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Three‐dimensional hybrid simulation of magnetosheath
reconnection under northward and southward interplanetary
magnetic field
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[1] A three‐dimensional (3‐D) global hybrid simulation is carried out for the generation
and structure of magnetic reconnection in the magnetosheath because of the interaction of
an interplanetary tangential discontinuity (TD) with the bow shock and magnetosphere.
Runs are performed for solar wind TDs possessing different polarization senses of
magnetic field (north‐to‐south or south‐to‐north from the leading to trailing side of the
incident TD) and initial half‐widths. Two‐step compression processes are shown in the
transmitted TD, including a “shock compression,” as the TD passes through the shock
followed by a subsequent “convective compression” while the TD is moving in the
magnetosheath toward the magnetopause. In cases with a relatively thin solar wind TD,
3‐D patchy reconnection is initiated in the transmitted TD, forming magnetosheath flux
ropes. Differences between these flux ropes and those due to magnetopause reconnection
are discussed. Multiple components of ion particles are present in the velocity distribution
in the magnetosheath merging, accompanied by ion heating. For cases with a relatively
wide initial TD, a dominant single X line appears in the subsolar magnetosheath after the
transmitted TD is narrowed through the two‐step compression process. Specifically, in the
cases with a south‐to‐north field rotation across an incident thin TD, the magnetosheath
flux ropes could re‐reconnect with the closed geomagnetic field lines to generate a closed
field line region with mixed magnetosheath and magnetospheric plasmas, which may
contribute to the transport of solar wind plasma into the magnetospheric boundary layer.

Citation: Pang, Y., Y. Lin, X. H. Deng, X. Y. Wang, and B. Tan (2010), Three‐dimensional hybrid simulation of
magnetosheath reconnection under northward and southward interplanetary magnetic field, J. Geophys. Res., 115, A03203,
doi:10.1029/2009JA014415.

1. Introduction

[2] Solar wind directional discontinuities are abrupt rota-
tions of the heliospheric magnetic field across layers that are
observed approximately every 30 min near 1 AU [Burlaga
et al., 1977] and thus are a common phenomenon in
space. Primarily, two types of directional discontinuities are
often present in the solar wind: (1) rotational discontinuities,
or large‐amplitude Alfvén waves, which possess a finite
normal component of the magnetic field, and (2) tangential
discontinuities, which are static magnetic boundaries or
current sheets without a normal field component. These
discontinuities are considered to be associated with many
physical processes occurring in the Earth’s magnetosphere
and ionosphere. They are believed to cause rapid equator-
ward movement of aurora and sudden changes of the
H‐component geomagnetic field at high‐latitude geomag-
netic stations [Øieroset et al., 1996]. Northward turning of

the interplanetary magnetic field (IMF), which could also be
viewed as a solar wind discontinuity, has often been referred
to as a trigger of the substorm expansion onset [Lyons et al.,
1997]. The formation of a strong geomagnetic storm is found
to be favored by an extended period of southward IMF that is
preceded by an earlier interval of northward field or very
weak BZ [Thomsen et al., 2003].
[3] Magnetic reconnection [Dungey, 1961] is believed to

be a fundamental plasma process in a current sheet, which
converts the magnetic energy into particle energy, leading to
heating and abrupt acceleration of both ions and electrons
[Krauss‐Varban and Omidi, 1995; Lin and Swift, 1996; Fu
et al., 2006; Pritchett, 2006]. Numerous burst events in
space plasmas have been confirmed by in situ observations
to be associated with magnetic reconnection. Reconnection
at the Earth’s magnetopause [Sonnerup et al., 1995] pro-
vides an efficient mechanism for transfer of solar wind
mass, momentum, and energy into the magnetosphere. Ev-
idence of near‐Earth and distant magnetotail reconnection
has also been reported [e.g.,Øieroset et al., 2001; Borg et al.,
2005]. In the solar wind, some reconnection exhausts have
been discovered [Gosling et al., 2005], with a large‐scale
reconnection X line extending at least hundreds of Earth radii
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[Phan et al., 2006]. In situ observations have also provided
evidence of reconnection in a turbulent plasma downstream
of the bow shock [Retin et al., 2007]. All these observations
suggest that magnetic reconnection is a universal process and
plays an important role in physical processes in the coupled
Sun‐Earth plasma system.
[4] Magnetohydrodynamic (MHD) simulation using the

Integrated Space Weather Prediction Model (ISM) has
predicted the merging of interplanetary magnetic field lines
in the magnetosheath across opposite sides of a directional
discontinuity from the solar wind [Maynard et al., 2002].
The result of a two‐dimensional (2‐D) hybrid simulation
[Lin, 1997] has also suggested the magnetosheath recon-
nection as a consequence of the compression of a solar wind
current sheet at the bow shock. Such a prediction has
recently been confirmed by observations of Cluster space-
craft [Phan et al., 2007]. When Cluster 1 was located at a
magnetosheath location of [6.7, 2.0, −9.5] RE in the GSE
coordinate system, a current sheet with a width of 525 km or
10 local ion skin depths was found to be accompanied by
enhanced flow, density, and ion temperature. Correspond-
ingly, a rather wide current sheet (about 3 RE or 264 local ion
skin depths) was also observed in the solar wind by ACE
satellite, and an examination indicated that the thinner one
was due to the wider sheet being compressed when propa-
gating into the magnetosheath. How such a wide current
sheet is narrowed so significantly to initiate the reconnection
when it interacts with the bow shock and magnetopause
remains an important issue of study.
[5] In Phan et al.’s [2007] case, the magnetic field

changes orientation from the north to south across the solar
wind directional discontinuity. No dayside magnetopause
reconnection is expected under the northward IMF before
the current sheet arrives. Such a case under an initially
northward IMF was recently investigated by Omidi et al.
[2009] through a 2‐D hybrid simulation study of magne-
tosheath reconnection caused by the interaction among TD,
bow shock, and magnetopause. Both quasi‐steady recon-
nection and time‐independent reconnection were obtained
because of different initial widths of TD.
[6] A related question to ask is: What if the solar wind

condition is different so that the IMF changes direction from
the south to north? In this situation, reconnection could also
occur between field lines of the IMF and magnetosphere, on
the earthward side of the transmitted TD. The two simul-
taneous reconnection events at the magnetopause and in the
magnetosheath could compete with each other to consume
the magnetic field energy sandwiched by them, which may
affect the magnetosheath reconnection. Meanwhile, the pa-
raboloidal‐like configuration of the bow shock and mag-
netopause on the dayside is expected to introduce 3‐D
features to the reconnection process.
[7] In this paper, we present a 3‐D global hybrid simu-

lation of the interaction between an interplanetary direc-
tional TD and the dayside bow shock and magnetopause.
Hybrid simulations have been used to address the large‐
scale structure and associated ion dynamics in magnetic
reconnection [e.g., Krauss‐Varban and Omidi, 1995; Lin
and Swift, 1996; Lottermoser et al., 1998; Lin, 2001;
Omidi and Sibeck, 2007]. The focus of the present investi-
gation is on the magnetic field structure and ion particle
signatures associated with the magnetosheath reconnection,

under different conditions of the IMF direction change
across the solar wind TD. Differences between the magne-
tosheath merging processes corresponding to the north‐to‐
south and south‐to‐north field rotations are addressed. The
evolution of the transmitted TD with different initial widths
of TD is also studied. Hereinafter, we will use the terms
“merging layer” and “reconnection current sheet” for the
current layer in which the magnetosheath reconnection has
been initiated and “transmitted TD” and “transmitted current
sheet or layer” to describe the transmitted part of the initial
tangential discontinuity in general.
[8] The outline of the paper is as follows. The simulation

model is described in section 2. In section 3, we present the
simulation results for four cases with different IMF rotation
senses and initial half‐width of the solar wind TD. Discus-
sions of the simulation results and the conclusion are given
in section 4.

2. Simulation Model

[9] The 3‐D global hybrid code utilized here is similar to
that used by Lin and Wang [2005] for the dayside bow
shock–magnetosphere system. The detailed code description
can be found by Swift [1996]. In the hybrid model, ions
(protons) are treated as fully kinetic particles and electrons
are treated as a massless fluid. The simulation domain
contains the dayside plasma regions, with GSE X > 0, within
the geocentric distance 4RE < r < 25RE. A spherical coor-
dinate system is applied in the calculation, in which the
polar axis is chosen as the GSE Y axis. The polar boundaries
of the domain are set at the 20° and 160° polar angles to
avoid singular coordinate lines along the Y axis. The dayside
geomagnetic polar regions, around the Z axis, are kept in the
domain.
[10] The initial condition includes a dipole geomagnetic

field plus a mirror dipole in r < 10RE and a uniform solar
wind in r > 10RE, in which the initial IMF can be assumed
in an arbitrary direction. The mirror dipole is used in the
initial setup to speed up the evolution process of the solar
wind–magnetosphere interaction without losing the key
physical features. The bow shock, magnetosheath, and
magnetopause are formed by the interaction between the
solar wind and the dipole field.
[11] For cases shown in this paper, in which the initial

IMF is either purely northward or purely southward, the
propagation direction of interplanetary TD is along the −X
direction as the TD convects earthward with the solar wind.
Initially at t = 0, the interplanetary TD is assumed to be
located at a distance corresponding to X = 30RE outside
the simulation domain. Along the frontside boundary at
X = 25RE, the magnetic field across the TD is described by

Bx ¼ 0; By ¼ �B0 sin � Xð Þð Þ; Bz ¼ B0 cos � Xð Þ½ �; ð1Þ

’ Xð Þ ¼ �� 1þ tanh
X � XTD tð Þ

w

� �� �,
2; ð2Þ

where B0 is the strength of the unperturbed IMF, XTD(t) =
30RE − V0t is the X position of the TD center as a function of
time, V0 is the solar wind flow speed, and w is the initial
half‐width of the TD. The rotation angle of the tangential
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magnetic fieldDF is assumed to be positive if the IMF turns
from north to south across the TD. The spatial profile
described by equations (1) and (2) corresponds to a circularly
polarized magnetic field through the initial TD.
[12] A current‐dependent anomalous collision frequency

n = aJ is applied everywhere, where J is the current density
and the coefficient a is chosen so that the typical peak
collision frequency v ∼ 0.01–0.1W0. The simulation results
are found to be insensitive to the magnitude of v.
[13] In the solar wind, the ion gyrofrequency W0 is chosen

to be 1.0s−1, corresponding to an IMF of ∼10 nT and a field
of ∼50 nT at the subsolar magnetopause. The ion inertial
length d0 = c/wp0 is chosen to be 0.1RE and the
corresponding Alfvén speed VA0 = 0.1RE/s. The solar wind
speed is assumed to be V0 = 5VA0, corresponding to a Mach
number MA = 5. The interplanetary TD enters the simulation
domain at t = 10W0

−1. Note that the Alfvén speed and thus
the solar wind flow speed in the simulation are about 6 times
larger than those in reality. Effects of this overlarge Alfvén
speed will be discussed later. The solar wind ion plasma
beta bi is set to be 0.5. About 150–400 particles are used in
each grid cell for the interested regions of the solar wind,
magnetosheath, and magnetopause.
[14] Physical quantities are normalized as follows. The

magnetic field B is normalized to the IMF B0, the ion
number density to the solar wind density Ni0, the time t to
W0
−1, and the flow velocities are normalized to VA0. The

spatial coordinates are expressed in units of RE. The thermal
pressure is expressed in units of the magnetic pressure
P00 = B0

2/2m0 and the temperature is in units of P00/Ni0.
[15] Four cases are presented in the following. Some

parameters of the initial TD in these runs are listed in Table 1.
Note that since we use the hyperbolic tangent function to
connect the upstream and downstream values of the initial
TD, the total width of the initial current sheet, which has
been used by Phan et al. [2007] to describe the observed TD,
is roughly 3 times the half‐width.

3. Simulation Results

3.1. Cases With North‐to‐South Field Direction
Change Across TD

[16] Run 1 corresponds to a case in which a purely
northward IMF on the earthward side of an incoming solar
wind TD changes direction to point southward behind the
discontinuity, with field direction changing by angle DF =
180°. The half‐width of the initial TD is w = 1RE or 10d0. In
this case, the bow shock front is well developed by t = 30,
while the solar wind TD reaches the shock around t = 35. No
reconnection occurs in the TD before it reaches the bow
shock.

[17] When the planar TD approaches the bow shock and
subsequently the magnetopause, it is distorted because of
the different degrees of slowing down of the shocked solar
wind at different longitudes and latitudes. Meanwhile, the
unshocked part of TD is dragged tailward by the solar wind
with the unperturbed solar wind velocity. The planar TD
thus becomes a paraboloidal structure. Apparently, such a
transition from a 1‐D to 3‐D structure will affect the mag-
netosheath merging process as the solar wind TD is trans-
mitted into the magnetosheath.
[18] In run 1, after the subsolar part of TD completely

passes across the bow shock by t = 40, the average central
width of transmitted TD has been narrowed down to 0.8RE

(nearly one third of the total width just before the TD
crosses the bow shock) because of the compression at the
shock, a “first step compression.” Meanwhile, the magnetic
field strength on both sides of the transmitted TD is in-
creased by approximately 3 times. The maximum current
density is therefore increased by 9–10 times in our simula-
tion. Magnetosheath reconnection is seen to be initiated in
the transmitted TD around t = 45. The occurrence of re-
connection can be identified by the magnetic field config-
uration and characteristics of particle acceleration and
heating processes (Figures 4 and 5).
[19] Figure 1a shows the magnetic field line geometry in

the magnetosheath reconnection and ion density contours in
the noon meridian plane obtained from run 1 at t = 60.
Several 3‐D isosurfaces of the magnetic field strength with
B = 1.7 (colored by blue) are superposed in the plot, indi-
cating regions with a relatively weak field. The ion density
structure in the noon meridian plane is also plotted in
Figure 1a. The bow shock (magnetopause) is well defined
by the sudden increase (decrease) of ion density along the
earthward direction.
[20] At t = 60, the average width of the transmitted TD has

been further reduced because of a “second step compres-
sion.” Different from the first step shock compression, the
second step compression is a subsequent compression when
the transmitted TD is moving against the magnetopause. In
cases such as run 1 with a relatively thin initial TD, these
two compression processes are well separated in time. For
a wider TD, however, these two processes may be mixed.
The difference between these two steps of compression is
discussed later.
[21] The magnetosheath reconnection in run 1 appears to

be of a patchy type [Lee, 1995], in which the size of each
reconnection region has a fairly limited extent and thus the
reconnection is a localized and non‐steady 3‐D structure
[Linton and Longcope, 2006]. The three bundles of field
lines (yellow, green, and red) shown in Figure 1a are open
field lines with both ends connected to the IMF. The red
ones and yellow ones are the field lines that are reconnected
only once, while the green field lines are the ones re-
connected more than once. The difference between these
two types of field lines can be seen in the zoomed‐in pic-
tures in Figures 1c and 1d, for areas centered at the magenta
dots. As shown in Figure 1c, the flux tubes represented by
the red field lines and those by the yellow ones can travel in
an unconstrained manner in the corresponding directions or,
in other words, they are unconnected with each other, as
expected for a patchy reconnection [Otto, 1995]. Note that
the average field strength in the magnetosheath is about 3–4.

Table 1. Initial IMF in the Domain and Magnetic Field Angle
Change DF and Half‐Width w of the Initial TD, With DF > 0
Corresponding to a Southward Changea

Initial IMF DF (deg) w

Run 1 northward 180 1 RE

Run 2 northward 180 3 RE

Run 3 southward −180 1 RE

Run 4 southward −180 3 RE

aIMF, interplanetary magnetic field.
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There are mainly four stripe‐like low field regions at t = 60,
as shown by the isosurfaces in Figure 1a, which are centered
around Z = −7, −2.4, 2.4, and 7.8RE. The regions could not
be considered as single X lines, but should be viewed as
time‐dependent reconnection events with groups of local-
ized multiple X lines. These “reconnection pools” can
extend over the entire dayside magnetosheath in the dawn‐
dusk direction. No apparent steady single X line is found
in this case.
[22] A direct consequence of these patchy reconnection

events is the distorted spiral magnetic field lines, i.e., the
magnetosheath flux ropes, as indicated by the green field
lines in Figures 1a and 1d. Magnetic flux tubes are nar-
rowed, and the magnetosheath plasma is “squeezed” be-
cause of the high‐speed flows directed in opposite directions
(indicated by the black arrows in Figure 1c) generated by the
reconnection processes that take place in the neighboring
reconnection pools or patches, which carry both flux tubes
and plasmas in opposite directions and produce flux ropes as
predicted by the patchy reconnection model. Enhancement
of the Y‐component magnetic field and the density can be
found at the center of the magnetosheath flux ropes. Such

patchy structure indicates a mechanism of reconnection very
different from the 2‐D process.
[23] Figure 1b displays the later stage of these patchy

reconnection structures at t = 75. For comparison, some
magnetic field lines (red), including both the closed and
open ones, on the earthward side of the transmitted current
layer are also shown in Figure 1b. At this time, the flux
tubes are more distorted, and their north–south scale lengths
are narrowed to about 1.5–2.5RE. These reconnection flux
tubes carried by the transmitted current layer have reached
the magnetopause, piling up with the ambient field lines
against the pause. Because of the magnetosheath flow, they
convect azimuthally and tailward along the magnetopause,
as to be demonstrated in Figures 2 and 3. At t = 80, the
magnetopause reconnection is initiated, indicating that the
magnetic fluxes on the sunward side of the transmitted
current layer have reached the magnetopause and begin to
interact with the pause.
[24] To illustrate the evolution of the magnetosheath

merging layer, we show in Figure 2 the By component of the
magnetic field in the Y = 0 plane at t = 45, 60, 70, and 75.
Originally in the incident TD upstream of the shock, By is

Figure 1. (a) Magnetosheath patchy reconnection in run 1 at t = 60. The color‐coded contours indicate
ion density in the Y = 0 plane. Three bundles of open field lines are colored by yellow, green, and red.
Blue isosurfaces represent a weak magnetic field region inside the merging layers, where B = 1.7.
(b) Magnetosheath flux ropes in run 1 at t = 75. Red field lines are some closed and open lines on the earth-
ward side of the magnetosheath merging layer. Yellow and green field lines are the magnetosheath flux
ropes produced by the patchy reconnection. Characteristic field lines from (c) region 6RE < x < 15RE,
−5RE < y < 3RE, −7RE < z < −2RE and (d) region 6RE < x < 15RE, −5RE < y < 5RE, −3RE < z < 3RE show
two types of field lines during the evolution of patchy reconnection.
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nearly uniform along the Z direction. In the transmitted TD,
however, the By structure becomes nonuniform with the
evolution of merging layers, as seen in Figure 2. Bundles of
Y‐component fluxes are formed at t = 60, 70, and 75.

Although reconnection may be initiated at different sites and/
or influenced by fluctuations downstream of the bow shock,
which will be discussed later, once reconnection takes place
in a certain region, the newly generated high‐speed flow

Figure 3. Same as Figure 2, except for parallel pressure.

Figure 2. Evolution of BY in the Y = 0 plane obtained in run 1 at t = 45, 60, 70, and 75.
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sweeps out the Y‐component magnetic fluxes, leading to the
local reduction of By, as seen from Figure 2a. Such reduction
causes the decrease in magnetic pressure and makes the re-
gion narrower, locally more antiparallel field like, and thus
more preferable for reconnection. These two processes
(sweeping and reconnection) boost each other to produce
bundles of the By flux shown in Figures 2b–2d. Thinning of
the current sheet would also occur for a TD with a linear
magnetic field polarization because of the plasma outflow
ejection of reconnection. The bundles of Y‐component fluxes
that are located at [9.15, 0, −5] at t = 60 have moved to [8, 0,
−6] at t = 70, which gives a convection speed of nearly 0.18,
consistent with the magnetosheath flow in the corresponding
region. Time evolution of the parallel pressure is shown in
Figure 3, with the same format as Figure 2. The high parallel
pressure regions shown by the contours are located near and
inside the magnetosheath flux ropes (reconnection exhausts)
and so are the high parallel temperature regions (not shown).
This result is consistent with previous simulations and
observations of reconnection [e.g., Hoshino et al., 1998].
The pressure increase is stronger toward later stages of the
merging process.
[25] Figure 4a displays contours of the Vz component of

ion bulk‐flow velocity at t = 50 in the Y = 0 plane. Magnetic
field lines projected to Y = 0 are also superposed on the plot,

which show multiple locations of reconnection sites in the
transmitted current sheet. High‐speed flows are present in
the reconnected current sheet. The middle part of Figure 4
shows ion velocity distributions in the vx–vz space, while
the black solid curves in the right part show the
corresponding line‐cut distribution functions f(vk) at v? = V?
along the local magnetic field, where n represents the ion
particle velocity. The white arrows in Figure 4 indicate the
projected direction of the magnetic field. Ions in the upstream
solar wind can be well described by a cold, drifting
Maxwellian distribution with bulk flow centered at VX = −0.5
(not shown). Upon transmitted into the shocked solar wind,
these ions are strongly heated in the perpendicular direction.
In our case, the subsolar magnetosheath is the downstream
region of a near perpendicular shock. An anisotropic
pancake‐shaped downstream distribution is present, with
perpendicular temperature much larger than the parallel
temperature [Lin and Wang, 2006], as shown in Figure 4b
for particles sampled at the red dot in Figure 4a at t = 50.
[26] Figures 4d–4i summarize typical velocity distribu-

tions in the high‐speed flow region of magnetosheath
reconnection. Distributions at the blue dot in Figure 4a are
shown in Figures 4d and 4e. The contours in Figure 4d
clearly reveal a much more isotropic structure than those
in Figure 4b at the red dot outside the reconnection region,

Figure 4. (a) Z‐component ion bulk velocity and field line projection in the Y = 0 plane in run 1
at t = 50. (b–i) Typical ion velocity distributions in the vx–vz plane and the line‐cut distribution
functions f(vk) at v? = V? along the local magnetic field taken at various locations and times
around the magnetosheath reconnection.
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while the distribution function f(vk) in Figure 4e is found to
be composed of two ion populations. Similar distributions
are also seen further north around the black dot in Figure 4a,
shown in Figures 4f and 4g. This distribution is taken on
the sunward side in the transmitted current layer, as
evidenced by the southward magnetic field direction indi-
cated by the arrow in Figure 4d. The presence of the two
ion populations can be seen from the two dashed lines in
Figure 4g, which indicate two Maxwellian fits with dif-
ferent temperatures based on the simulation result. The red
solid line indicates the sum of the two dashed populations.
Both populations are centered at bulk velocities Vk < 0, but
the hotter population appears to be a direct consequence of
the magnetosheath reconnection. The colder, slightly
slower population represents the inflow magnetosheath
beam in the reconnection current sheet. Note that the ob-
served magnetosheath merging [Phan et al., 2007] also
shows that the high‐speed flow is accompanied by a strong
particle heating. Ion heating as well as acceleration due to
reconnection in a nearly symmetric current layer, as in the
case of magnetosheath reconnection, has also been reported
in earlier simulations [Krauss‐Varban and Omidi, 1995; Lin
and Swift, 1996]. Notice the imperfect match between the
simulated and the red fitted curve toward the vk > 0 side,
which may indicate that the divided distributions are not
exactly Maxwellian.

[27] Figures 4h and 4i present distributions at, again, the
blue dot but at a later time t = 65. At this moment, the
transmitted current sheet has moved further earthward,
leaving the blue location behind the reconnection region.
The ion distributions here appear similar to those shown
in Figures 4b and 4c for the typical magnetosheath
plasma downstream of the quasi‐perpendicular shock. In
order to compare our simulation with satellite observations
of the magnetosheath reconnection [Phan et al., 2007],
Figures 5b–5f display the spatial profiles of various quanti-
ties along an outbound path through a reconnection current
sheet obtained in run 1. The path is drawn with a black line in
Figure 5a, which shows some field lines as well as the VZ

contours in the Y = 2 plane at t = 65. Three bundles of field
lines are shown, with yellow ones representing the closed
lines in the magnetosphere, green ones for open interplane-
tary field lines sunward of the merging layer, and magenta
ones being the field lines inside the magnetosheath merging
layer. At this moment, the merging layer has warped around
the magnetopause. An X line is seen around the location of
[7, 2, −8]RE, just below the black path, as indicated by the red
cross in Figure 5a. The IMF conditions in run 1, with a north‐
to‐south field rotation, are similar to those in the observed
event on 14 January 2003, in which Cluster 1 spacecraft also
identified reconnection signatures in the southern hemi-
sphere near the path in Figure 5a.

Figure 5. (a) Some reconnected field lines (magenta) around magnetosheath reconnection sites, closed
field lines (yellow) inside the magnetosphere, open magnetosheath field lines (green), and contours of
ion bulk Vz in the Y = −2 plane. Also shown are spatial profiles of (b) magnetic field strength, (c) field
components BL (black), BM (green), and BN (red) in the LMN coordinate system, (d) ion number density,
(e) ion bulk flow in the LMN coordinates, and (f) ion temperatures Tk (red) and T? (black) along the black
path in Figure 5a, near the reconnection site marked by the cross, as functions of an outbound distance.
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[28] The two vertical dotted‐dashed lines in Figures 5b–5f
bound the central region of the transmitted TD or the re-
connection current sheet. The magnetic field strength along
the outbound path shows a dip on the earthward side of the
reconnection current sheet, as can be seen in Figure 5b.
Figures 5c and 5e show the components of magnetic field
and ion bulk velocity, respectively, in the LMN coordinate
system [Russell and Elphic, 1979], where the orientations of
the local normal (N) and tangential (L and M) directions are
determined by the Minimum Variance Analysis (MVA)
technology [Sonnerup and Cahill, 1967]. Component BN

normal to the current sheet remains to be a small constant,
while the BL component, which is mainly along the north–
south direction, reverses sign across the current sheet. The
guide field component BM appears to have a stronger posi-
tive (dawnward) enhancement on the sunward side than the
earthward side, which could be considered as a shifting
quadruple BM structure associated with the Hall effects
[Borg et al., 2005]. Note that for initial discontinuity with an
imposed finite BY, it tends to maintain the net value of the
integrated BM flux through the current sheet because of the
conservation of tangential electric field. These features in
the magnetic field structure resemble those observed in the
magnetosheath reconnection events [Phan et al., 2007].
[29] At this duskside location, both VN and VM remain to

be a nearly constant negative value in the reconnection
current sheet. The negative (southward) tangential flow VL,

however, shows a northward enhancement because of the
fact that the path, although below the equator, is on the
northward side of the X line. Such flow ejection leads to a
change in VL equal to about one Alfvén speed in the solar
wind. The ion density also increases in the reconnection
current sheet, as shown in Figure 5d. The enhanced density
and parallel ion temperature (Figure 5f) are well correlated
with the flow jet in VL, also consistent with the observation
results. Different from our results, however, the VL com-
ponent of reconnection flow observed by Phan et al. [2007]
is so strong that it has reversed direction from the ambient
southward magnetosheath flow to reach a positive value.
One factor that may limit the strength of the reconnection
jet in our simulation is the existence of another reconnec-
tion X line northward of this X line, near Z = −2, as seen in
Figure 5a. Another factor that could contribute to this
difference may be the lack of a tilt angle of the geomag-
netic dipole field in our model. In the satellite observation
around UT 0600, the local magnetic latitude is shifted to-
ward the equatorial plane because of the dipole tilt angle,
which leads to a smaller southward magnetosheath flow
near the satellite path.
[30] With a thicker initial width, the evolution of the

current sheet is found to be different from that for a rela-
tively thin sheet in run 1. Figure 6 shows the results of run 2,
which are similar to those of run 1 except that a larger half‐
width of w = 3RE is assumed in the solar wind TD. The

Figure 6. (a) Magnetosheath reconnection in run 2 dominated by a single X line near the subsolar
region. (b) At a later time, it coexists with the magnetopause reconnection when the transmitted solar
wind current sheet interacts with the magnetopause.
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resulting field lines around the transmitted current sheet in
the 3‐D perspective and contours of Vz in the noon meridian
plane are plotted in Figures 6a and 6b for t = 70 and 85,
respectively. Some closed magnetospheric field lines are
also shown. Similar to run 1, the TD is subject to two steps
of compression in its interaction with the bow shock and
magnetosheath. The second step compression appears to be
more profound in the cases with a wider TD.
[31] Just before t = 60, the earthward side of the current

sheet has already reached the magnetopause and experi-
enced the second‐step compression, while the sunward part
of the sheet is still passing through the bow shock. A single
X line is later generated right at the nose of the magneto-
pause. The presence of single X‐line reconnection in cases
with a wide TD is consistent with the finding by Omidi et al.
[2009] based on a 2‐D global hybrid simulation. The X line
at t = 70 can be seen in Figure 6a. The width of the current
sheet at the subsolar region has been narrowed down to
nearly the same value as that in run 1 after reconnection
began. At t = 85, the magnetopause reconnection has been
initiated. Note that the magenta field lines in Figure 6b are
half open and half closed, in which one end of the field lines
is connected to the Earth and the other end connected to the
IMF, indicating that the magnetopause has begun to pro-
trude through the region of magnetosheath reconnection.
Since the Alfvén speed is larger at the magnetopause than
in the magnetosheath, enhanced outflows produced by the
magnetopause andmagnetosheath reconnection create bulges
of field lines and flux ropes. The field lines at the center of
the bulges or flux ropes are open field lines with both ends
being open to the IMF, as shown by the yellow field lines in
Figure 6b, which are surrounded by the magenta ones.

Meanwhile, some reconnection has been initiated off the
equator plane, as shown by the red field lines in Figure 6b.
These structures, however, are convected tailward before
they are fully developed.

3.2. Cases With South‐to‐North Field Direction
Change Across TD

[32] We now show cases in which the IMF changes
direction from the south to north across the interplanetary
TD. In such cases, as the TD passes the bow shock, the
region with southward IMF is sandwiched between two
regions with a northward magnetic field, the closed geo-
magnetic dipole field, and the open IMF on the sunward side
of TD. As a result, there are two possible ways to consume
the southward component of magnetic fluxes through mag-
netic reconnection: Reconnection processes at the magne-
topause and in the magnetosheath.
[33] Figure 7 shows field lines at the magnetopause and in

the magnetosheath obtained at t = 60 and 75 from run 3,
which is similar to run 1, with w = 1 RE, except for a south‐
to‐north field change with DF = −180° across the inter-
planetary TD. Also shown in Figure 7 are the corresponding
ion density contours in the noon meridian plane at both
times and some density isosurfaces for t = 75. The subsolar
part of TD passes through the bow shock completely by
t = 40, with its central width being narrowed down to 0.8
RE, similar to run 1. The magnetosheath reconnection is
initiated at t = 45, while magnetopause reconnection begins
at t = 20. The occurrence of reconnection at the magneto-
pause and in the magnetosheath can be seen from the flux
ropes in Figure 7a for t = 60. The red field lines are the
ones connecting to the Earth, while the yellow ones are the

Figure 7. (a) Magnetic field structure in run 3 at t = 60: Magnetosheath flux ropes (yellow) and
magnetopause flux ropes (red). (b) Results at t = 70. Red isosurfaces are high‐density regions, where
the magnetosheath plasma has been captured by newly formed, distorted closed field lines produced
by re‐reconnection between the geomagnetic field lines and the magnetosheath flux ropes.
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ones with both ends open to the IMF. The scale sizes of the
magnetopause flux rope are comparable to those of the
magnetosheath flux ropes. The field lines in the transmitted
current sheet stack against the magnetopause.
[34] Later, at t = 70, the magnetosheath flux ropes appear

to re‐reconnect with geomagnetic field lines inside the
magnetopause. The re‐reconnection has created highly dis-
torted closed field lines, as evidenced by the yellow lines in
Figure 7b. As a consequence, high‐density, low‐temperature
magnetosheath ions are captured on these newly formed
closed field lines, as indicated by the red isosurfaces of ion
density.
[35] Finally, we have also simulated run 4, which is

similar to run 3 but for a much larger width of initial TD,
w = 3RE. It is found that for such a wide TD, magnetic
reconnection at the magnetopause effectively consumes the
southward component of the magnetic field. The removal
of magnetic flux on the earthward side of TD is faster than
the convection of the TD across the bow shock, and no
obvious magnetic reconnection signature is obtained in the
magnetosheath.

4. Discussions and Conclusions

[36] Directional discontinuity, TD or RD, is a frequently
recurring phenomenon in the solar wind. The magne-
tosheath reconnection provides an alternative way for TD to
interact with the magnetopause. In our simulation, the
north–south component of IMF fluxes can propagate around
the magnetopause not only along the dawn‐dusk direction
via magnetosheath convection and/or the magnetopause
reconnection, but also along the north–south direction via
the magnetosheath reconnection.
[37] Our simulations have shown that patchy reconnection

may take place when a relatively thin initial TD passes
through the bow shock. An important question is: To what
extent do the simulation results represent what could happen
in the real Sun‐Earth plasma system? Since no reconnection
signatures have been found before the TD reaches the bow
shock, the compression processes, both the first and the
second steps, appear to be some direct reason to initiate the
magnetosheath reconnection.
[38] Consider the first step compression or shock com-

pression. The corresponding compression of TD, or com-
pression of the tangentially aligned magnetic flux tubes in
the TD, is roughly proportional to the ratio of magnetic
field strength across the bow shock. This can be seen from
the jump condition of the tangential electric field across
the shock. At the subsolar bow shock, in which the normal
component of the magnetic field Bn ≈ 0, such a jump
condition

unB
*

t

h i
¼ 0 ð3Þ

states the conservation of tangential magnetic field flux,
which leads to

Bt2=Bt1 ¼ vn2=vn1 ¼ n2=n1 ¼ �; ð4Þ

where v is the bulk velocity, g is the compression ratio of
the shock, and subscripts t, n, 1, and 2 represent the
tangential‐component, normal‐component, upstream, and

downstream quantities, respectively. Correspondingly, the
flux tube should be narrowed nearly by the factor of g
across the bow shock.
[39] On the other hand, inside the transmitted TD, the

diverging magnetosheath flows convect the plasma and
magnetic flux away from the subsolar region, poleward and
tailward along the TD plane. In our cases, the magnetic field
possesses a circular polarization through the TD, and the
magnetic flux at the center of the current sheet is dominated
by By. Once this localized By is removed, the reduction of
magnetic pressure results in further narrowing of the current
sheet because of the total pressure balance. In the cases in
which the plasma thermal pressure dominates the TD tran-
sition layer, the removal of plasma due to the divergent flow
would also result in a similar reduction of total pressure and
thus the TD width.
[40] In order to distinguish these two types of compres-

sion process, hereinafter we will call the second‐step com-
pression the “convective compression.” In runs 1 and 3, the
magnetic field strength on both sides of the TD increases
about 3 times downstream of the bow shock, so the width of
the TD has to decrease to about one third of the value in the
upstream solar wind, which is ∼3.3di0 or 3–4ri, where ri is
the ion Larmor radius in the magnetosheath. Correspond-
ingly, the current density increases 9–10 times on average in
the current sheet. Note that reconnection in our hybrid
simulation is initiated by a current‐dependent resistivity.
With some help from the convective compression, the cur-
rent sheet further contracts, and reconnection is triggered in
the sheet soon after it is compressed by the shock. In run 2,
on the other hand, the TD is so wide that before its sunward
side is transmitted into the magnetosheath, the earthward side
of the TD has already reached the magnetopause. The shock
compression itself is not enough to drive the magnetosheath
reconnection, but a thin current sheet can still be formed
because of a dominant role of the convective compression
due to the divergent flows in the magnetosheath, and thus the
reconnection is initiated.
[41] The Cluster observation by Phan et al. [2007] has

shown that even for a rather wide TD or current sheet (about
3 RE or 260di0) in the interplanetary space, it could be sig-
nificantly narrowed so as to trigger a merging process while
the TD traverses the bow shock and impacts the magneto-
pause. The compression due to the bow shock and the mag-
netopause, by a factor of 5, would imply a half‐width of the
compressed current sheet of about 1300–1800 km. For a
typical magnetosheath with B = 30 nT, Ti = 1 keV, and thus
the ion gyroradius ri ≈ 153 km, the current sheet appears to
be too wide to allow the occurrence of reconnection. In fact,
the observation shows that the width of the current sheet in
the magnetosheath reconnection at the Cluster crossing is
reduced by a factor of 36, which seems to be consistent with
our suggestion that the convective compression may not
only have played an important role in the thinning of the
TD, but it could indeed also be the dominant thinning
mechanism.
[42] The scale length di used in our simulation, although

<1% of the curvature radius of the dayside magnetosphere,
is about 6 times that in reality. The half‐width of the initial
TD in run 1 is 10di0, whereas in the observed case the half‐
width of the solar wind TD is about 88di0. The solar wind
convection speed in the simulation is 6 times faster than the
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typical value in reality due to the larger Alfvén speed used in
the simulation. The larger convection speed leads to a
shorter convection time in the magnetosheath, whose global
size is of a realistic scale length. As a result, the prescribed
smaller width of TD seems to be offset by its shorter in-
teraction time with the bow shock and the magnetosheath.
We have also run case 1 with di0 and grid sizes being re-
duced by 50%, and the results appear to be qualitatively the
same, with the spatial lengths of physical structures scaled to
the smaller di0 and ri. Nevertheless, the larger convection
speed also means a faster magnetic flux removal in the
transmitted current sheet due to the reconnection flow. Thus,
due to the scaling effects, the occurrence of magnetosheath
reconnection in the simulation may be earlier than that in
reality after the solar wind TD interacts with the bow shock.
Another factor that may contribute to the tearing instability
associated with magnetic reconnection is the strong tem-
perature anisotropy downstream of the quasi‐perpendicular
bow shock, which can be seen in Figures 4b and 4c. It has
been suggested that the temperature anisotropy can strongly
increase the linear growth rate of tearing mode instability
[Shi et al., 1987; Ambrosiano, 1986].
[43] In the satellite observation of Phan et al. [2007], only

Cluster 1 observed a clear evidence of magnetosheath re-
connection, while the other three satellites, 1–2 RE away
from it, did not detect any signature of the merging process,
indicating that the reconnection is quite localized. Mean-
while, the current sheet width observed by Cluster 4 was
2–3 times wider than that observed by Cluster 1. A greater
decrease in the magnetic field strength at the center of the
thinner current sheet was found by Cluster 1, 2, and 3,
while a moderate decrease was found by Cluster 4 in the
wider current sheet. This measurement may be consistent
with our result in that the reconnection flow will carry the
Y‐component flux more efficiently than any other region
and may cause additional thinning near the X line.
[44] The question of how thin a TD can be before the

magnetosheath reconnection is triggered is beyond the
capability of our simulation. In addition to the scaling effects
mentioned above, the electron kinetic physics is not in-
cluded in the hybrid model. The smallest resolvable width
of the local sheet cannot be below several grid sizes of
0.09 RE. Note that the hybrid model is valid for the kinetic
physics of kri ∼ 1.
[45] An interesting feature is obtained for the cases with a

south‐to‐north field change across TD. In such cases,
magnetopause reconnection effectively consumes the
southward component of magnetic fluxes in the magne-
tosheath, and the magnetopause is much easier to be pene-
trated by the magnetosheath current sheet. In runs 3 and 4,
the southward magnetic flux on the earthward side of the
magnetosheath current sheet has been consumed completely
by t = 70, when the sheet begins to interact with the mag-
netopause. Clearly, at the magnetopause, the Alfvén speed is
larger than that in the magnetosheath, which leads to a larger
reconnection rate or the ability of consuming the southward
magnetic flux. Reconnection processes at the magnetopause
and in the magnetosheath compete with each other. For a
rather wide TD, as in run 4, no clear reconnection signature
has been found in the magnetosheath.
[46] On the other hand, for the cases with a north‐to‐south

field change, magnetosheath reconnection can be initiated

even for a rather wide TD. This result indicates that in such
cases the time duration for the last open flux tube on the
earthward side of the TD to leave the dayside, after the solar
wind TD reaches the bow shock, is longer than the time for
reconnection to occur in the magnetosheath. Compared to
the south‐to‐north case, in the north‐to‐south case the time
for the open fluxes on the earthward side of the current sheet
to stay in the dayside magnetosheath is nearly their entire
convection time from the bow shock to the magnetopause.
Moreover, it is well known that under a northward IMF, a
density depletion layer is present in front of the magneto-
pause because of the pileup of field lines. According to
Zwan and Wolf [1976], in the plasma depletion layer, “the
nearer a flux tube trajectory comes to the stagnation point,
the longer the tube resides in the magnetosheath and the
closer it comes to the magnetopause.” Such an effect would
also allow the TD to stay longer in the dayside magne-
tosheath and thus lead to a more frequent occurrence of
magnetosheath reconnection in north‐to‐south cases than in
the south‐to‐north cases. For all the cases in our simulation,
the solar wind TD starts to pass the bow shock around t = 35.
In run 1, the last open flux tube on the earthward side of the
magnetosheath merging layer disappears from the dayside
around t = 80–85, which also marks the beginning of the
magnetopause reconnection, while in run 3 the magne-
tosheath flux ropes start to interact with the magnetopause at
an earlier t = 75.
[47] Complicated flux ropes may be produced via patchy

reconnection in the magnetosheath. The motion of these flux
ropes is determined by the reconnection flow and magne-
tosheath flow, largely along the plane of current sheet in the
rest reference frame of the discontinuity. Consider a satellite
that is located in the subsolar magnetosheath but still rela-
tively far from the magnetopause. The passage of magne-
tosheath flux ropes is likely along the direction normal to the
current sheet due to the convection in the −X direction,
which means that no bipolar BN signature of FTEs would
likely be detected. When these flux ropes further propagate
near the magnetopause, however, their convection is pre-
dominantly along the magnetopause, similar to the motion
of a magnetopause flux rope, while the normal direction of
the current sheet in the local LMN coordinates is roughly
normal to the magnetopause. In this situation, the flux ori-
entation relative to its motion may provide an opportunity
for spacecraft near the magnetopause to observe the bipolar‐
BN structure of magnetosheath FTEs. Furthermore, unlike
the magnetopause flux ropes, no mixture of the magneto-
spheric and magnetosheath plasmas would be observed in
ion phase‐space spectra in a magnetosheath flux rope, even
on the earthward side of the flux ropes. Instead, enhancement
of plasma density accompanied by a moderate enhancement
of ion temperature could be viewed as characteristics of the
magnetosheath flux ropes.
[48] For a TDwith a south‐to‐north field change, spacecraft

in the magnetosheath may observe opposite bipolar field
senses, more complicated than the structures in the usual
magnetosheath FTEs of magnetopause flux ropes. The cur-
vature vector of magnetic field lines in flux ropes may be
measured by Cluster spacecraft, provided that the distances
among the satellites are small enough. In particular, for
Cluster spacecraft located on the earthward side of the trans-
mitted solar wind, the curvature vector [Shen et al., 2003] of
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magnetosheath field lines could be observed to point sun-
ward instead of earthward. Such a feature can also be utilized
to identify flux ropes in the magnetosheath reconnection.
[49] In summary, we have presented global hybrid simu-

lation results of the interaction between a circularly polar-
ized interplanetary tangential discontinuity and the bow
shock/magnetopause. Cases with a northward or southward
initial IMF are discussed, and the magnetic field orientation
is assumed to change by 180° across the interplanetary
directional TD. The following conclusions are obtained.
[50] 1. While the TD is transmitted through the bow shock

into the magnetosheath, it is narrowed by a two‐step com-
pression process, the shock compression and the convective
compression. The degree of compression by the former one
is proportional to the compression ratio of the bow shock,
while the latter may play a dominant role in the thinning of
the current sheet. Magnetosheath reconnection occurs in the
narrowed, thin current sheet.
[51] 2. The magnetosheath reconnection is of a patchy type

for cases with a relatively thin TD in the solar wind. In cases
with either a north‐to‐south or a south‐to‐north field direction
change across the TD, the patchy reconnections are initiated
before the TD reaches the magnetopause. In the cases with a
south‐to‐north field change, both the magnetopause recon-
nection and magnetosheath reconnection may take place
simultaneously. The two reconnection processeswill compete
with each other to consume the southward magnetic field.
[52] 3. For cases with a relatively wide initial TD, the

north‐to‐south and south‐to‐north field rotations lead to
drastically different results. In the north‐to‐south case, a
dominant X line appears at the nose in front of the magne-
topause and some weaker reconnection X lines off the
equator are convected tailward before they are fully devel-
oped. In the south‐to‐north case, however, reconnection
may cease to exist in the transmitted TD in the magne-
tosheath because the removal of the southward component
of the magnetosheath field by the magnetopause reconnec-
tion is faster than the contraction of the transmitted TD.
[53] 4. The scale lengths of the magnetosheath flux ropes

are comparable to those of the magnetopause flux ropes in
both the latitudinal and radial directions, but larger than the
sizes of magnetopause ropes in the dawn‐dusk direction. In
particular, in the south‐to‐north case, the reconnected mag-
netosheath field lines can re‐reconnect with the geomagnetic
field lines at the magnetopause, creating newly reformed
closed field lines. Such a process leads to the capture of
magnetosheath plasma in the magnetosphere, which pro-
vides an additional mechanism to transfer the solar wind
mass and momentum into the magnetosphere and contributes
to the formation of the magnetopause boundary layer.
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