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Abstract. Two-dimensional hybrid simulations using a curvilinear coordinate 
system are carried out to study the interaction of the Earth's bow shock (BS) with 
an interplanetary directional discontinuity. In particular, plasma flow patterns are 
examined. In the interaction of the bow shock with an interplanetary tangential 
discontinuity (TD), a bulge of magnetic field and plasma may be present near the 
intersection between the fronts of the BS and the TD. The bulge expands to the 
upstream and is embedded in the solar wind. High magnetic field and ion density 
are present in the boundary regions of the bulge, and the temperature in the bulge 
is significantly higher than that in the ambient solar wind. A core of low density 
and sometimes low field is present inside the bulge. The flow speed changes from 
supersonic in the solar wind to subsonic throughout the bulge. A strong sunward 
deflection in flow velocity is present both in the bulge and in the magnetosheath 
behind the bulge. The presence of such hot anomalous flows depends on the 
direction and symmetry condition of the upstream motional electric field. The 
formation of the bulge and the associated anomalous flows is found to be mainly 
due to (1) the reflected ions which are focused to TD under the proper electric field 
conditions, (2) the unbalanced pressure associated with the geometry change and 
reformation of the BS which causes the expansion of downstream and the sunward 
motion of ions, or (3) the occurrence of magnetic reconnection in the current sheet. 
In the interaction of the BS with an interplanetary rotational discontinuity (RD), 
the flow may be deflected sunward by the magnetic tension force associated with 
the resulting rotational discontinuities and slow shocks in the magnetosheath. It is 
suggested that the observed anomalous flow events upstream of the bow shock may 
be due to the BS/TD interaction, and both BS/RD and BS/TD interactions may 
generate strong sunward flow deflections in the magnetosheath. 

1. Introduction 

Magnetohydrodynamic (MHD) discontinuities and 
shock waves are often observed in the solar wind [e.g., 
Chao and Olbert, 1970; Burlaga, 1971; Burlaga and 
Ness, 1969; Chao and Lepping, 1974; Neugebauer e! al., 
1984; Richter e! al., 1985; Gosling e! al., 1994; Whang 
e! al., 1996]. Among them, tangential discontinuities 
(TDs) and rotational discontinuities (RDs) or Alfven 
waves are most frequently seen [e.g., Burlaga and Ness, 
1969; Behannon e! al., 1981; Neugebauer e! al., 1984]. 
Observations of forward and reverse fast shocks and 
slow shocks have also been reported [Chao and Olbert, 
1970; Russell e! al., 1983; Whang e! al., 1996; Gosling 
e! al., 1994]. At a tangential discontinuity, the normal 
component of magnetic field is zero, and the normal flow 
velocity relative to the discontinuity also vanishes. The 
total pressure is balanced, while the tangential magnetic 
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field and flow may change arbitrarily across the tangen- 
tial discontinuity. On the other hand, a rotational dis- 
continuity has a finite normal component of magnetic 
field. In the ideal MHD, the field strength and plasma 
density are constant across a rotational discontinuity, 
and the tangential magnetic field may rotate arbitrar- 
ily [e.g., Landau and Lifshitz, 1960]. The structure of 
RD and TD in collisionless plasmas has been simulated 
by many authors [e.g., Swift and Lee, 1983; Lee et al., 
1989; Richter and Scholer, 1989; Cargill and Eastman, 
1991; Lin and Lee, 1993]. 

The Earth's bow shock (BS) is a fast-mode shock, 
which is formed by the supersonic solar wind flowing 
past the Earth's magnetic field [e.g., Cabill and Pa- 
tel, 1967]. Since the bow shock is the first frontier of 
the plasma environment of the Earth, any interplane- 
tary discontinuities that propagate to the Earth would 
first encounter the bow shock. The interaction of in- 
terplanetary discontinuities with the Earth's bow shock 
has been one of the very important topics for decades 
[e.g., Burlaga and Ogilvie, 1969; Brunelli and Grib, 
1973; Volk and A uer, 1974; Neubauer, 1975; Burgess 
and Schwartz, 1988; Wu et al., 1993; Yah and Lee, 1994, 
1996; Linet al., 1996a, b]. 
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The work presented in this paper is motivated by 
the companion papers by Schwartz et at. [1985, 1988], 
Thomsen et at. [1986, 1988], and Paschmann et at. 
[1988], which report a class of events observed by satel- 
lites near the Earth's bow shock. The events are char- 

acterized by a large change in plasma flow velocity that 
for a short period of time has a strong sunward deflec- 
tion relative to the ambient plasma. The majority of 
the events are found to be associated with a gross ro- 
tation in the interplanetary magnetic field. They have 
been reported as "plasma structures with anomalous 
flow directions" [Paschmann et at., 1988, p.11279], "ac- 
tive current sheet in the solar wind" [Schwartz et at., 
1985, p.269], and "hot diamagnetic cavities" [Thomsen 
et at., 1986, p.2961]. Hereafter in this paper, we term 
the events as "the anomalous flow events." The events 

have been identified in both upstream near the bow 
shock and in the magnetosheath [e.g., •chwartz et at., 
1988; Paschmann et at., 1988]. The solar wind events 
usually contain a hot subsonic plasma embedded in the 
upstream wind, showing a low-density core flanked by 
narrow regions of high density as well as strong field. 
The orientations of boundary normals at the leading 
and trailing edge of the events may be very different. 

It has been suggested that the formation of these 
events is due to the interaction of the bow shock with 

an interplanetary TD or RD [Schwartz et at., 1988; 
Paschmann et at., 1988; Burgess and Schwartz, 1988; 
Burgess, 1989; Thomas et at., 1991; Thomsen et at., 
1988, 1993]. (See also the review paper by Schwartz 
[1995]). The theoretical study by Neubauer [1975] has 
indicated that the discontinuities may "breakup" if the 
angle between the normal directions of BS and TD is 
greater than a critical angle. It has been suggested by 
Schwartz et at. [1988] that the breakup of the disconti- 
nuities may lead to the formation of a bulge of plasma 
region on the bow shock and thus a deflection in flow 
and field. Paschmann et at. [1988] have suggested that 
the interaction of the bow shock with an interplane- 
tary RD may cause an amplification of magnetic stress 
and thus the generation of bulge structure on the bow 
shock. They have in addition pointed out that the inter- 
nal structure of TD may be another candidate to cause 
the bulge. On the other hand, it has also been proposed 
that flux transfer events at the magnetopause may also 
lead to the observed anomalous flow events [Thomsen 
et at., 1986]. 

Thomsen et at. [1986, 1988] have shown that many 
of the events are observed where the geometry of the 
bow shock is changing and a large fraction of specularly 
reflected ions are present. The one-dimensional (l-D) 
hybrid simulation by Burgess and Schwartz [1988] have 
indicated that ion kinetic effects may also be impor- 
tant in the formation of the bulge. Some studies have 
been conducted for the effects of ion beam instability on 
a background plasma [Thomas and Brecht, 1988; On- 
sager e• at., 1990]. Using a test particle calculation 
associated with the interaction between the bow shock 

and a TD, Burgess [1989] has shown that the anoma- 
lous flows can be formed by specularly reflected ions 
moving upstream of the bow shock along a certain type 

of TD, where the motional electric field associated with 
the upstream bulk flow focuses reflected ions toward the 
TD from either side of the TD. For other geometries of 
the electric fields, the ions may interact with the bow 
shock and cause the modification of the shock. He has 

also suggested that the TD can deprive a limited spa- 
tial region of downstream reflected-gyrating ions and 
cause the shock to be unstable, which may lead to the 
injection of a density pulse to the upstream. Further 
two-dimensional (2-D) hybrid simulations by Thomas 
et at. [1991] indeed show that the structure near the 
contact locus between the bow shock and a TD may 
be very different for different types of motional electric 
fields. A region with high ion temperature, low mag- 
netic field, and low density, can be generated under the 
"proper" type of the electric field which focuses the re- 
flected ions to the current sheet, whereas no hot flow 
anomaly is present for motional electric fields directing 
ions away from the current sheet on both sides of the 
TD. These simulations and the simulation cases shown 

by Thomsen e! at. [1993], however, are carried out for 
the normal of the bow shock and its upstream flow ve- 
locity being parallel to the TD front. Thus there is no 
relative motion of the TD along the bow shock front, 
as is quite different from the real situation in which the 
interaction line moves along the curved bow shock, and 
the interaction time of the incoming TD with a local 
bow shock may be short. 

The purpose of this paper is to study the genera- 
tion of anomalous flows by the interaction between the 
curved BS and an interplanetary TD or RD. According 
to the general Riemann problem, the interaction be- 
tween a fast shock and an MHD discontinuity or shock 
may lead to the generation of up to seven MHD discon- 
tinuities and shock waves [e.g., Gogosov, 1961; Jeffrey 
and Taniuti, 1964; Neubauer, 1976; Wu et at., 1993; 
Yan and Lee, 1994, 1996; œin et al., 1996a]. The inter- 
action of the bow shock with interplanetary discontinu- 
ities has been studied by gasdynamic theory [Shen and 
Dryer, 1972; Dryer, 1973], MHD theories for perpendic- 
ular shocks [e.g., Volk and Auer, 1974], and MHD sim- 
ulations [Y an and Lee, 1996]. One-dimensional MHD 
[Wu et at., 1993] simulations have been carried out to 
study the interaction of an interplanetary TD with a 
perpendicular BS. An additional fast shock or fast ex- 
pansion wave and a transmitted tangential discontinu- 
ity are found to be generated in the interaction, and 
the bow shock is modified. A solar wind dynamic pres- 
sure pulse may be carried by the newly generated fast 
wave and tangential discontinuity to the Earth's magne- 
topause. By performing a 1-D hybrid simulation, Mandt 
and Lee [1991] studied the interaction of an impinging 
fast wave with the magnetopause, which is considered 
to be a tangential discontinuity to separate the geomag- 
netic and magnetosheath magnetic fields. Nevertheless, 
in general, the normal of the local BS may not be in the 
same direction as the normal of the interplanetary TD. 
In the framework of MHD theory, the oblique interac- 
tion of BS with TD has been investigated by Neubauer 
[1975]. 

The transmission of Alfven waves through the bow 
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shock has been studied by an ideal MHD analysis [Has- 
sam, 1978]. One-dimensional [Yan and Lee, 1996] and 
two-dimensional [Yan and Lee, 1994] simulations have 
also been carried out to study the interaction of an in- 
terplanetary RD or Alfven waves with the bow shock. 
The simulation shows that as a result of the interac- 

tion, a slow-mode-like structure [e.g., Song et al., 1992] 
with an increase in plasma density and a decrease in 
magnetic field is present in the magnetosheath near the 
magnetopause. In addition, Linet al. [1996a, b] have 
carried out 1-D and 2-D hybrid simulations to inves- 
tigate the pressure pulses generated in the bow shock 
and the magnetosheath by the interaction between an 
interplanetary RD and the bow shock. Two rotational 
discontinuities, two slow shocks, and a weak fast ex- 
pansion wave may be generated by the BS/RD interac- 
tion. In the 2-D simulation, it is seen that not only a 
dynamic pressure pulse can be carried into the magne- 
tosheath by the transmitted rotational discontinuities 
and slow waves, but reflected or backstreaming ions at 
local bow shock [e.g., Leroy and Winske, 1983; $choler 
and Terasawa, 1990] can also contribute to the genera- 
tion of pressure pulses both upstream and downstream 
of the bow shock when a local quasi-parallel shock be- 
comes a quasi-perpendicular shock. 

In this paper, we carry out 2-D hybrid simulations 
using a curvilinear coordinate system similar to that of 
Lin e! al. [1996b] to study the interaction of the BS 
with a directional interplanetary discontinuity. The di- 
rectional discontinuity may be an RD or a TD across 
which the magnetic field changes direction but plasma 
density, flow, and field strength are almost constant. 
The simulation model is described in section 2. In sec- 

tion 3, we present the simulation results for BS/TD 
interaction. The results of BS/RD interaction are pre- 
sented in section 4. A summary is given in section 5. 

2. Simulation Model 

In the hybrid simulation, the ions are treated as dis- 
crete particles, and the electrons are treated as a mass- 
less fluid. The 2-D hybrid code used in this study is 
developed by Swift [1995, 1996] and has been used by 
Linet al. [1996b] to simulate the generation of pressure 
pulses in the magnetosheath by the interaction of the 
bow shock with an interplanetary RD. 

The 2-D simulation is carried out in the 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 polar coordinate system 
is used in the simulation, which consists of the radial 
distance r in the xy plane, the z axis pointing from 
north to south, and the polar angle • - tan-l(x/y). 
The Earth is located at the origin. The simulation do- 
main is within the region with 10 RE < r < 35 RE and 
0 ø _• 0 _• 180 ø. The inner boundary at r - 10 RE corre- 
sponds to the magnetopause. The grids are uniformly 
distributed in the r and 0 directions, with a total of 
151 x 122 grids. In the 2-D simulation, the physical 
quantities are assumed to be uniform in the z direction. 

The ion gyrofrequency ft0 in the solar wind is chosen 
to be 0.5 s -1, where ft0 - eBo/mc, Bo is the magni- 
tude of the unperturbed interplanetary magnetic field 
(IMF), e is the electron charge, m is the ion mass, and 
c is the speed of light. This value of ft0 corresponds 
to an IMF B0 . 5 nT. The simulation results shown 
in this paper are for an electron temperature Te - O. 
The effects of electron temperature will be discussed 
elsewhere. In the solar wind, the ion inertial length 
)•0 -- ½/•3pi0, where •piO is the ion plasma frequency, is 
chosen to be 0.17 RE. The grid size along the r direc- 
tion is Ar -- 0.17 RE. The simulations have also been 
run for a higher spatial resolution with Ar -- 0.25A0 
and rat) _• 0.8A0, and the results are similar to those 
shown in this paper. The Alfven speed in the solar wind 
is chosen to be VA0 - 0.084 RE/s. The ion plasma beta 
fi0 in the solar wind is assumed to be 0.5, and the ion 
gyroradius is about 0.12 R/• in the solar wind. The 
above value of the ion inertial length is about 10 times 
of the real value in the solar wind, and the Alfven speed 
is about 7 times. The relatively large cell size and wind 
speed in the simulation will allow the calculation to be 
cost-effective. In our simulation, the number of particles 
per grid is nearly 40-200. We have also run simulations 
for different choices of A0 and found that the shape and 
strength of the bow shock are nearly unchanged. 

The simulation is performed such that first the bow 
shock BS is formed by the convection of high-speed solar 
wind along the -x direction to the Earth. Second, an 
interplanetary TD or 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 
t• be uniform, and the IMF is constant in the simu- 
lation domain. The ion temperature is assumed to be 
isotropic. At t - 0, the solar wind starts to pass the ob- 
stacle, that is, the semicircular magnetopause. Across 
the frontside boundary at r - 35 RE, the solar wind 
flows and convects the IMF B0 into the simulation do- 
main. The straight line boundary segments at • - 0 ø 
and • - 180 ø represent two outflow boundaries, respec- 
tively. A reflecting wall boundary condition is applied 
at the inner boundary with r - 10 

The initial TD and RD are assumed to be a planar 1- 
D structure that is perpendicular to the xy plane, across 
which the physical quantities experience a jump only 
along the discontinuity normal n, which is the propa- 
gation direction k of the discontinuity. The initial dis- 
continuity is allowed to propagate along an arbitrary 
direction to the bow shock. The TD is an entropy mode 
discontinuity convecting with plasma, relative to which 
the plasma flow velocity 

v• -0 (1) 

where the subscript n indicates the normal component. 
The normal magnetic field component 

-0 

The total pressure is balanced across the TD, with 

P + B•/21•o - const 
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in a plasma with an isotropic temperature, where P is 
the thermal pressure. In this study, we only consider 
the interaction of directional discontinuities with BS; 
that is, we assume that the tangential magnetic field 
can change direction arbitrarily across the initial TD, 
but plasma density• pressure, and field strength do not 
have a significant change. In addition, the flow velocity 
is assumed to be unchanged across this interplanetary 
current sheet. 

In a plasma with an isotropic temperature, the di- 
rection of the tangential magnetic field can change ar- 
bitrarily across the rotational discontinuity, while the 
magnetic field strength and plasma density and pres- 
sure remain unchanged. The normal component of in- 
flow velocity at the rotational discontinuity satisfies 

- + / vS, o , (4) 
where N is the ion. number density, m• is the ion mass, 
and the positive (negative) sign is applied if the normal 
incident velocity is parallel (antiparallel) to the normal 
componen• of magnetic field B,•. The change of the 
tangential velocity across the rotational discontinuity 
should obey the Walen relation 

AV, - +AB,/v/l•omiN (5) 
where AVt is the variation of tangential flow velocity 
across RD, and ABt is the change of tangential mag- 
netic field. The normal component of magnetic field 

Bn = const (6) 

at the rotational discontinuity. When RD or TD propa- 
gates to various positions, the magnetic field and plasma 
quantities at the corresponding positions in the frontside 
semi-circular boundary changes direction. The half 
width of the initial RD or TD is assumed to be about 
2•0. 

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 the Faraday's law to advance the magnetic field. 
Quasi-charge neutrality is assumed in the hybrid code. 
The code utilizes the subcycling of the advance of the 
magnetic field to the advance of the particle. In our 
simulation, the time step for the advance of particles 
is At - 0.1 f•x, and the magnetic field is advanced 
10 time steps for every time step the particles are ad- 
vanced. The magnetic field B is normalized to the 
unperturbed IMF B0, ion number density N to No, 
flow velocity V to VA0, and time t to f•l. The ther- 
mal and magnetic pressures are expressed in units of 
Po - B•/l•o, which is equal to NoV•o. 

3. Interaction of an Interplanetary TD 
With BS 

In this section, we present six cases for BS/TD inter- 
action, as indicated in Table 1. In cases 1 and 2, the 
normal component of the motional electric field relative 
to the initial TD as inferred from the upstream mag- 
netic field and bulk flow velocity of the bow shock is 

symmetric on both sides of the TD, either toward or 
away from the TD. In cases 3 to 6, the magnetic field 
geometry and the motional electric field are asymmetric 
on the two sides of TD, and a relatively large modifica- 
tion of the bow shock due to the BS/TD interaction is 
anticipated [e.g., Neubauer, 1975]. 

3.1. Symmetric Electric Field 

In case 1, the initial IMF has an angle of 60 ø relative 
to the xy plane, and the field component in the xy plane 
makes an angle of 45 ø with the -x and -y direction, 
with Bx0 = By0 = -0.354B0 and Bzo = 0.866B0. The 
solar wind is assumed to have a speed of V0 - 5VA0 
along the -x direction, which corresponds to an Alfven 
Mach number Mn = Vo/Vno = 5. An interplanetary 
tangential discontinuity convects into the simulation do- 
main from the front side boundary at t - 20 f•l, 
across which the magnetic field changes direction by 
A•B - 120 ø. Behind the initial TD, the magnetic 
field components are Bxl - Bvl = -0.354B0 and 
Bzl - -0.866B0, where the subscript "1" indicates 
quantities behind the TD. Note that the TD propagates 
with a 45 ø angle relative to the -x and +y direction. 
In this case, the x and y components of the magnetic 
field do not change across the TD but Bz reverses sign. 
The motional electric field projected to the normal n of 
the TD, En -- E0 ß n = - (V0 x Bz0) ß n, points toward 
the TD on both the leading and the trailing side of the 
TD. 

The left, middle, and right columns in Figure I show 
the simulation results at t = 40, 60, and 75 •-1, respec- 
tively. Shown in Figure I are, from the top, magnetic 
field vectors in the xy plane, the contours of magnetic 
field B (in logarithm scales), z component magnetic 
field Bz, ion number density N, ion flow speed V and 
thermal pressure P, and streamlines in the xy plane. 
At t - 40 f•l, a bow shock has formed in front of 
the magnetopause, as indicated in Figure 1. Across the 
BS the magnetic field, ion number density, and pressure 
increase, while the flow speed decreases. The flow di- 
verges to the dawn (right) and dusk (left) flank sides. 
The initial interplanetary TD has propagated near the 
dusk side BS, as indicated in Figure 1. Note that across 
the TD the magnetic field lines are aligned with the dis- 
continuity front. 

At t = 60 f•l, the TD has already interacted with 
part of the BS on the dusk side and has reached the 
subsolar region on the shock front of the BS. It appears 
that similar to the results obtained by Neubauer [1975], 
Burgess and Schwartz [1988], and Wu et al. [1993], a 
modified bow shock (BS •) and a transmitted tangen- 
tial discontinuity (TD•), which appears in the magne- 

Table 1. Cases for BS/TD Interaction 

Symmetric E Asymmetric E 

E toward TD case 1 case 3 

E away from TD case 2 cases 4, 5, and 6 

BS, bow shock; TD, tangential discontinuity. 
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t - 40f•1 t -- 60•'•-1 
Field 

t = 75f• -• 

Figure 1. (top to bottom) Magnetic field vectors in the xy plane, contours of magnetic field B, 
z component magnetic field Bz, ion number density N, ion flow speed V and thermal pressure P, 
and streamlines in the xy plane at (left) t - 40 f•, (middle) t = 60 f•, and (right) t - 75 f• 
obtained in case 1. The straight line S in the right column indicates the path for the profiles in 
Figure 3. 

tosheath as indicated in the middle column of Figure 1, 
have formed as a result of the interaction between the 
initial BS and a directional TD. The transmitted fast- 
mode wave is too weak to be identified. The modified 

bow shock and the transmitted tangential discontinuity, 
which propagates to the magnetopause, proceed behind 
the initial TD as the TD sweeps the BS. The strength 
of the modified bow shock is nearly the same as that 
of the original BS. Across the transmitted tangential 
discontinuity, the field rotates by nearly the same angle 
as across the initial TD. A detailed analysis for all the 
wave modes and associated pressure pulses generated 
through the oblique BS/TD interaction will be given 
e. lsewhere. 

Note that in our 2-D simulation, the bow shock keeps 
propagating sunward because of the pileup of magnetic 
flux at the magnetopause. This systematic motion is 
slow after the bow shock has formed, with a speed of 
less than 10% of the upstream flow velocity or the rel- 
ative speed between the BS and TD. The strength and 
structure of the BS are nearly not changing with time 
if without the interaction with the TD. This slightly 
relative motion between the BS and TD may not have 

much effect on the simulation, although it results in a 
slightly higher Mach number of the shock. 

At t = 60 f•, a cavity has formed in the contact 
area between the BS and TD. This cavity appears to be 
embedded in the downstream plasma of the bow shock, 
in which the magnetic field and ion number density are 
below the values of the ambient downstream, similar to 
the results by Thomas et al. [1991]. The temperature 
increases near the edges of the cavity. Figure 2a shows 
the ion particle velocities vix, viy, and viz (normalized 
to VAo) along 0 = 90 ø, the trailing edge of the cavity, 
from r - 17 Rs to 21 Rs at t - 60 f•. Reflected ions 
are observed at the intersection between the BS and 

TD near r = 19R•, as shown in the vix and viy plots. 
These ions gain energy from the motional electric field 
and are accelerated in the +y direction toward the TD. 
The electric field focuses the hot reflected ions to the 

current sheet from both the leading and trailing sides. 
Note that the flow velocity is also deflected from the 
edges of the cavity toward the current sheet, as shown 
in the streamline plot in the middle column of Figure 
1. The cavity has slightly expanded by this time, and 
the contact area between the BS and TD is wider than 



24,270 LIN' ANOMALOUS FLOWS NEAR THE BOW SHOCK 

15 

-15 

15 

-15 

(a) [-60, 0-90 ø 

15 

0 - 

-15 

(b) t-75, 0-60 ø 

17 2117 24 
r r 

Figure 2. The ion particle velocities vix, viy, and viz (normalized to VA0) as a function of 
distance r from the center of the Earth (in units of RE) along (a) 0 - 90 ø for t -- 60 fl• • and 
(b) 0 - 60 ø for t - 75 fl•. 

the width of the TD. This cavity, however, does not 
develop as in the cases shown by Thomas e! al. [1991]. 
At t = 60 fl• •, its bottom has reached the resulting 
TD • in the downstream region. At the center of the 
cavity, the temperature is nearly as low as that in the 
upstream plasma. The flow speed is nearly the same 
as the upstream inflow speed. This cavity is not in 
equilibrium. 

As the TD further propagates along the surface of BS, 
hot reflected ions accumulate upstream near the edges 
of the TD, as predicted by Burgess [1989]. Some hot 
reflected ions are left behind the TD as it propagates, 
and a bulge of hot ions is formed at the trailing edge of 
the BS/TD intersection. On the other hand, no bulge 
appears at the leading side of the TD. The bulge ex- 
pands to its ambient with time. At t = 75 fl• •, the 
TD has propagated to the dawnside (y > 0), where the 
fronts of TD and BS are almost perpendicular to each 
other and the interaction time between the TD and BS 

is relatively long. A significant bulge has developed on 
the BS front at the trailing edge of the TD. The width 
of the TD becomes quite large near the BS/TD interac- 
tion region, spanning the bulge. The bulge stands into 
the upstream of the BS by about 2 RE relative to the 
average front of the bow shock. The bulge structure is 
found to be localized and moving with the initial TD 
on the surface of the BS. 

Associated with the sunward expansion of the bulge 
front and the motion of reflected ions is an outward 

motion of the ion flow. A strong sunward deflection 
of the flow is seen in the streamline plot in the right 
column of Figure 1. Figure 2b shows the ion velocities 
at t = 75 fl• • .at various locations from r = 17 RE to 
24 RE along 0 = 60 ø which passes through the bulge 
region. The bulge region ranges from r •_ 20 RE to 
22 RE along this radial line. The thermal velocities of 

ions appear more scattered in the bulge region, as seen 
in Figure 2b. Nevertheless, no strong thermalization 
appears in the z direction. The perpendicular tempera- 
ture is much higher than the parallel temperature in the 
bulge region, as is quite different from the satellite ob- 
servations which show that the ions are nearly isotropic 
in the hot anomalous flow events [e.g., Thomsen e! al., 
1986]. The lack of the isotropic thermalization may be 
due to the fact that the spatial resolution in the simu- 
lation is not high enough for wave instabilities associ- 
ated with the large temperature anisotropy to develop 
within the bulge. It may also be due to the 2-D nature 
of the simulation. The bulge uniformly extends to in- 
finity in the z direction, and there are no wave vectors 
associated with any instabilities in the z direction. A 
further study using three-dimensional particle models 
with more realistic time and spatial scales is necessary. 

In order to see the properties of field and plasma 
quantities in the bulge, here we plot the profiles of the 
physical quantities at t - 75 fl• • as a function of the 
spatial coordinate 0 along part of the path $ as in- 
dicated in the right column of Figure 1, which passes 
through the bulge with an angle of 21 ø relative to the 
y direction. The left column of Figure 3 shows, from 
top to bottom, the spatial profiles of the magnetic field 
components Br, Bz, Bo, field strength B, latitudinal 
angle as (dashed line) and azimuthal angle 7B (solid 
line) of the magnetic field, flow speed V, latitudinal an- 
gle av (dashed line) and azimuthal angle 7v (solid line) 
of the ion flow, ion number density N, and temperature 
T. Here aB (av) is the angle between the magnetic field 
(flow velocity) and the z axis, and 7s (7v) is the angle 
between the field (flow velocity) projection in the xy 
plane and the x axis. Note that av - 0 ø and 7v - 90 ø 
indicates a sunward flow along the +x direction. A close 
look of the contours of magnetic field, ion number den- 
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Figure 3. (left) Profiles of the normalized quantities along the path $ in Figure 1 as a function 
of the spatial coordinate t). (top to bottom) Spatial profiles of the magnetic field components 
Br, Bz, Bs, field strength B, latitudinal angle aB (dashed line) and azimuthal angle ?B (solid 
line) of the magnetic field, flow speed V, latitudinal angle av (dashed line) and azimuthal angle 
?v (solid line) of the ion flow, ion number density N, and temperature. The angle as (a•) is the 
angle between the magnetic field (flow velocity) and the z axis, and ?s (?•) is the angle between 
the field (flow velocity) projection in the xy plane and the x axis. All the angles are in units 
of degree. The two vertical dotted lines on each side roughly mark the boundary region of the 
bulge on that side. (right) Contours of (top) magnetic field, (middle) ion number density, and 
(bottom) temperature around the bulge region at t- 75 f•l. 

sity, and temperature around the bulge region is also 
shown in the right column of Figure 3. 

A significant increase in magnetic field and ion num- 
ber density relative to the ambient upstream is found in 
the boundary regions of bulge, as seen from the spatial 
profiles in the left column of Figure 3, where the two 
vertical dotted lines on each side of the plots roughly 
define the boundary region on the corresponding side 
of the bulge. This bulge structure is embedded in the 
solar wind, which has a low magnetic field, ion number 
density, and temperature. A plasma region with low 
density is present at the center of the event, as seen in 
the profiles of N as well as its contour plot. There also 
exists a core of low field region in later times, but it 
is in general not as low as the density. The thickness 
of the boundary region, where the high density flanks 
the bulge, and the strength of the associated field and 
density may be different as one passes through a dif- 
ferent part of the bulge. The latitudinal angle as of 
magnetic field changes from 0 ø to 120 ø, and this field 

change is usually present on the leading side of the 
bulge. Large fluctuations in the azimuthal angle ?s are 
found throughout the event. The azimuthal angle % of 
the flow velocity is found to change from 180 ø before 
the event to about 80 ø in the bulge region. This change 
indicates that the flow strongly deviates sunward from 
its upstream earthward direction. Note that ?v < 90 ø 
represents a sunward component with Vx > 0. The ion 
flow speed is reduced from supersonic in the solar wind 
to subsonic in the bulge. Many of the above results 
are consistent with the satellite observations of the up- 
stream anomalous flow events near the bow shock [e.g., 
Schwartz e! al., 1988]. 

The increase in temperature exists in most part of 
the bulge region, while this increase is relatively slow at 
the trailing edge where the high density flanks the cen- 
ter part of the bulge. The temperature increase at the 
leading edge of the bulge tends to be sharp, as shown in 
Figure 3, different from the trailing edge where the tem- 
perature increases slowly in the high density boundary. 
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The trailing part of the profile is more consistent with 
the observations [e.g., Paschmann et al., 1988;'Schwartz 
et al., 1988] than the leading part. A close examination 
of the simulation results shows that the total pressure at 
the leading edge is much larger than that in the ambient 
plasmas, indicating a stronger time variation near the 
leading edge. In some other cases in which the bulge has 
further developed, the total pressure there is reduced to 
a moderate level. In the simulation, little effects of re- 
flected ions are found at the leading edge of the bulge. 
Note that in the simulation the propagation speed of 
the TD relative to the curvature of the bow shock front 

is larger than that in the reality. 
As the TD continues to move into the flank side of 

the BS, the outer boundary of the bulge extends toward 
the dawnside. The sunward deflection in flow becomes 

weaker. We have also simulated the cases with the same 

BS and TD as case I but different magnitude of Bz0. 
The results are similar to case 1. For example, a sig- 
nificant bulge also forms in the case with a 70 ø field 
rotation angle across the TD. Overall, the strength of 
the bulge and the associated flow sunward deflection is 
larger for a larger Bz0. 

In case 2, the initial BS and TD are similar to that of 
case 1, except that the sign of B• is different from that 
in case 1, with B•0 - -0.866B0 ahead of the TD and 
B• - +0.866B0 behind TD. The motional electric field 
is pointing away from the TD on both sides of the cur- 
rent sheet. Figure 4 shows the field lines, streamlines, 
and contours of physical quantities at t - 75 f•y•. Sim- 
ilar to the results in case 1, a transmitted tangential 
discontinuity TD • is present in the downstream region 
behind the interaction line. 

The structure near the interaction region between the 
TD and BS, however, is quite different from that in case 
1. Instead of the formation of a bulge which stands out 
of the average bow shock front, at some distance from 
the interaction region the front of BS • appears to locate 
inward toward the downstream, as shown in Figure 4. 
The bow shock near the interaction region undergoes a 
reforming and steepening process. This is due to the 
fact that the motional electric field causes the reflected 

ions to gyrate away from the TD on both sides of it 
and thus leads to the lack of downstream gyrating ions. 
The local bow shock is therefore unstable in a manner 

similar to that suggested by Burgess [1989]. The shock 
steepens, and more reflected ions are formed near the 
region. This effect is more evident as the TD is sweeping 
the bow shock and moving into the dawnside. Behind 
the interaction line, a bulge-like structure is formed as 
shown in Figure 4, which contains a hot plasma. A 
sunward flow deflection is present correspondingly. In 
later times of the simulation run, this bulge also extends 
into the upstream. Nevertheless, the overall size of the 
upstream bulge is not as large as that of case 1. 

3.2. Asymmetric Electric Field 

In the following cases, the motional electric field on 
the two sides of the TD is assumed to be asymmetric. 
In cases 3 to 5, the magnetic field strength, ion num- 

N 

V 

Streamli 

. 

Figure 4. Magnetic field vectors, contours of B, Bz, 
N, V, and P, and streamlines for case 2 at t - 75 f•. 

ber density, pressure, and flow velocity do not change 
across the initial TD, whereas the magnetic field direc- 
tion changes. The effects of a small density jump across 
the TD are shown in case 6. 
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In case 3, the initial interplanetary magnetic field is in 
the xy plane with Bxo - Byo - -0.707Bo, which makes 
an angle of 45 ø with the -x and -y directions. The z 
component magnetic field Bzo - 0, and the Mach num- 
ber MA -- 5. An interplanetary TD propagates into the 
domain from the front side at t - 20 f•l across which 
the magnetic field changes direction by A•B -- 80 ø, and 
behind the initial TD the magnetic field components are 
Bxl -- -0.12Bo, By• - -0.12Bo, and Bz• - -0.98Bo. 
Behind the TD, the motional electric field has a com- 
ponent pointing toward the current sheet, whereas the 
electric field is aligned with the surface of the TD front 
in the region ahead of the TD. 

Figure 5 shows the field lines, contours of magnetic 
field, Bz, N, flow speed V and P, and streamlines at 
t - 70 f•. The result of this case is very similar 
to that of case 1. Behind the TD, the reflected ions 
near the bow shock are focused to the TD by motional 
electric field. This effect then leads to the formation of 

the bulge at the intersection between the TD and BS. 
The bow shock BS in the dawn region is a quasi-parallel 
shock and appears more turbulent than that in the dusk 
region. 

One of the differences between case 3 and case 1 is 

that the bow shock BS • has been strongly modified after 
the BS/TD interaction. The magnetic field is mainly 
in the z direction behind the TD, whereas it is in the 
xy plane ahead of it. The shock normal angle, OBn = 
cos-I(Bn/B), at any local bow shock along BS • front 
has changed greatly as compared with that at BS before 
the interaction. The modification of the bow shock is 

found to also contribute to the formation of the bulge. 
This effect is discussed in the following for case 4. 

In case 4, the initial bow shock BS is the same as that 
in case 3. The initial TD is also similar to that in case 

3, except that the rotation of the tangential magnetic 
field is in the sense opposite to that in case 1. The 
magnetic field components behind the TD are B• = 
Bu• - 0.12Bo and Bz• - 0.98Bo, corresponding to a 
field rotation of A•B -- --80 ø. The motional electric 
field is pointing away from the TD on its trailing side 
and aligned with the TD front on its leading side. 

The left, middle, and right columns in Figure 6 show 
the simulation results at t - 40, 60, and 70 •-1, respec- 
tively. At t - 40 f•l, the initial interplanetary TD has 
propagated near the dusk side BS, as indicated in Fig- 
ure 6. The Bz component increases across the TD. At 
t - 60 f•, the TD has reached the subsolar region of 
the BS. A modified bow shock BS' and a transmitted 

tangential discontinuity TD' have formed behind the 
interaction line. 

As seen in Figure 6, the front of the modified bow 
shock BS • shifts sunward relative to the BS, consistent 
with the calculation by Neubauer [1975]. This change 
in the flaring angle of the shock front is due to the 
oblique interaction between the BS and TD, while the 
outward shift of the bow shock front is larger for a larger 
asymmetry in magnetic field on the two sides of the 
TD. The bow shock BS' becomes a nearly perpendicular 
shock after the interaction. The same case has been run 
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Figure 5. Field lines, con•ours of magnetic field, B•, 
N, flow speed V and P, and s•reamlines a• t- 70 • 
for case 3. 

with a higher spatial resolution of Ar - 0.25•0, and the 
results are very similar to those shown in Figure 6. 

At t - 70 f•l, the interplanetary TD has propa- 
gated to a position in the dawnside region of BS, where 
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Figure 6. Magnetic field vectors, contours of various quantities, and streamlines at (left) t - 
40 f•, (middle) t - 60 f•, and (right) t - 70 f• obtained from case 4. 

the fronts of TD and BS are almost perpendicular to 
each other. At the intersection between the two fronts, 
a bulge of magnetic field and plasma has formed, as 
shown in the right column of Figure 6. The field lines 
in the bulge is bent toward the upstream. The magnetic 
field is fairly turbulent in both the interplanetary TD 
and the TD'. Associated with the sunward expansion 
of the bulge front is an outward motion of the ion flow. 

A strong sunward deflection of the flow is seen in the 
streamline plot. The flow deflection is found both in 
the bow shock and in the magnetosheath plasma right 
behind the bulge. Notice that the flow event in the 
magnetosheath is not in the transmitted tangential dis- 
continuity TD'. 

In this case, the formation of the bulge is found to be 
caused mainly by the modification of the bow shock in 
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the BS/TD interaction, that is, the difference between 
the BS ahead of the interplanetary TD and the BS t be- 
hind the TD. Across the contact area of the TD and 

the BS, the front of the BS t is at a larger distance from 
the magnetopause than that of the BS. The magnetic 
field, ion number density, and pressure at point a imme- 
diately downstream of the BS •, as shown in the middle 
column of Figure 6, are much larger than the field and 
plasma quantities at point b just upstream of the BS. 
The plasma and field become discontinuous from a to 
b. The magnetic field at point a is nearly 3.3 times of 
that at point b, and the thermal pressure at point a is 
nearly 51.1 times. The sum of the thermal and mag- 
netic pressures at point a is roughly the same as that 
in the part of TD • between a and b, but it is nearly 24 
times larger than the total pressure at point b. Since 
the plasma flow at point b is nearly along the -x di- 
rection, there is nearly no normal flow component at 
the part of discontinuity between a and b and thus no 
dynamic pressure to balance the difference between the 
pressures at a and b. The plasma in TD • thus expands 
toward point b. At the same time, the motional elec- 
tric field behind the TD causes reflected ions to move 

away from the TD. The local bow shock becomes un- 
stable, and the downstream plasma behind the contact 
area of the BS and TD also expands sunward during 
the reformation of the bow shock. 

Figure 7 shows the contours of magnetic field, ion 
density, and temperature around the interaction region 
between the BS and TD at an early time of the bulge 
formation of case 4. The calculation for this plo.t is 
performed for case 4 but with a higher spatial reso- 
lution of Ar = 0.25•0 and a correspondingly smaller 
time step. The initial TD is also assumed thinner, with 
a half width of 1.5•0. The presence of the bulge-like 
structure is clearly seen in Figure 7 between the two 
different parts of the bow shock front which has differ- 
ent standoff positions. The plasma is found to expand 
sideways from the center of the bulge. At this moment, 
the density near the right boundary is much higher than 
that in the inner area of the bulge. For the initial IMF 
orientation in case 4, which may represent an IMF in 
the typical Parker spiral, the unbalanced pressure be- 

comes more significant as the initial TD propagates to 
the dawn side where the angle between the fronts of BS 
and TD is large. The sideway expansion is followed by 
a sunward motion of the downstream ions behind the 

bulge, leading to the formation of the large bulge in the 
right column of Figure 6 and the associated sunward 
flow. Note that as the front of the TD is nearly per- 
pendicular to the front of the BS, the interaction time 
between the TD and BS is relatively long and the bulge 
may be more significant. 

Another important factor that may contribute to the 
formation of the bulge is the presence of disturbances 
in the tangential discontinuity as it collides with the 
bow shock, as seen in case 4. The disturbances may 
cause the diffusion of magnetic field and thus a magnetic 
reconnection. The presence of magnetic reconnection 
and its effects are discussed below for case 5. 

In case 5, the initial BS and the incoming interplan- 
etary TD are the same as those in case 4, except that 
the field rotates by an angle of 120 ø across the TD, in 
the same sense as in case 4. The TD propagates into 
the simulation domain at t = 10 f•l. The left, middle, 
and right columns of Figure 8 show the field vectors, 
streamlines, and contours of B, N, and V at t = 50, 
60, and 70 f•l. The projection of field lines in the 
xy plane reverses sign across the TD, as seen in Figure. 
8. When the incoming TD first collides with the dusk 
side BS, the current sheet (TD) is compressed, and a 
local magnetic field line reconnection is found to take 
place at the interaction site. At t = 50 f•l, pertur- 
bations and some reconnection in field lines are seen in 

the transmitted tangential discontinuity TD •, as shown 
in the field vector plot in the left column of Figure 8. 

At t = 60 f•l, the interplanetary TD has moved past 
the subsolar point on the bow shock. A bulge is present 
at the intersection between the incident TD and the 

BS. In addition, a clear magnetic reconnection is seen 
at the intersection. Because of the strong field kink, 
the ion flow is accelerated by magnetic tension force to 
the upstream of the bow shock. A flow reversal which 
is stronger than that in case 4 is found at X line, as 
shown in the streamline plot in the middle column of 
Figure 8. The variation of bulk flow velocity due to 
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Figure 7. Contours of B, N, and T around the bulge region at an early time while the bulge 
starts to form. Shown for a run of case 4 with a higher spatial resolution. 
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Figure 8. Magnetic field vectors, streamlines, and contours of B, N, and V at t - 50, 60, and 
70 •-1 for case 5, 

reconnection is found to be more apparent when the 
interplanetary TD has propagated to the dawn side. 
At t = 70 f•, the incident TD has propagated to the 
dawn side flank of the BS. Because of the reconnection 

at the intersection of the initial TD and BS, some of the 
plasma is ejected from the bow shock to the upstream, 
as seen from the contour plots of ion number density 
and flow speed. A filament of high-density ions is found 
around the reconnection region. Again, a large sunward 
deflection appears in the flow both at the bow shock and 
in the magnetosheath, as seen in the streamline plot. 

A small background resistivity, which corresponds to 
a collisional frequency of 0.08 •o, is imposed in case 5. 
We have also simulated a case with a current-dependent 
resistivity. The reconnection pattern and the resulting 
flow pattern are very similar to that shown in Figure 8. 
The reconnection process is found to be mainly deter- 
mined by the driving force associated with the compres- 
sion of the current sheet during the BS/TD interaction. 

For cases with the same initial BS (IMF in the xy 
plane) and the same field rotation sense across TD as 
in case 4, the simulation of BS/TD interaction has also 
been carried out for TDs with a field rotation angle 
A•B = -40 ø, -60 ø, -90 ø, -150 ø, -160 ø, and -180 ø. 
The bulge and the corresponding flow event are too 
weak to be identified for the field rotation angle which 
is less than 40 ø . The modification of the bow shock by 
BS/TD interaction is stronger as [A•B[ increases, and 
the flow events are also stronger. For the rotation angle 
which is greater than 80 ø, the enhancement of sunward 
deflection in plasma flow by local magnetic reconnec- 
tion is clearly seen. Tangential discontinuities with a 
very large field rotation angle, however, may be rarely 
seen in the solar wind. 

The bulge structure may be enhanced if there exists 
a density and field jump across the initial TD. Figure 
9 shows the simulation results of case 6, in which the 
initial BS and TD are the same as those in case 4, ex- 
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Figure 9. Field vectors, contours of magnetic field, 
ion number density and flow speed, and streamlines at 
t- 70 f• in case 6. 

cept there is an ion number density jump R•v - 0.8 
across the TD. Here R•v -- N•/No, and N• and No are 
the ion number density behind and ahead of the TD, re- 
spectively. Correspondingly, the magnetic field strength 
is slightly increased across the TD to satisfy the total 
pressure balance, whereas the temperature is assumed 
to be constant. The TD is assumed to propagate into 
the simulation domain at t - 10 f•l. Shown in Fig- 
ure 9 are the field vectors, contours of magnetic field, 
ion number density and flow speed, and streamlines at 
t - 70 f•. The bulge at the bow shock is found to be 
larger than that in case 4. A large sunward deflection 
in the flow is observed, as shown in Figure 9. 

The modification of the bow shock after the BS/TD 
interaction is stronger than that in case 4. The outward 

shift of the BS • front relative to the BS is enhanced by 
the density ratio R•v • 1. In the upstream region of 
the modified bow shock BS •, the ion number density is 
smaller than the density upstream of the unperturbed 
BS, and the the field is slightly larger. The Alfven speed 
upstream of BS • is thus increased. Since the flow veloc- 
ity is unchanged across the initial TD, the Alfven Mach 
MA of the bow shock is reduced. A decrease in MA and 
dynamic pressure causes the front of the bow shock to 
move sunward, especially in the flank region. This can 
also be understood by considering the change in up- 
stream ramp pressure due to the incoming TD. This 
effect thus strengthens the effects of a net A•B across 
the TD as in case 4. As a result, the bulge is larger then 
that in the RN -- I case, and so is the flow deflection. 

We have also simulated a case which has an R•v - 1.5 
and otherwise the same as case 6. The bulge is found 
to be smaller than that in cases 4 and 6. This result 
may be due to that an R• > I leads to an inward shift 
of the bow shock front, which in this case is against the 
effects of A•B. 

The generation of the bulge structure at the bow 
shock by BS/TD interaction has been suggested by 
Schwartz ½! al. [1988]. Apart from the ion kinetic ef- 
fects, they have also discussed the breakup of the bow 
shock which is due to an large angle between the fronts 
of BS and TD. The motion of the interaction line be- 

tween the BS and TD is slowed down if the angle be- 
tween their fronts is large. When the angle is greater 
than a critical angle, the resulting discontinuities in the 
BS/TD interaction would propagate ahead of the in- 
teraction line. This would lead to the breakup of the 
discontinuities [Ncubaucr, 1975]. SuCh a breakup, how- 
ever, has not been identified in our simulation. 

It has also been suggested by Paschmann e! al. [1988] 
that the internal structure of the TD, such as a fila- 
ment of low density plasma in the transition of TD, 
may result in changes in dynamic pressur e and Mach 
number upstream of the bow shock. This modified up- 
stream condition may then cause a deflection of the bow 
shock. In our simulation, slight variations in density are 
present inside the TD transition. The upstream condi- 
tion at local BS is changed by this internal TD struc- 
ture especially when the fronts of the BS and TD are 
perpendicular to each other. This change, however, is 
relatively small and may not be the main reason for the 
formation of the bulge structure. Some diffusion and 
expansion are found associated with the incident TD in 
our simulations as it propagates to the bow shock, but 
these changes are relatively small, although the width 
of the TD has effects on the size of the bulge. Never- 
theless, we have not simulated the cases with a special 
internal structure of TD. 

It should be noticed that in cases 4 to 6, the electric 
fields are not toward the TD as in cases I to 3. The 

results in cases 4 and 5 suggest that the bulge may also 
be present under a largely asymmetric electric field at 
TD which causes a geometry change of the bow shock 
even though the electric field is not in the "proper" 
sense. This result seems to be in contrast to the claim 
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of Thomas e! al. [1991], in whose simulation the TD 
is perpendicular to the straight bow shock front and 
propagates in the direction of bow shock normal, which 
is quite different from the realistic situation. While the 
present simulation has suggested some additional mech- 
anisms for the formation of the bulge, more detailed 
searches for the structure and size of the bulge under 
various electric field conditions need to be conducted in 
future simulations. 

4. Interaction of an Interplanetary RD 
With BS 

The simulation has also been carried out for the in- 

teraction between the BS and an interp!anetary rota- 
tional discontinuity. For the cases in which the RD has 
a small normal component of magnetic field Bn, small 
bulge•like plasma structure is present at the intersec- 
tion between the RD and BS in a similar manner as in 

the TD/BS interaction. The modification of the bow 
shock position due to the interaction also appears in 
the BS/RD interaction. Nevertheless, no strong bulge 
and no apparent flow deflection is found to finally form 
upstream of the bow shock, which is more evident in 
the cases with a larger normal component of magnetic 
field at RD. This result may be due to the fact that a 
finite normal component of magnetic field at the con- 
tact locus between the BS and RD would act to confine 

the ions to the downstream region. A strong sunward 
flow deflection, however, can be generated in the mag- 
netosheath by the BS/RD interaction. 

We show in case 7 the interaction between the bow 

shock and an interplanetary rotational discontinuity. A 
detailed analysis for the BS/RD interaction in the 2-D 
hybrid model has been given by Linet al. [1996b]. 

In case 7, the initial IMF is in the -y direction, with 
Bxo = Bzo = 0 and Byo = -Bo. The solar wind 
flow velocity V0 = 5VA0 along the -x direction. At 
t = 30 •, an interplanetary RD propagates to the 
bow shock from the dawn side front boundary. The 
propagation direction of the RD is oblique to the x 
axis, with k = (-0.866,-0.5, 0), which makes an an- 
gle of 30 ø with Sun-Earth line. The rotation angle of 
the tangential magnetic field is A•B = -160 ø across 
the RD. 

The left and right column of Figure 10 shows mag- 
netic field vectors in the xy plane, streamlines in the 
xy plane, and contours of magnetic field, ion number 
density, and flow speed at t = 55 •l and 70 
respectively. At t = 55 •, the RD has interacted 
with the BS in the subsolar region and in most of the 
dawn side flank region. Kinked field lines are present 
slightly downstream of the now bow shock BS •. The 
strength of the BS • is nearly the same as that of the 
initial BS. Associated with the field kinks, a strong ac- 
celeration or deceleration in ion flow is found. In some 

regions the streamlines are strongly deflected duskward 
and sunward, as shown in the left column of Figure 
10. The deflection of the flow is also seen at the bow 

shock front, but it is not as significant as in the cases 
of BS/TD interaction. 

At t = 70 •-1, the structure with the field kinks 
has propagated farther downstream. As obtained by 
œin et al. [1996a, b], this structure (RD1) is essen- 
tially a combination of rotational discontinuities and 
slow shocks. Inside this structure, the magnetic field 
decreases, while the ion density and thermal pressure 
slightly increase. This structure has also been found by 
Yah and Lee [1994, 1996], who have suggested that the 
propagation of this structure to the magnetopause may 
lead to the formation of a slow-mode structure [e.g., 
Song e! al., 1992] observed by satellites in the magne- 
tosheath near the magnetopause. The magnetic field 
rotates by nearly the same angle across RD1 as across 
the initial RD. A large flow deflection is present in RD 1 
in the magnetosheath proper, as shown in the right col- 
umn of Figure 10. A significant dynamic pressure pulse 
is present in RD1. 

The deflection of the magnetosheath flow increases 
with the field rotation angle A•B across the initial RD 
for I _< 180 ø. We have also simulated cases with 
various propagation direction k of the initial RD. The 
RDs with a propagation direction more oblique to the 
x axis may result in a larger sunward deflection in flows 
at the bow shock and in the magnetosheath. This is 
because that the changes of field direction and veloc- 
ity at a rotational discontinuity are transverse to the 
normal direction of the discontinuity. An oblique RD 
may result in a relatively oblique RD1 front, in which 
the magnetic tension force may have a relatively large 
sunward component. Therefore a strong sunward de- 
flection may be generated in the magnetosheath. Note 
that the generation of anomalous flows in the magne- 
tosheath by BS/RD interaction has also been suggested 
by Yah and Lee [1996]. 

5. Summary 

In summary, 2-D hybrid simulations using a curvilin- 
ear coordinate system have been carried out to investi- 
gate the generation of anomalous flow events near the 
bow shock and in the magnetosheath. The interaction 
between the bow shock and a interplanetary tangen- 
tial discontinuity or rotational discontinuity is exam- 
ined. The main results are given below. 

In the interaction of the BS with a directional TD, a 
modified bow shock BS •, a transmitted tangential dis- 
continuity TD •, and some other waves modes may be 
generated behind the interaction line. The TD • propa- 
gates in the magnetosheath toward the magnetopause. 
A weak-fast mode wave may also be formed and propa- 
gate ahead of the TD •, but it is too weak to be identified. 
Across the TD •, the rotation angle of magnetic field is 
almost the same as that across the incident TD. As the 

interplanetary TD moves to a position where the fronts 
of BS and TD are nearly perpendicular to each other, 
a bulge structure of magnetic field and plasma may be 
formed at the intersection of the BS and TD, in which 
a hot plasma is present. This bulge expands to the up- 
stream, and the width of the TD near the bulge becomes 
thick. The size of the bulge, which can be of the order 
of a few Earth radii, is also related to the thickness of 
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Figure 10. Magnetic field vectors, streamlines, and contours of magnetic field, ion number 
density, and flow speed at t- 55 a• and 70 a• obtained in case 7. 

the incoming TD. A strong sunward deflection in ion 
flow velocity may be present in the upstream bulge as 
well as in the downstream magnetosheath. The forma- 
tion of the bulge and the anomalous flows is found to 
depend on the direction and symmetry condition of the 
upstream motional electric field: 

(1) In the cases with a symmetric normal component 
of electric field on the two sides of the incoming TD, 
the bulge may be formed under a electric field which 
causes the reflected ions to be focused toward the cur- 

rent sheet. The bulge is generated by the reflected ions 
moving upstream from the trailing edge of the TD. On 

the other hand, in the cases with a electric field point- 
ing away from the TD, the bulge is less likely to be 
formed in the upstream. These results seem to be con- 
sistent with the previous studies by Burgess [1989] and 
Thomas et al. [1991]. 

(2) In the cases with an asymmetric electric field or 
asymmetric Bz on the two sides of TD, the formation of 
the bulge is found to be due to two additional reasons 
with or without a proper sense of electric field. First, it 
is formed when the total pressure is unbalanced near the 
intersection of the BS and TD, which is caused by the 
sunward or earthward shift of the modified bow shock 
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BS • relative to the original BS. The reflected ions also 
cause the reformation of the bow shock. As a result, the 
downstream plasma expands to its low pressure ambi- 
ent as well as to the sunward upstream. An unequal 
ion density and field across the interplanetary TD may 
enhance the bulge and thus the flow deflection. Second, 
local magnetic reconnections may also be an important 
reason for the sunward deflection of the flow. As the in- 

terplanetary current sheet collides with the bow shock, 
the current sheet is compressed, and disturbances are 
present in the TD. A magnetic reconnection may be 
developed at the intersection between the BS and the 
TD. The field tension force associated with the X line 

may then accelerate the plasma to the upstream. The 
reconnection is found to be more significant when the 
field rotation angle A•B is larger than 80 ø. 

While our simulation shows that the anomalous flows 

may be present for both proper and improper electric 
fields, a further study for the structure of the bulges 
under various directions and symmetry conditions of the 
electric field on the two sides of the TD [e.g., Thomsen 
e! al., 1993] has not been conducted. 

The spatial profiles of physics quantities through the 
bulge are found to be consistent with the satellite cross- 
ings near the bow shock [e.g., Thomsen e! al., 1986, 
1988; Paschmann et al., 1988; Schwartz et al., 1988] in 
many aspects. A strong density and field enhancement 
is found to flank the bulge, while a core plasma region 
with low density is present in the event. The thickness 
and strength of the boundary which contains the high 
field and density vary with the location across the bulge, 
and so do the values of the low density inside the events. 
In later phases of the bulge expansion, a low magnetic 
field may also be present in the core of the bulge. A 
high ion temperature which is comparable to the down- 
stream temperature is found in the bulge region. The 
magnetic field direction changes at the bulge, whereas 
in our simulation this change is usually present near the 
leading egde of the bulge. The solar wind flow speed be- 
comes subsonic in the bulge. The presence of the bulge 
at the bow shock has been suggested by Schwartz et 
al. [1988] for the generation of the observed anomalous 
flow events at the bow shock. For a typical IMF in the 
Parker spiral, such flow events are more likely to appear 
in the dawn side flank region. 

In the interaction of the BS with an interplanetary 
RD, a structure RD1 that consists of slow modes and 
rotational discontinuities is generated in the magne- 
tosheath. Across RD1, the magnetic field rotates by 
nearly the same angle as across the initial RD. The 
plasma may be accelerated or decelerated by the field 
tension force associated with the kinked field in RD1, 
and a flow deflection is present in the magnetosheath. 
A strong sunward deflection in the flow may be found 
for the interaction of BS with an RD whose propagation 
direction is oblique to the Sun-Earth line. Our simula- 
tion results suggest that an anomalous flow event in the 
magnetosheath may be generated by a BS/RD interac- 
tion. A significant sunward deflection in the ion flow 
may require a large A(I)B in the interplanetary RD. 

As discussed in section 3, there are some features of 
the observed bulge that are not found in our simulation. 
For example, an isotropic ion velocity distribution in 
the hot flow anomaly near upstream of the bow shock 
[e.g., Thomsen et al., 1986] is not found in the simula- 
tion. Instead, the perpendicular temperature is usually 
much higher than the parallel temperature. There is 
also a slow upstream propagation of the bow shock in 
our simulation. Further study including the 3-D effects 
on the BS/discontinuity interaction and more realistic 
time scales and spatial scales associated with the bow 
shock may be needed. Furthermore, the arrival of the 
resulting TD • and RD 1 at the magnetopause and its ef- 
fects on the flow structure in the bow shock and magne- 
tosheath are not studied in our simulation. In addition, 
the arrival of hot diamagnetic cavities at the magne- 
topause may produce strong effects on the magneto- 
sphere. Such studies would also require a 3-D model 
in which the incoming magnetic fluxes can be removed 
from the dayside magnetopause in a self-consistent way. 
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