V• and in the total 
flow speed V is present at this structure. Notice that 
in the 2-D simulation the slow shocks are hardly seen. 
This phenomenon may also be due to the large ion iner- 
tial length A0 and ion gyroradius used in the model, in 
addition to the fact that the propagation speeds of the 
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--1 

t- 55f• o t- 80•2• • 

Field Ve 

RD 

'BS 

Flow Ve 

/ ½ 

B 

N 

v 

Ptot Pressure Pulse 

: '•' ' • •i• •::..'"'..• 
: :'i" .'• . 

Figure 4. The 2-D simulation results of case 1. (left) From the top, magnetic field •ectors in the 
x•/plane, plasma flow vectors in the x•/plane, contours of magnetic field B, ion number density 
N, flow speed V, and total pressures Ptot at t - 55f• 1. The incoming rotational discontinuity 
RD is propagating toward the bow shock BS from upstream. (right) Results at t- 80f• 1. 
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Figure 5. Spatial profiles of normalized quantities B,., Bo, Bz, field magnitude B, flow velocities 
V,., Vo, and Vz, total flow speed V, ion number density N, perpendicula r temperature Tii (dotted 
lines), parallel temperature Tñ (solid lines), and total pressures Ptot (solid lines) and Pr (dotted 
lines) along the r direction at 0 - 90 ø, the Sun-Earth line. The distance r is in units of Earth radii. 
Here, (left) for t - 55f• •, (middle) 68f• •, and (right) 80f• •. A pressure pulse is present in the 
structure RD1, which is mainly a rotational discontinuity resulting from the BS/RD interaction. 

rotational discontinuity and slow shocks are very close. 
A large pulse in the plasma dynamic pressure NV 2 (not 
shown) and thus in Ptot are present in this region. The 
total pressure Ptot increases by nearly 100%, as shown in 

Figure 5. The total pressure Pr associated with miNVr 2 
increases by about 20-30%. 

For comparison, Figure 6 shows the spatial profiles of 
Bz, Bo, N, V, Ptot, and P• along 0 - 45 ø and 135 ø at 
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Figure 6. Spatial profiles of normalized physical quantities along 0 - 45 ø and 135 ø at t - 75f• 
obtained from the 2-D simulation of case 1. The dotted lines are for Pt. 

t -- 75f• -1, corresponding to two positions near dawn 
(left) and dusk (right) flanks, respectively. At 0 = 45 ø, 
Ptot increases by about 80%. A strong pressure pulse in 
Pr is also present at RD1. In the flank region the total 
flow velocity in the magnetosheath is large in compari- 
son with that in the subsolar region, and the change of 
flow speed at RD1 is not as significant. At the dawn- 
side, across the new bow shock, the flow is decelerated 
to a speed larger than that in the original unperturbed 
magnetosheath. It then decreases to the unperturbed 
value across RD1. The jump of the flow velocity across 
RD1 is mainly in the tangential direction of the RD1 
front. In comparison with the subsolar region a larger 
part of the r component velocity comes from the tan- 
gential velocity because of the flaring of the RD1 front. 
Therefore the pulse in Pr is stronger than that in the 
subsolar region. 

On the other hand, at 0 = 135 ø the kink of field lines 
is to slightly accelerate the flow. As a result the change 
in Vr here is not as sharp as that at 0 = 45 ø . The 
increase in Pr at the pressure pulse is only slightly. 

In case I the bow shock is a quasi-perpendicular 
shock, and there is no apparent effect of reflected ions. 
We now present the 2-D simulation results of case 2, in 
which Bx0 - -0.96B0, Byo - 0, and Bzo = 0.26B0. 
The bow shock BS is a quasi-parallel shock in most 
regions except where 0 is close to 0 ø and 180 ø. The 
interplanetary rotational discontinuity RD is incident 
into the simulation domain at t = 70f• 1 with k II -x 
and A(• = 120 ø. 

Unlike in case 1, disturbances are present in the up- 
stream region of the bow shock. The distance between 
the bow shock and the magnetopause is much smaller 

in this case than in case 1. Reflected ions are found 

in the upstream region of BS. After the IMF changes 
its direction, the bow shock in the subsolar region and 
on the duskside (left side) is still a quasi-parallel shock. 
On the dawnside (right side) the bow shock has become 
a quasi-perpendicular shock, and the upstream appears 
quiet. While the IMF changes direction, the reflected 
ions are found to generate a fast wave and an associated 
pressure pulse, which interacts with the bow shock and 
produces a pressure pulse in the magnetosheath. 

The spatial profiles of Bz, Bo, B, N, V, Ptot, and 
Pr are shown in Figure 7 for 0 = 60 ø at t = 102f• -1, 
107f•51, and 112f• 1. At t = 102f• 1, RD1 appears in 
the magnetosheath, as indicated in Figure 7. The am- 
plitude of RD 1 is small because of the small 0Bn in this 
case. Correspondingly, there is no significant increase in 
Ptot associated with RD1 in the magnetosheath, as ob- 
tained from the 1-D model. On the other hand, a fast 
wave (FW) is present upstream of the bow shock, as 
indicated in Figure 7. The magnetic field, plasma den- 
sity, dynamic pressure miNV 2 (not shown), and Ptot 
are positively correlated at FW. This wave is generated 
by the interaction between the incident discontinuity 
RD and the reflected ions from the quasi-parallel BS. It 
originally propagates sunward in the upstream plasma 
but is carried by the upstream solar wind toward the 
bow shock when the local quasi-parallel shock becomes 
a quasi-perpendicular shock. Notice that the solar wind 
bulk inflow is slowed near the bow shock because of 

the ion reflection. The upstream pressure structure has 
a spatial length of roughly 15 RE in the simulation. 
Considering that the simulation parameters have been 
rescaled to make the calculation run more cost effec- 
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Figure ?. Simulation results of case 2- spatial profiles of physical quantities for 0 - 60 ø at 
(left) t - 102f• 1, (middle) t - 107f• 1, and (right) t- 112f• 1. The dotted lines are for Pt. 
A pressure pulse associated with the fast wave FW is present upstream of the bow shock in the 
BS/RD interaction. 

tively, the spatial length of the upstream wave may be 
of the order of a few earth radii. It may correspond to 
a time duration of a few minutes, as discussed by $ibeck 
et at. [1989] and Fairfield et al. [1990]. 

At t - 107f• 1 the fast wave reaches the bow shock, 
and a peak in magnetic field, plasma density, perpen- 
dicular temperature (not shown), and total pressure is 
found right at the bow shock. At t - 112f]• 1 the total 
pressure Ptot increases downstream of the bow shock, 
and a 100% increase in Pr is present. This downstream 
pressure pulse propagates in the magnetosheath plasma 
to the magnetopause with the fast mode speed. Eventu- 
ally in the simulation, it hits the magnetopause bound- 
ary. 

In the 2-D simulation it is found that when a local 

quasi-parallel bow shock changes to a quasi-perpendicular 
shock because of the change in the IMF direction, a 
pressure pulse associated with a fast wave may be 
present in the foreshock region of the bow shock, be- 
cause the reflected ions at the bow shock cannot escape 
upstream of the quasi-perpendicular shock. All these 
ions in a relatively long range are carried back to the 
bow shock and produce an upstream pulse with an am- 
plitude much greater than the background disturbances. 
The spatial length of the upstream pressure pulse is 
longer than that of upstream pulses generated locally 
at a quasi-parallel shock [e.g., Thomas et at., 1995]. 

4. Simulation Results for Cases With 

By0 • 0 

Next we present the results for general cases in which 
the magnetic field has the component Byo • O. In case 3 
the initial IMF is in the xy plane, with Bxo - -0.707Bo, 
Byo - -0.707Bo, and Bzo - 0. It makes an angle of 
45 ø with -x and -y directions. The solar wind inflow 
velocity is assumed to be 5 times V•0, along the -x 
direction. An interplanetary rotational discontinuity is 
assumed to propagate into the simulation domain at t - 
30f• -1 along the -x direction. The tangential magnetic 
field rotates an angle A(• -- 120 ø across RD. 

Figure 8 shows the field vectors and flow vectors in 
the xy plane and the contours of magnetic field, ion den- 
sity, flow speed, and total pressure Ptot at t = 40f•51 
(left column), 62f• 1 (middle column), and ?0f• -1 (right 
column). At t - 40f•1 the bow shock is developing and 
propagating toward the Sun. On the dawnside the bow 
shock is a quasi-parallel shock, with the upstream mag- 
netic field nearly perpendicular to the shock front. The 
magnetic field exhibits disturbances in the upstream, as 
seen from the field vector plot and the contour plots of 
the field and flow velocity. On the duskside the bow 
shock is a quasi-perpendicular shock, and the upstream 
appears to be quiet. Note that the shock front of BS 
is asymmetric about the x axis. The incoming RD has 
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--1 t - 40•o t - 62f• • 
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Figure 8. Results of case 3: magnetic field vectors and flow vectors in the xy plane and contours 
of magnetic field, ion density, flow speed, and total pressure at (left) t - 40f• •, (middle) 62f• •, 
and (right) 70f• •. FW indicates the front of the fast wave generated by the variation of the 
IMF orientation. 

reached a certain distance from the upstream boundary, 
across which the IMF changes its direction. 

At t = 62ft• • the rotational discontinuity has just 
passed BS in the subsolar region and on the dusk- 
side flank. Kinked magnetic field lines appear in the 
downstream region. In the dawnside flank region with 
0 < 45 ø, however, the propagation speed of RD is 
slowed down because of the reduced plasma inflow speed 
at the quasi-parallel BS. The incident rotational discon- 

tinuity has not reached BS. A new FW front develops 
upstream of the original BS, as indicated in Figure 8. 
The magnetic field in the xy plane is bent toward the 
dawn through the front of FW, and the incoming RD is 
located between this wave front and the original BS, as 
shown in the field vector plot in the middle column of 
Figure 8. FW propagates in the upstream direction in 
the plasma but is carried by the solar wind flow toward 
BS. The magnetic field and plasma are fairly active up- 
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stream of BS, as can be seen from the field and plasma 
contours. The appearance of FW is also seen in other 
regions with 0 < 90 ø at earlier times. 

At t - 70f• •, FW has nearly propagated through 
the bow shock at all the local times. Now the bow 

shock on the dawnside becomes a quasi-perpendicular 
shock. On the duskside the bow shock has changed 
from a quasi-perpendicular to a quasi-parallel shock, 
and the upstream appears to be more active than it was 
at t = 40f• •. Again the bow shock front is asymmetric 
about the x axis. The kinked field lines associated with 

RD1 are seen in the downstream. A front of pressure 
pulse is found in the magnetosheath. Since the mag- 
netic flux cannot pass around the magnetopause in the 
2-D simulation, the bow shock continuously expands to 
upstream, and the distance between the bow shock and 
the pressure pulse increases with time. 

Figure 9 presents the spatial profiles of Bo, N, V, 
Plot, and Pr for case 3 along 0 = 90 ø in a time series 
with t = 45f• •, 52f• •, 57f• •, 62f• •, and 67f• •. 
At t = 45f• •, RD is in the upstream and near BS, as 
indicated in Figure 9. It arrives at BS at t - 52f• •. At 
t - 57f• •, RD1 starts to appear in the downstream. 
It is seen to be separated from the bow shock at t - 
62f• •, as shown in the Bo profile. A pressure pulse is 
generated in the magnetosheath, as shown in the Plot 
and Pr profiles. At t - 67f• •, RD1 is farther away 
from the bow shock. The amplitude of the pressure 
pulse is about 100% of the background magnetosheath 
value in Plot and about 40% in Pt. Notice that there 
is a pressure enhancement right at the bow shock at 
t - 67f• •. This is due to some transient process as 
the shock reverts to a more steady condition. The bow 
shock is still evolving and propagating in the simulation. 
It is found that eventually such enhancement tends to 
die out in time. 

To examine the effects of reflected ions, we show in 
Figure 10 the spatial profiles of Bo, B, N, V, Tñ, Tii , 
Plot, and P• for case 3 along 0 = 45 ø, where the origi- 
nal BS is nearly a parallel shock. Shown in the figure 
is the evolution of the profiles through t = 57, 60, 63, 
and 67f• •. At t - 57f• •, RD has just interacted with 
BS, and RD1 starts to develop, as shown in Figure 10. 
The shock front of the quasi-parallel shock is found to 
be poorly defined. In the upstream region of the bow 
shock a fast mode FW is present, in which the changes 
in magnetic field, ion density, and total pressure are in 
phase. This fast wave is carried by the solar wind and 
moves toward the bow shock. At t = 60f• • while FW 
has not reached the bow shock, a pressure pulse is gen- 
erated at RD 1 in the magnetosheath. At t = 63f•, the 
fast wave has an interaction with the bow shock, and 
another pressure pulse starts to form. This pressure 
pulse has passed the bow shock at t = 67f• •, and its 
amplitude in Plot is about 100% of the background mag- 
netosheath value. Note that the distance between RD1 

Figure 9. Spatial profiles of physical quantities for 
case 3 along 0 - 90 ø in a ti•ne series from t - 45f• • to 
67• -x. 
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and the bow shock increases with time, although there 
seems no apparent change in the distance between RD 1 
and the magnetopause. In the simulation the second 
pressure pulse, which is due to the reflected ions, even- 
tually catches up the first pulse associated with RD1. 
The pressure Pr also seems to increase as correlated 
with Prof. 

In early times before RD reaches BS (not shown in 
Figure 10) the parallel temperature is nearly 3 times 
higher than the perpendicular temperature upstream of 
BS at 0 = 45 ø, indicating the existence of reflected ions 
at the bow shock. As the IMF changes its direction, the 
ratio Tll/T•_ decreases. At t - 67ft• • the bow shock has 
become a quasi-perpendicular shock, and Tñ is greater 
than Tll. This bow shock has a well-defined shock front. 

Figure 11 displays the spatial profiles of Bo, V, Ptot, 
Pt, Tñ, and Tii at various local times obtained from 
case 3 when the pressure pulse has just propagated 
to the middle between the bow shock and the mag- 
netopause, so that the pressure pulse is not influenced 
by the boundary condition at the magnetopause. Plot- 
ted are the profiles from 0 = 30 ø to 150 ø for every 15 ø. 
The pressure pulses in the Ptot profiles at 0 = 30 ø, 45 ø, 
and 60 ø have a strength of ,•50-100%, and they are 
not as strong as those at the dusk side flank. The to- 
tal pressure P• associated with NV• 2 also increases by 
,•30-50%. These pressure pulses are mainly due to the 
reflected ions being carried back by the changing of the 
IMF direction. The plasma flow is greatly decelerated 
by the field tension at the dawnside flank, and thus 
the pressure pulse associated with RD1 is not signifi- 
cant. On the other hand, the duskside pressure pulses 
at 0 = 120 ø, 135 ø, and 150 ø are relatively strong, with 
an amplitude of ,•200-300% in Prof. This strength is 
due to the large acceleration in the flow speed V by 
the field tension force at RD1, as seen from the V pro- 
file. The pulse in P•, however, appears to increase by 
only 10-40%, because V• does not have a sharp change 
across RD1, similar to case 1. In the subsolar region 
with 0 = 75 ø, 90 ø, and 105 ø the increase of Ptot at RD1 
is about 100-150%, and the strength in P• is about 50%. 

A large parallel temperature Tll is found in the up- 
stream of quasi-parallel shocks, as shown in Figure 11 
for 0 > 75 ø. In the dawnside profiles for 0 < 75 
becomes small. 

Finally, we show case 4, in which RD propagates to 
BS with an oblique angle. In this case the initial IMF is 
along the -y direction, with Bx0 = 0, By0 - -B0, and 
Bzo - 0. The solar wind flow velocity V0 = 5VA0, along 
the -x direction. At t = 40ft• •, RD is incident into the 
simulation domain from the frontside boundary along 
the direction k = (-0.97,-0.26,0), which makes an 
angle of 15 ø with the -x direction. The rotation angle 
of the tangential magnetic field of RD is A• = 160 ø. 

The top panel of Figure 12 shows the magnetic field 
vectors at t = 55ft• •, and the second to sixth panels 
show, respectively, the field vectors, the flow vectors, 
and the contours of B, V, and Ptot at t = 75f•. At 
t - 55ft• •, RD is located in the upstream region of 
BS and propagating toward BS, as shown in Figure 12. 

The bow shock front is symmetric about the x axis. 
The interplanetary rotational discontinuity reaches and 
interacts with BS at t = 60ft• •. At t = 75ft• •, RD1 is 
present in the downstream region of the bow shock with 
0 < 150 ø, as shown in Figure 12. The upstream IMF 
has changed direction, and the bow shock front becomes 
slightly asymmetric. The front of RD 1 is also asymmet- 
ric about the x axis, with the dawnside part closer to 
the magnetopause, consistent with the alignment of the 
front of initial RD. On the duskside the initial discon- 

tinuity RD has not completely passed through the bow 
shock at t = 75ft•. 

A pressure pulse is found to be generated at RD1. 
The strength of this pressure pulse is about 50-100% in 
Ptot and 20-100% in Pt. 

5. Summary 
Two-dimensional hybrid simulations have been car- 

ried out to study the interaction between the bow shock 
and an interplanetary rotational discontinuity. In this 
study a curvilinear coordinate system is used in the 
simulation. Pressure pulses are found to be generated 
in the upstream and downstream of the bow shock as 
a result of the BS/RD interaction. The downstream 
pressure pulse propagates directly to the magnetopause. 
When a local quasi-parallel shock becomes a quasi- 
perpendicular shock because of the IMF changing direc- 
tion, the upstream pressure pulses are present, carried 
by the solar wind to propagate through the bow shock, 
and also generate a pressure pulse to the magnetopause. 
The 2-D simulation is compared with 1-D simulations 
for the BS/RD interaction. The simulation results are 
summarized as follows. 

1. In the 1-D hybrid simulation a structure RD 1, con- 
sisting of a rotational discontinuity and two slow shocks, 
is generated in the downstream region of the bow shock. 
The bow shock strength and location after the inter- 
action are almost the same as those initially, and the 
rotation angle of the tangential magnetic field across 
the downstream rotational discontinuity is nearly the 
same as that across the initial RD. A density enhance- 
ment and a magnetic field decrease are found through- 
out these downstream discontinuities, which propagate 
to the magnetopause. Across RD1 the tangential flow 
velocity has a significant change. A large dynamic pres- 
sure pulse in the m•JVV 2 profile is found in this re- 
gion. Correspondingly, a pulse in the total pressure 
Ptot - (P + B2/2/t0 +miNV 2) is present. The pressure 
pulse propagates with RD1 to the magnetopause with 
a nearly constant amplitude. The time duration of the 
downstream pressure pulse is estimated to be •01 min, 
and the time for the pressure pulse to nearly reach the 
magnetopause from the bow shock is •02-3 min. The 
amplitude of the pressure pulse increases with the ro- 
tation angle A(I, across the initial RD and the shock 
normal angle 0Bn at the bow shock but decreases with 
the Alfven Mach number MA and upstream plasma beta 
/•0 of the bow shock. 

2. In the 2-D simulation a pressure pulse associated 
with RD1 is present in the magnetosheath after the 
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Figure 11. Results of case 3: spatial profiles of physical quantities at various local times when 
the pressure pulse propagates to a middle position between the bow shock and the magnetopause, 
at t ,• 67-70f1• '1. 

BS/RD interaction, similar to the 1-D results and con- 
sistent with the MHD simulation by Yah and Lee [1994]. 
The shape of the 2-D bow shock front may be modified. 
This pressure pulse is mainly due to the increase in the 

dynamic pressure. In the subsolar region the increase in 
Pr at the pressure pulse may be much smaller than that 
in Ptot, where P,. - (P + B2/21•o +miNV•) is the total 
pressure associated with the radial component, which 
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(t - 55f. - ) 
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(t - 7.5.o- ) 
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B 

V 

P•ot 

Figure 12. Results of case 4: (top) magnetic field 
vectors at t - 55Ft• • and (two through six) field vectors, 
flow vectors, and contours of B, V, and Ptot at t - 
75f• •, respectively. The propagation direction of RD 
has an angle of 15 ø from the -x axis. 

is in the normal direction of the magnetopause, of flow 
velocity. This occurrence is due to the fact that the 
normal flow speed is nearly constant across RD1. The 
substantial increase in the dynamic pressure NV 2 is 
mainly caused by the deflection of the flow tangential to 
the bow shock normal direction, which is nearly propor- 
tional to the change of magnetic field across RD1. The 
pressure pulse propagates to the magnetopause nearly 
with the intermediate mode speed. At the locations 
away from the subsolar point, however, the plasma flow 

parallel to the RD1 front may have a normal compo- 
nent at the magnetopause. The total pressure Pr may 
thus be moderate. Nevertheless, the strength of pres- 
sure pulses at the dawnside and duskside is in general 
asymmetric. 

3. In addition, reflected ions at the bow shock may 
generate pressure pulses in the upstream region when 
IMF changes its direction. In the 2-D simulation a 
local quasi-parallel bow shock may become a quasi- 
perpendicular shock while an interplanetary rotational 
discontinuity propagates to the bow shock. The re- 
flected ions then move back to the quasi-perpendicular 
shock. As a result a pressure pulse with positively cor- 
related variations in magnetic field, plasma density, dy- 
namic pressure, and total pressure is present in the 
foreshock. This pressure pulse convects through and 
interacts with the bow shock, producing a pressure 
pulse in the downstream region. This pressure pulse 
quickly propagates to the magnetopause with magne- 
tosonic speed. It can catch up to the pressure pulse due 
to RD 1. 

The interaction of the pressure pulses with the mag- 
netopause is not simulated in this study. As the pres- 
sure pulse associated with RD1 approaches the mag- 
netopause, it may be deflected and slowed, and an en- 
hanced thermal and magnetic pressure is applied to the 
magnetosphere. In the 2-D MHD simulation by Yah 
and Lee [1994] for the generation of slow mode struc- 
ture in front of the magnetopause they found that the 
intermediate and slow modes generated by the RD/BS 
interaction can stay in front of the magnetopause for 
about 15 min. The manner of the interaction between 

this pressure pulse and the magnetosphere, however, re- 
mains to be solved. On the other hand, the upstream 
pressure pulses generated by reflected ions while IMF 
changes direction may have a spatial length of several 
earth radii, corresponding to a duration of a few min- 
utes, as spacecraft may see in the upstream. Unlike the 
pressure pulse associated with RD1, the downstream 
pressure pulse produced by this upstream wave can 
hit the magnetopause, having a direct interaction with 
the magnetosphere. The simulation study by Mand! 
and Lee [1991] indicates that downstream fast waves 
can pass through the magnetopause and generate Pc 1 
waves and thus magnetospheric compressions. While 
large-amplitude pressure pulses have been found up- 
stream of the bow shock and a correspondence between 
these upstream pressure variations and magnetospheric 
compressions has also been frequently observed [e.g., 
Fairfield ½t al., 1990], a complete search for the pres- 
sure pulses in the magnetosheath when the IMF varies 
has not been reported. 

In our simulation it is found that the overall ampli- 
tude of the pressure pulses in Ptot can be up to 100% 
of the background magnetosheath value. The increase 
in Pr may take a fraction of this strength. It should be 
pointed out, however, that this strength of the pressure 
pulses obtained from the 2-D simulation may be over- 
estimated. A better estimate for the properties of the 
pressure pulses may be obtained by conducting three- 
dimensional simulations. 
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It is expected that the pressure pulses impinging 
on the magnetopause may compress the magnetopause 
globally, cause the wavy motion of the magnetopause, 
and generate antisunward propagating ripple. Other 
studies [e.g., Friis-Christensen et al., 1988; $ibeck et al., 
1989; Lysak et al., 1994] have suggested that pressure 
pulses can contribute to the observed ionospheric trav- 
eling vortices and lead to the magnetic impulse events 
observed in the polar ionosphere. The statistical study 
by Konik et al. [1994] shows that over 50% of the ob- 
served MIEs are accompanied by variations in the IMF 
direction. In line with this observation our simulation 

study also suggests that variations in the IMF direction 
may lead to pressure pulses at the magnetopause and 
thus the observed MIEs at high latitudes. 
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