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Abstract Terrestrial dayside dynamics associated with a southward turning, oblique interplanetary
magnetic field (IMF) carried by an interplanetary tangential discontinuity (TD) is investigated by
performing a three-dimensional global-scale hybrid simulation systematically for cases in which the
incoming solar wind TD possesses various magnetic field rotation angles ΔΦ = 90° to 180° and half widths
w = 2di0 to w = 30di0, where di0 is the ion inertial length in the solar wind. Overall, the TD is compressed while
being transmitted into the magnetosheath, with different compression processes downstream of the
quasi-parallel (Q-||) and quasi-perpendicular (Q-⊥) shocks. It is found that magnetosheath reconnection may
take place downstream of both the Q-|| and Q-⊥ shocks due to interaction of the directional TD with the bow
shock and magnetopause, but the existence of magnetosheath reconnection depends on w and ΔΦ.
Magnetosheath flux ropes are formed through three-dimensional patchy reconnection in the thinned current
sheet, with a longer rope lengths under a larger ΔΦ. There exists a dawn-dusk asymmetry in the spatial extent
of the flux ropes, which becomes more significant as ΔΦ decreases. When ΔΦ decreases to 90°, no
reconnection flux ropes are found. Magnetopause reconnection is initiated when the magnetic fluxes with a
southward turning IMF (on the sunward side) reach the magnetopause, and the magnetopause flux ropes can
be mixed with the magnetosheath ones. Our simulation demonstrates that the effects of a southward turning
of the IMF may not be a simple field direction change that leads to reconnection only at the magnetopause.

1. Introduction

Four types of MHD discontinuities are determined by MHD Rankine-Hugoniot jump conditions: MHD shocks,
contact discontinuity, tangential discontinuity (TD), and rotational discontinuity (RD). RDs and TDs have
frequently been observed in the solar wind (e.g., Behannon et al., 1981; Burlaga et al., 1977; Lepping &
Behannon, 1986; Tsurutani & Smith, 1979). RDs can be considered as Alfven waves, with a large-amplitude
transverse magnetic field perturbation and a nonzero normal field component. TDs can be treated as a
current sheet or static magnetic boundary layer without a mass flow and magnetic field component normal
to the discontinuity. Across a TD, the total pressure is conserved, and the discontinuity simply convects with
the plasma flow. Both interplanetary TDs and RDs are found to be closely associated with the trigger of the
substorm expansion onset (Lyons et al., 1997), the sudden changes of the ionospheric convection pattern
(Maynard et al., 2002), and the formation of a geomagnetic storm (Thomsen et al., 2003).

MHD discontinuities that possess only the magnetic field direction change but no plasma variations are
often classified as directional discontinuities (DDs). They are primarily RDs or TDs. The DDs are frequently
present in the solar wind, and they are of great interest in space physics (Burlaga, 1969, 1971; Burlaga
et al., 1977; Lepping & Behannon, 1986) because of their strong nonlinear impacts to the magnetosphere
in spite of little plasma density and pressure change in the incoming discontinuity. The simulation of Lin
et al. (1996) has shown that the interaction of an RD with the bow shock and magnetosphere may not be
a simple turning of the magnetic field direction, and it may produce dynamic pressure pulses impinging
on the magnetopause, leading to magnetic impulse events. Primarily, two types of the interaction
between an interplanetary TD and the bow shock are often present in the coupled Sun-Earth plasma
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system. A number of studies have suggested the formation of hot flow anomalies due to the interaction
of the bow shock with an interplanetary TD or RD (e.g., Eastwood et al., 2008; Facskó et al., 2008; Lin,
1997, 2002; Maynard et al., 2002; Omidi et al., 2013, 2014; Paschmann et al., 1988; Schwartz, 1995;
Schwartz et al., 1988; Sibeck et al., 2002; Thomsen et al., 1986, 1988). Another type of the interaction is
magnetic reconnection between the interplanetary magnetic field (IMF) lines on the two sides of a DD
in the magnetosheath (Lin, 1997; Maynard et al., 2001, 2002; Omidi et al., 2009; Phan et al., 2007,
2011). Using Cluster spacecraft observations, Phan et al. (2007, 2011) and Hasegawa et al. (2012) have
identified the initiation of magnetosheath reconnection due to compression of a solar wind current sheet
at the bow shock and against the dayside magnetopause. The observation event of Phan et al. (2007) has
been simulated by performing a two-dimensional (2-D; Omidi et al., 2009) and a three-dimensional (3-D)
global hybrid simulation (Pang et al., 2010) for the generation and structure of magnetosheath reconnec-
tion due to the interaction between an interplanetary TD and the Q-⊥ bow shock.

Magnetic reconnection (Birn et al., 2001; Biskamp, 2000; Dungey, 1961; Fu et al., 2006), associated with a rapid
change of the magnetic field topology, is a fundamental plasma process that leads to an explosively conver-
sion of magnetic energy to kinetic and thermal energy. Numerous reconnection events are reported in the
interplanetary plasma space by in situ observations (e.g., Angelopoulos et al., 2008; Ashour-Abdalla et al.,
2011; Gosling et al., 2005; Nagai et al., 1998, 2001; Phan et al., 2000; Retinò, Sundkvist et al., 2007; Russell &
Elphic, 1979). Observations by multiple spacecraft indicate the presence of long reconnection X line in the
solar wind, extending at least several million kilometers and lasting over periods of several hours (Davis
et al., 2006; Gosling et al., 2005; Gosling, Eriksson, Blush et al., 2007; Gosling, Eriksson, McComas et al.,
2007; Osman et al., 2014; Phan et al., 2006). Reconnection at the Earth’s magnetopause is believed to be a
dominant process by which the solar wind energy enters the magnetosphere, before subsequently dissi-
pated by magnetic storms and aurorae (Burch et al., 2016; Hasegawa et al., 2010; Mozer et al., 2002;
Paschmann et al., 1979; Phan et al., 2004; Wang et al., 2017). The magnetotail transient dynamics, such as
bursty bulk flows, dipolarization front, flux ropes, waves, and magnetospheric substorms, are also closely
related to magnetic reconnection (e.g., Angelopoulos et al., 2008; Eastwood et al., 2005; Huang et al., 2015;
Lu et al., 2016; Nagai et al., 2001; Nakamura et al., 2006; Øieroset et al., 2001; Retinò et al., 2008; Wang
et al., 2016; Wu et al., 2013). Evidence of reconnection in the turbulent flows downstream from the Q-||
bow shock has also been reported (Retinò, Sundkvist et al., 2007; Retinò, Vaivads et al., 2007; Yordanova
et al., 2016). All the above observations indicate that magnetic reconnection is a widespread phenomenon
and plays vital roles in the solar-terrestrial space.

However, the physical process of reconnection formed in the dayside magnetosheath due to interaction of
an interplanetary TD with the Earth’s magnetosphere is still poorly understood. The evolution of magne-
tosheath reconnection and the magnetic flux ropes is closely related to the paraboloidal-like bow shock
and magnetopause. A 3-D model is thus necessary to investigate the 3-D features of the reconnection pro-
cess in the magnetosheath. In the previous 3-D global hybrid simulation of Pang et al. (2010), two-step com-
pression processes (shock and convective compression) in the transmitted TD is found across the Q-⊥ shock,
and magnetosheath reconnection is seen to occur in current sheet downstream of the Q-⊥ shock. The simu-
lation of Pang et al. (2010), however, is only performed for cases with a purely northward or southward initial
IMF, in which the magnetic field orientation is assumed to change by 180° across the TD.

In this paper, we perform a systematic 3-D global-scale hybrid simulation to investigate the magnetosheath
reconnection due to the impact of an interplanetary oblique TD. Cases with various rotation angles and initial
half widths are presented in order to understand the detail physical processes of the generation, structure,
evolution, and spatial distribution of magnetosheath reconnection downstream of both Q-⊥ and Q-|| shocks,
due to interaction of the oblique TDs with the bow shock and Earth’s magnetosphere. The interaction of the
magnetosheath flux ropes with the magnetopause is also examined.

This manuscript is organized as follows. The simulation model is described in section 2. The simulation results
are presented in section 3, and the summary and discussion are given in section 4.

2. Simulation Model

Numerical simulation based on a 3-D global-scale dayside hybrid code (Lin &Wang, 2005) is performed in this
study. The geocentric solar-magnetospheric (GSM) coordinate is used, in which the x axis points from the
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Earth to the Sun, and the positive z axis points to the northern magnetic pole. The y axis is defined to be per-
pendicular to the Earth’s magnetic dipole from dawn to dusk. In the simulation, the density scaled by the ion
number density n0 in the solar wind and themagnetic field is expressed in units of the IMF strength B0 ∼ 10nT,
corresponding to the ion gyrofrequency Ωi0 ∼ 1.0s, where Ωi0 = eB0/mi is the ion cyclotron frequency in the
solar wind, e is the electron charge, and mi is the proton mass. In the simulation, the time t is normalized to

Ω�1
i0 , and the length is in units of the ion inertial length di0 = c/ωpi0 in the solar wind, and c/ωpi0 = 0.1RE is

chosen. The velocity is scaled to Alfvén speed vA0 = 0.1RE/s in the solar wind. The electric field in units of
vA0B0. To illustrate the simulation results on the spatial scales of the magnetosphere, the length is scaled
to the Earth radius, RE.

The simulation domain contains the magnetosphere, magnetosheath, and bow shock in the dayside region
with GSM x> 0, while the Earth is located at (x, y, z) = (0, 0, 0)RE. A spherical coordinate system is applied, with
a grid number of nr × nθ × nϕ = 220 × 114 × 150-nr × nθ × nϕ = 320 × 150 × 200. Nonuniform grids are used in
the r direction, with a smaller grid size of Δr = 0.05RE (hence,Δr ¼ 0:5di0) for r ∈ [9RE, 14RE] in the typical cases,
that is, a higher grid resolution in the bow shock, magnetosheath, and magnetopause regions. The zenith
angle θ is equal zero along the positive GSM z axis, and the azimuthal angle φ is measured from the negative
GSM y axis. Note that the ion inertial length in the dayside magnetosheath is around 0.05RE ∼ 0.07RE, and this
spatial resolution used is sufficient to resolve the ion kinetic physics around the dayside magnetosheath. The

time step is Δt ¼ 0:05Ω�1
i . In the interested regions of the solar wind, magnetosheath, and magnetopause,

about 150–600 particles are used in each grid cell. The simulation region is set with the range of
3.5RE ≤ r ≤ 23RE. Outflow boundary conditions are used at θ = 0° and 180°, while a constant inflow boundary
condition of the solar wind and IMF is applied at r = 23RE. The ideally conducting condition is applied on the
inner boundary at r = 3.5RE.

Initially, the Earth’s dipole magnetic field is imposed in r ≤ 10RE, which interacts with the uniform solar wind
and IMF in r> 10RE. The solar wind flows along the�x direction with an Alfven Mach number ofMA = 5.6. The
bow shock, the magnetosheath, and magnetopause are formed in a self-consistent manner.

In this model, ions are treated as fully kinetic Vlasov particles, and electrons are treated as a massless fluid.
Physical phenomena occur on the ion inertial or Larmor radius scale are resolved by such hybrid simulation.
The standard particle-in-cell treatment is used to advance the ions. In our model, the equation for ion
(assumed to be protons only) particle motion, in the simulation units, is given by

dvp
dt

¼ E þ vp�B� ν up � ue
� �

; (1)

where B is the magnetic field, E is the electric field, and vp, up, and ue are the ion particle velocity and the bulk
flow velocities of ions and electrons, respectively. A collision frequency, ν ≈ 0.02ΩiJ/J0, is applied to the ion
bulk flowwith respect to the electron fluid. Such term is imposed to simulate the ad hoc anomalous resistivity
between the ions and electrons. Here Ωi is the local ion gyrofrequency, J0 = B0/αdi0, and α = μ0e

2/mi.

The E is obtained from the electron momentum equation

E ¼ �ue�B� ν ue � uið Þ � ∇Pe
n

; (2)

where

ui ¼ np
n
up þ nf

n
uf ; (3)

from Ampere’s law

ue ¼ ui � ∇�B
αn

; (4)

and Pe is the electron thermal pressure. In equation (3), discrete particles and a cold ion fluid are identified by
the subscripts p and f, respectively, and n = nf + np is the total ion number density, or the electron density
based on the assumption of quasi-charge neutrality. The nf is given as
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nf ¼ neq 1� tanh r� 6:5ð Þ½ �=r3; (5)

which is imposed in the inner magnetosphere (Swift, 1996), and r is in units
of RE. It should be noted that the ion inertial length (or the ion skin depth)
can be calculated by αnð Þ-12 equation. The magnetic field B is updated by
Faraday’s law:

∂B
∂t

¼ �∇�E: (6)

Subcycling time steps are used to advance themagnetic field, which is par-
ticularly important for the dipole-like high-field region (Swift, 1996). In our
simulation, 10 time steps are used to update the magnetic field for each

particle time step.The initial IMF is assumed to be (Bx, By, Bz) = (�0.5, 0.0, 0.866)B0 in the case shown in this
paper, which is in the xz plane, with an oblique angle of 30° relative to the z axis. An interplanetary TD con-
vects earthward with the solar wind flow along the�x direction. Initially, the TD front is located at a distance
corresponding to x = 36.0REwhere z = 0.0RE, outside the simulation domain. Themagnetic field across the TD,
with the zero normal component of the magnetic field Bn = 0, is described by

Bx ¼ �1
2
B0 cos φ x; zð Þ½ �

By ¼ �B0 sin φ x; zð Þ½ �

Bz ¼
ffiffiffi
3

p

2
B0 cos φ x; zð Þ½ �;

(7)

φ x; zð Þ ¼ ΔΦ 1þ tanh

ffiffiffi
3

p
x � xTD z; tð Þð Þ

2w

� �� �
=2; (8)

where xTD z; tð Þ ¼ 36�
ffiffi
3

p
3 z � v0t is the x position of the TD center as a function of time t and position z, v0 is

the solar wind flow speed, and ΔΦand w are the rotation angles of the tangential magnetic field and initial
half width of the TD, respectively. The initial TD possesses a circularly polarized magnetic field, which is
described by equations (7) and (8). Cases with ΔΦ = 90°–180° and w = 2di0–30di0 are presented. For the case
with w = 2di0, a higher grid resolution with Δr = 0.025RE is used.

In the following, we show six cases with various rotation anglesΔΦ and initial half widthw, as listed in Table 1.
We first show a case with ΔΦ = 180° and w = 10di0 in detail, and then discussion effects of w and ΔΦ.

3. Simulations Results
3.1. Case 1: ΔΦ = 180° and w = 10di0

As described in section 2, initially, the interplanetary TD front is located at a distance corresponding to
x = 36.0RE where z = 0.0RE, outside the simulation domain. The interplanetary TD convects earthward with
the solar wind flow velocity along the �x direction. It first reaches the outer boundary at about t = 14.0,
and then enters the simulation domain. The magnetic field on the outer hemispherical boundary changes
in response to the arrival of the TD at each specific point, as described by equations (7) and (8). Figure 1 shows
a close-up of the magnetic field in the noon-meridian plane and some magnetic field lines at t = 30.0
obtained in case 1, in which w = 10di0, or 1RE. Two colors of the field lines are shown in this figure, with
the black ones are the closed dipole field lines and yellow ones representing the interplanetary field lines.
Over the curved shock front, under a specific IMF direction, the shock normal angle θBn > 45° (<45°) corre-
sponds to the Q-⊥ (Q-||) shocks. In this case, the IMF changes by angle ΔΦ = 180°, from (Bx, By,
Bz) = (�0.5, 0.0, 0.866)B0 ahead of the discontinuity to (Bx, By, Bz) = (0.5, 0.0,�0.866)B0 on the sunward side
of the incoming TD. So the angle θBn > 45° exits where z > � 3.5RE at the bow shock, corresponding to
the quasi-perpendicular shock. In z < � 3.5RE, the angle θBn < 45°, which is a quasi-parallel shock. The
bow shock front is fully formed by t = 25.0, and the incoming TD first touches the Q-⊥ shock around
t = 35.0. The structure of the TD remains nearly unchanged before it reaches the Q-⊥ shock.

Table 1
Simulation Cases Presented in This Paper, With the Various Rotation Angles ΔΦ
and Initial Half Width w of the Tangential Discontinuity in the Solar Wind

Case ΔΦ(∘) w(di0)

1 180 10
2 180 30
3 150 10
4 120 10
5 90 10
6 90 2

Note. di0 is the ion skin depth in the solar wind.
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When the planar TD reaches the bow shock, it first encounters the area where the IMF is tangential to the
shock front, that is, the perpendicular shock. Due to the nonuniform spatial distribution of physical quantities,
the TD undergoes different degrees of slowing down at different locations, and thus distorts when passing
through the bow shock toward the magnetopause. Meanwhile, the TD is dragged tailward by the solar wind,
forming a paraboloidal-shaped structure. In this case, the TD nearly passes through the Q-⊥ bow shock in the
simulation domain at t = 40.0, and the average half width of the transmitted TD has been compressed to
about 0.25 RE, (approximately one fourth of the initial width of the TD in the solar wind), about 2.5di0 or
4.25di, by the shock compression at the Q-⊥ bow shock, where di is the ion inertial length in the local mag-
netosheath. When the transmitted TD is moving against the magnetopause, the second-step, convective
compression further reduces the width of the transmitted TD. Such two-step compression processes have
also been described in a previous simulation study by Pang et al. (2010).

Magnetic reconnection is found to take place in the center of the transmitted TD around t = 45.0 down-
stream of the Q-⊥ shock. The magnetic field configuration and characteristics of particle acceleration can
be used to identify the occurrence of magnetic reconnection, as discussed below. Figures 2a–2d show
contours of the magnetic field strength, ion density, and the By component of magnetic field in the mer-
idian plane, as well as the field lines around a zoomed-in region of the transmitted TD downstream of the
Q-⊥ shock, respectively, at t = 60.0. The positions of the magnetopause and bow shock can be identified
by the sudden gradients of the magnetic field strength and ion density around x = 10.0RE and 14.0RE
around the subsolar area in Figures 2a and 2b, respectively. Also shown in Figures 2c and 2d are the typi-
cal magnetic field lines, with the red ones and black ones being associated with the Q-⊥ bow shock and
the magnetopause, respectively. The orange lines, one the other hand, reveal the field lines downstream
of the bow shock that have gone through a topology change through magnetosheath reconnection. The
white ones in the zoomed Figure 2d represent the open magnetosheath field lines just outside the
magnetosheath merging layer, and the green ones are for the reconnected field lines near the X line.
The average width of the transmitted TD has been further compressed when it continues to move earth-
ward so that the magnetic field pileup against the magnetopause. At t = 60.0, magnetic flux ropes are
present mainly at four locations, as shown by the magnetic field configuration in Figure 2c, centered
around z= 2.2, 4.7, 8.2, and 11.3 RE downstream of the Q-⊥shock, about 1.5RE away from the magneto-
pause. These magnetic flux ropes can be viewed as time-dependent reconnection events due to localized
multiple X lines, which extend in the dawn-dusk direction over the dayside magnetosheath region down-
stream of the Q-⊥ bow shock. At the center of the flux ropes, the magnetic field strength and the By
component appear to be relatively strong, as shown in Figures 2a and 2c, and the ion density is also fairly
dense as shown in Figure 2b. Two flux ropes, marked by “D” and “E” (to be discussed further in Figure 7),

Figure 1. (left) Contours of the magnetic field strength in the noon meridian plane at t = 30.0 obtained from case 1. The
black lines are the closed geomagnetic field lines (tubes) in 3-D perspectives, and the yellow lines are the open interpla-
netary field lines, including those in the incident interplanetary tangential discontinuity with field direction angle
ΔΦ = 180°. The tangential discontinuity is still in the upstream and yet to reach the bow shock at t = 35.0. (right) A zoom-in
view.
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are highlighted in Figure 2d. Between the ropes “D” and “E” centered around z= 4.7 RE and 8.2 RE,
respectively, at t = 60.0 there exists an X-line, marked by the blue dotted line. The magnetosheath
flows are almost pointing northward, as marked by the red arrow in Figure 2d. Plasma outflows also
appear near the reconnection X point, as sketched by the violet arrows in Figure 2d.

Detailed structures of various physical quantities around the flux ropes “D” and “E” (indicated in Figure 3c) are
shown in Figure 3, which depicts the zoomed-in contours of the magnetic field B, Bx, By, and Bz; ion number
density Ni; electric field Ex, Ey, and Ez; ion temperature T‖ and T⊥; ion bulk flow Vx, Vy, and Vz; and current
density jx, jy, and jz in the noon meridian plane (y = 0), from x = 6.0RE to 12.0RE and from z = 2.0RE to
10.0RE at t = 60.0. The bow shock can be seen at a standoff distance of r = 14.0RE, across which B, Ni, and
the T⊥ increase in the antisunward direction (see Figures 3a, 3e, and 3m). The increase (decrease) in B (Ni)
through the standoff distance of r = 10.0RE marks the magnetopause (see Figures 3a and 3e). In Figures 3b
and 3d, the transmitted current sheet can be seen where Bx and Bz field direction reverses (indicated in

Figure 2. Contours of the (a) magnetic field strength B, (b) ion number density Ni, (c) the By component of magnetic field in
the noon meridian plane at t = 60.0 obtained, and (d) some field lines around the transmitted tangential discontinuity
downstream of the Q-⊥ shock at t = 60.0 in case 1. Superposed on the By contours are some typical magnetic field lines, with
the red and black ones being those around the Q-⊥ bow shock and at the magnetopause, respectively. The yellow lines are
the field lines reconnected in the magnetosheath. The white lines represent open magnetic field lines outside the mag-
netosheath merging layer, the green lines are the reconnected field lines inside the merging layer, and the blue dotted line
denotes the corresponding X-line. The red arrow indicates magnetosheath flow direction, and the violet arrows in the plots
of field lines mark the reconnection outflows.
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Figure 3), and the half width of the current sheet is about from 3.5di to 5.5di. Due to the magnetopause
obstacle, the magnetosheath flows convect poleward and tailward along the magnetopause, as shown in
Figures 3j, 3k, and 3m. The magnetosheath reconnection has caused the formation of flux ropes “D” and
“E” in the transmitted current sheet, whose center can be identified by the strong core field By, around
(x, z) = (7.6, 8.2)RE and (x, z) = (9.0, 4.7)RE (see Figure 3c), which will be further discussed in Figure 7. At the
center of the flux ropes, the magnetic field strength and ion parallel temperature appear to be relatively
high, and the ion density is also fairly dense (see Figures 3a, 3e, and 3i). It is also seen from Figures 3f–3e
that the electric field have a negative value around the center of the transmitted current sheet due to the
effect of �V × B. In addition, wave fluctuations of the electromagnetic fields are also present in the
magnetosheath, as shown in Figures 3a, 3c, and 3f–3h. Due to the large magnetic field By in the incoming
TD and thus the transmitted current sheet, the Hall structure of the electric and magnetic field cannot to

Figure 3. Zoomed-in contours of magnetic field (a) B, (b) Bx, (c) By, and (d) Bz; ion number density (e) Ni; electric field (f) Ex,
(g) Ey, and (h) Ez; ion temperature (i) T‖ and (m) T⊥; ion bulk flow (j) Vx, (k) Vy, and (l) Vz; and current density (n) jx, (o) jy, and (p) jz
around the flux ropes “D” and “E” in region x ∈ [6.0, 12.0]RE and z ∈ [2.0, 10.0]RE in the noon meridian plane, at t = 60.0.
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be seen in Figure 3. More elaborations of the detailed structure of reconnection in the magnetosheath will be
given in Figures 7 and 8.

In order to illustrate the size of each reconnection region in the magnetosheath, Figure 4 depicts contours of
the magnetic field strength at t = 60.0 in three planes at y = � 10RE, 0, and 10 RE, respectively. The red dots in
Figure 4 represent the locations of relatively weak field in various planes parallel to the noon meridian plane
with a increment of δy = 1RE between y = � 10RE and 10RE. Magnetic reconnection is found to take place
around the weak magnetic field regions, producing magnetic flux ropes in the magnetosheath, as indicated
by the yellow field lines in Figure 2c. Local X points are found to exist at these weak field regions. These are
the X points on a finite-length X line, which are identified by its typical magnetic field configuration and char-
acteristics of particle acceleration. An example is shown below in Figure 9. The magnetic topology of the X
points is further confirmed by using the topological degreemethod (Greene, 1992; Xiao et al., 2006) after sub-
tracting the guide field component. In order to illustrate the 3-D distribution of the reconnection regions in
the magnetosheath, Figure 4 is presented from two perspectives. The scale lengths of the magnetosheath
flux ropes are about 1.5RE in both the radial and latitudinal directions, but ranging from y = � 15.0RE to
12.0RE in the dawn-dusk direction (to be shown in Figure 11). It indicates that such patchy structure of recon-
nection is very different from that in the 2-D processes.

The process of the formation of some magnetic flux ropes in the magnetosheath is illustrated in Figure 5,
which shows the contours of the magnetic field strength in the noon meridian plane at t = 50.0. Magnetic
field lines inside the merging layer are also superposed on the plot, corresponding to a 3-D patchy recon-
nection. The red circles indicate the X points of reconnection that has been triggered, while the blue
boxes denote the X points where magnetic reconnection is about to occur at t = 53.0. As a result, a
new X line, marked by the white dotted line in Figure 5, is formed through the blue X points, leading
to the 3-D patchy reconnection, consistent with the patchy reconnection model (Lee et al., 1993,
Figure 8).

Figure 6 displays spatial profiles of the structure of magnetic reconnection in the later stage at t = 80.0 and
88.0. Four bundles of field lines (black, yellow, blue, and red) are shown in this figure. The black, red, and
yellow lines are the reconnection magnetic field lines similar to those described for Figure 2, while the blue
lines represent the closed and open field lines around the magnetopause. At t = 80.0, the flux ropes are more
distorted as compared to the flux ropes in Figure 2, and the half width of the current sheet is approximately
1.5di. The flux ropes downstream of the Q-⊥ bow shock carried by the incoming TD have touched the
magnetopause, pilling up with the ambient field fluxes. Under the drag of the magnetosheath plasma flows,
they also propagate poleward and tailward along the magnetopause.

Figure 4. Contours of B at t = 60.0 in three planes at y = � 10.0, 0, and 10.0 RE obtained in case 1. The dots represent the
relatively weak field region in various planes parallel to the noon meridian plane with an increment of δy = 1RE range
between y = � 10RE and 10RE, tracking the X lines.
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Meanwhile, reconnection flux ropes are also present downstream of the Q-|| shock, at a distance much closer
to the magnetopause (about 0.7RE) than those downstream of the Q-⊥ shock (about 3.6RE). As shown in
Figure 6, at t = 80.0 the flux ropes are obviously present near the magnetopause downstream of the Q-||
bow shock, and the length of these flux ropes in the dawn-dusk direction (10RE) is significantly shorter than
that downstream of the Q-⊥ shock (27RE). These reconnection events are found to take place locally behind
the Q-|| bow shock. Different from the process at the Q-⊥ shock, a convective compression takes the domi-
nant role in the narrowing of this part of the transmitted TD.

At t = 88.0, magnetopause reconnection is also seen to be initiated, as shown by the blue field lines in Figure 6,
indicating that the magnetic fluxes with the southward IMF (on the sunward side of the transmitted TD, anti-
parallel to the geomagnetic field) have reached and interacted with the magnetopause. Magnetopause flux
ropes wrap and mix with the magnetosheath flux ropes. The scale lengths of the magnetosheath ropes are
significantly larger than the sizes of magnetopause ropes in the dawn-dusk direction, but nearly comparable
with those of the magnetopause flux ropes in both the radial and latitudinal directions.

Figure 5. Contours of B in the noon meridian plane together with 3-D magnetic field lines inside the magnetosheath mer-
ging layer at t = 50.0 obtained in case 1. The red circles indicate the X points of reconnection that has been triggered.
The blue boxes denote the X points of reconnection to occur at t = 53.0, and the white dotted line denotes the corre-
sponding new X-line.

Figure 6. Contours of the By field in the noon meridian plane displays at t = 80.0 and 88.0, respectively, obtained in case 1.
The black, red, and yellow lines are the field lines similar to those described for Figure 2, while the blue field lines represent
the reconnected field lines around the magnetopause.
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To track the time evolution of magnetic flux ropes in the magnetosheath, we show in Figure 7 the By field in
the noon meridian plane at t = 40.0, 50.0, 60.0, 70.0, 80.0, and 90.0. Beforet = 35.0, By is nearly uniform in the
center of the incident TD upstream of the shock. However, the structure of magnetic field By becomes highly
nonuniform after the TD reaches the bow shock. At t = 40.0, the transmitted TD is significantly compressed by
the bow shock when it passes through the Q-⊥ shock, andmagnetic reconnection is just about to be initiated.
Bundles of the y-component fluxes, denoted by “A,” “B,” “C,” “D,” “E”, and “F” are formed, as seen at t = 50.0,
60.0, and 70.0. These flux ropes only appear downstream of the Q-⊥ shock. The y-component magnetic fluxes
are swept out by the newly generated high-speed outflows when reconnection takes place in a certain
region, leading to a local reduction of By. Such reduction causes a decrease in magnetic pressure and thus
further narrowing down of the region. The magnetic field is locally more antiparallel-like, which is preferable
for more reconnection. The subsequent reconnection produces bundles of the By flux shown at t = 50.0, 60.0,
and 70.0. The bundles of the y-component flux that are located at (x, z) = (10.0, 6.2)RE at t = 50.0. They have
moved to (x, z) = (4.5, 10.0)RE at t = 70.0, corresponding to a convection speed of nearly 3vA0, consistent

Figure 7. Contours of By in the noonmeridian plane at t = 40.0, 50.0, 60.0, 70.0, 80.0, and 90.0, respectively, obtained in case
1. Bundles of the y-component fluxes are denoted by “A,” “B,” “C,” “D,” “E,” “F,” and “G.” TD = tangential discontinuity; MP =
magnetopause and BS=Bow Shock.
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with the corresponding flow speed in themagnetosheath. Because the shock compression is largely weakened
when the TD passes through the Q-|| bow shock, the dominant narrowing mechanism of the TD there is rather
though the convective compression while the TD is moving toward the magnetopause in the magnetosheath,
asmentioned above. As a result, it takesmore time to compress the transmitted TD to thin enough to triggering
reconnection downstream of the Q-|| shock than at the Q-⊥ shock. At t = 80.0, the bundles of the y-component
flux marked by “G” in Figure 7 are formed downstream of the Q-|| shock. The flux ropes formed downstream of
the Q-|| shock propagate tailward and poleward along the plane of magnetopause.

The above case is similar to the event of magnetosheath reconnection observed by Phan et al. (2007).
Figures 8 and 9 demonstrate the detailed structures at various distances from a magnetosheath X line.
Figure 8 shows the contours of the magnetic field strength in the noon meridian plane and four field lines
at t = 45.0. Two colors are shown for the field lines, with the yellow ones marked by “1” and “2” representing
the open IMF lines outside the magnetosheath merging layer, and the black ones denoted by “3” and “4” for
the reconnected field lines in the magnetosheath merging layer. At t = 45.0, the topology of magnetic field
lines has changed rapidly inside the merging layer in the magnetosheath. For a virtual spacecraft passing
through the reconnection site in an outbound direction along the colored trajectories, marked by p1 (south-
ward from the X line), p2 (northward from the X line), and p3 (southward of the X line) in Figure 8, the spatial
profiles of the magnetic field and plasma quantities detected by this probe are shown in the left, middle, and
right column, respectively, in Figure 9.

The central region of the reconnection current sheets (or transmitted TDs) is bounded by two vertical black
dotted-dashed lines in Figure 9. A dip of the magnetic field strength is found in the center of the current
sheets in Figures 9a(1)–9a(3) (Behannon et al., 1981), which are denoted by the vertical red dotted lines.
The magnetic field and ion bulk velocity are shown in Figures 9b(1)–9b(3) (Behannon et al., 1981) and
9d(1)–9d(3) (Behannon et al., 1981), respectively, in the LMN coordinates, which are determined by the
Minimum Variance Analysis technology, where L is along the antiparallel magnetic field direction, M is along
the X-line (approximately the y direction), and N is along the current sheet normal direction.

Along path p1 southward of the X point, the BL component reverses the direction across the current sheet,
while the normal component BN remain to be a small constant. The BM component appears to be a shifted
quadruple structure (associated with the Hall effects) in a slightly asymmetric current layer, which has a

Figure 8. Contour plots of B in the noon meridian plane at t = 45.0 obtained in case 1. The yellow lines marked by “1” and
“2” represent open magnetic field lines outside the magnetosheath merging layer, and the black lines denoted by “3” and
“4” are the reconnected field lines around an X line inside the merging layer. The three paths, marked by p1 (southward
from the X line), p2 (northward from the X line), and p3 (southward from the X line), are through reconnection regions of
the transmitted current sheets.
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width of approximately 16.0di. Although in our simulation the initial solar wind condition is slightly different
from the observation (Phan et al., 2007; the normal of the solar wind discontinuity in their observation is
along the GSE direction [0.93, �0.06, �0.36]), these simulated features of the structure of reconnection are
consistent with the observed magnetosheath reconnection events (Phan et al., 2007).

At this location p1 above the equator, the ambient magnetosheath flow VL is northward (positive). However,
the tangential flow component VL in Figure 9d (Angelopoulos et al., 2008) shows a southward acceleration in
the center of the reconnection current sheet due to the existence of an X point northward of the virtual
spacecraft location. Such accelerated ion flow in VL is nearly equal to 70km/s, and the width of outflow is
approximately 10.0di, very close to the observation results (Phan et al., 2007). In addition, nearly constant
value of VM and VN are present in the reconnection layer. The normal component VN has a large negative
value upstream of the bow shock due to the incoming solar wind. There is also a corresponding increase
in the ion density, as shown in Figure 9c (Angelopoulos et al., 2008). The enhancements in the density and
the parallel and total ion temperatures (Figure 9e; Angelopoulos et al., 2008) are closely correlated with
the flow ejection at the center of the current sheet, also consistent with the observation results (Phan
et al., 2007) and a previous simulation results (Pang et al., 2010).

Along path p2 northward of the X line, the tangential flow component VL in Figure 9d (Ashour-Abdalla et al.,
2011) shows a northward enhancement in the reconnection current layer, opposite to the VL profile along
path p1. Such change in VL is equal to about 80km/s. The structures of other physical quantities are similar
to those along path p1. We have also selected a path p3, southward of the X point but at a father distance

Figure 9. Spatial profiles of (a1–a3) the field strength B, (b1–b3) field components BL (black), BM (green), and BN (red) in the
LMN coordinate system, (c1–c3) ion number density, (d1–d3) ion bulk flows in the LMN coordinates, (e1–e3) ion tem-
peratures T‖ (black) and T⊥ (green), and the total ion temperature T (red) in the outbound direction along paths p1 (left
column), p2(middle column), and p3 (right column) in Figure 8. The two-vertical black dotted-dashed lines bound the
central reconnection region of the transmitted tangential discontinuity. The magnetic field strength shows a dip in the
center of the reconnection current sheet, as denoted by a vertical red dotted line.
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than location p1. The spatial structures of magnetic field, ion density, and ion temperature at p3 are
consistent with those along path p1, but there appears to be very small change in the ion flow component
VL, as shown in Figure 9d (Behannon et al., 1981). The reason for the lack of acceleration is due to the
existence of another X line closeby, just southward of the virtual spacecraft location p3.

3.2. Case 2: ΔΦ = 180° and w = 30di0

With a thicker initial width of the TD in the solar wind, the evolution of the TD is different as compared with
that in case 1 with a relatively thin TD. Figure 10 shows the contours of By in the noon meridian plane
obtained at t = 60.0 and 80.0 for case 2, which is similar to case 1 but with a larger w = 30di0, or 3RE.
Superposed on the By plots are the magnetic field lines, with the black and yellow ones being the field lines
at the magnetopause and the magnetosheath, respectively. In contrast to case 1, magnetic flux ropes are not
obviously formed at t = 60.0. Later at t = 80.0, flux ropes are formed, as seen from the magnetic field config-
uration of 3-D patchy reconnection downstream of the Q-⊥bow shock. For a thin solar wind TD, it is possible
the bow shock compression alone can trigger reconnection downstream of the Q-⊥ shock. If the initial TD is
thick, however, a second-step (i.e., convective) compression appears to be necessary for the occurrence of
reconnection. As a consequence, it takes more time to form the magnetosheath reconnection in case 2 than
in case 1. However, the magnetic flux ropes cannot be found downstream of the Q-|| shock.

3.3. Cases 3–7 With Varies Rotation Angles ΔΦ

We now discuss the structure of magnetic flux ropes formed in the magnetosheath for solar wind TDs with
different rotation angles, assuming w = 10di0. In case 3 with rotation angle ΔΦ = 150°, the reconnection flux
ropes are formed around t = 42.0 at the Q-⊥ shock, nearly same time as that in case 1 (ΔΦ = 180°). They are
also seen downstream of the Q-|| shock, at about t = 82.0, later than the corresponding time (t = 76.0) for case
1. When the rotation angle of the transmitted TD decreases to ΔΦ = 120°, in case 4, the flux ropes are formed
at the Q-⊥ shock around t = 46.0, later than that in cases 1 and 3, whereas no flux ropes are found down-
stream of the Q-|| shock during the entire time when the transmitted TD passes through the magnetopause.

Figure 11 shows the contours of B in various planes that are parallel to the noon meridian plane obtained at
t = 60.0 for cases with the rotation angles with ΔΦ = 120°, 150°, to 180° in the solar wind. The yellow field lines
denote the reconnection flux ropes downstream of the Q-⊥ shock. It is found that the extent of the magnetic
flux ropes varies with ΔΦ, as summarized in Table 2. The magnetic flux ropes are present within the region
from y = � 9.0RE to 3.5RE for rotation angle ΔΦ = 120° in case 4, from y = � 10.0RE to 5.0RE for ΔΦ = 150°
in case 3, and from y = � 15.0RE to 12.0RE for ΔΦ = 180° in case 1. Our results indicate a longer length of
magnetic flux ropes under a larger rotation angle ΔΦ. Moreover, there exists a dawn-dusk asymmetry in
the spatial extent of themagnetosheath flux ropes. As the rotation angle ΔΦ decreases, the dawn-dusk asym-
metry of the flux ropes becomes more significant.

Figure 10. Contours of By in the noon meridian plane obtained at t = 60.0 and 80.0 in case 2. Also shown are some mag-
netic field lines, with the black and yellow lines showing the field lines at the magnetopause and in the magnetosheath,
respectively.
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When the rotation angle of the transmitted TD decreases to ΔΦ = 90°, the reconnection flux ropes cannot be
found in the magnetosheath. Figure 12 shows the contours of B in the noon meridian plane obtained at
t = 60.0 for case 5 with ΔΦ = 90° in the solar wind. Superposed on the contours are the magnetic field lines,
with the black ones being around the magnetopause, the orange lines revealing the field lines of the trans-
mitted TD in the magnetosheath, and the red lines being the field lines in the solar wind. In contrast to the
above cases with the rotation angles of ΔΦ = 120°, 150°=, to 180°, reconnection flux ropes are not formed
in the magnetosheath at t = 60.0. The simulation is run till t = 90.0 when the transmitted TD has passed into
or through the magnetopause, and no magnetosheath reconnection flux ropes are found in the entire run.
We have also run case 6 with w = 2di0, till t = 90.0. Again, no magnetosheath reconnection is found in the
transmitted current sheet. Note that previously based on a 2-D hybrid simulation, Lin (1997) has found that
there is little magnetic reconnection in the magnetosheath if the rotation angle is less than 80°.

4. Summary and Discussion

In this paper, we have presented results of a systematic 3-D global hybrid simulation to investigate the inter-
action of a circularly polarized interplanetary TD with the bow shock, magnetosheath, and magnetopause.
The main results are summarized below.

(1). As the TD is transmitted first through the Q-⊥ shock and then the Q-|| shock regions, magnetosheath
reconnection may be found downstream of both the Q-⊥ and Q-|| shocks. The transmitted TD is nar-
rowed by different compression processes at the two types of shocks. Through the Q-⊥ shock, the width
of TD becomes thinner by the shock compression and convective compression process. The 3-D patchy
reconnection is initiated first in the transmitted, thinned TD downstream of the Q-⊥ shock, forming flux
ropes in the magnetosheath. These processes downstream Q-⊥ shock are also consistent with the simu-
lation results of Pang et al. (2010).

(2). As the TD passes through the Q-|| shock, the shock compression is lar-
gely weakened, and the convective compression takes the dominant
role in the narrowing of the TD current sheet. A longer time is neces-
sary to compress the transmitted TD to thin enough in order to trigger
the 3-D patchy magnetic reconnection downstream of the Q-|| shock.
In the cases in which magnetic reconnection are also triggered down-
stream of the Q-|| shock, the flux ropes downstream of the Q-|| shock
starts to form at a distance much closer to the magnetopause than
those downstream of the Q-⊥ shock, and the length of these flux ropes
is significantly shorter than that downstream of the Q-⊥ shock. For
example, the flux ropes starts to form at a distance of 0.7RE (3.6RE)

Table 2
Extent of the Resulting Magnetosheath Magnetic Flux Ropes in the Dawn-Dusk
Direction Under Various Field Rotation Angles ΔΦ From 120° to 180° Across the
Tangential Discontinuity in the Solar Wind

ΔΦ(∘) y�(RE) y+(RE) L(RE)

120 �9.0 3.5 12.5
150 �10.0 5.0 15.0
180 �15.0 12.0 27.0

Note. The dawn-side and dusk-side boundary locations of the flux ropes
are denoted by y� and y+, respectively.

Figure 11. Contours of B in various planes parallel to the noon meridian plane obtained at t = 60.0 for (a) ΔΦ = 120° (case 4), (b) 150° (case 3), and (c) 180° (case 1).
Superposed on the contours are the field lines inside the magnetosheath merging layer. The yellow field lines denote the reconnection flux ropes.
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from the magnetopause downstream of the Q-|| (Q-⊥) shock in the
case with ΔΦ = 180° and w = 10di0, and the length of the flux ropes
is about 10RE (27RE) downstream of the Q-|| (Q-⊥) shock.

(3). For a fixed ΔΦ = 180°, magnetosheath flux ropes are found down-
stream of both Q-|| and Q-⊥ shocks in the case with w = 10di0 in the
solar wind. Nevertheless, under a relatively thick initial TD with
w = 30di0, the convective compression is not enough to drive the
magnetosheath reconnection, and the magnetic flux ropes cannot
be found downstream of the Q-|| shock.

(4). For a fixed w = 10di0, when the field rotation angle decreases to
ΔΦ = 120°, magnetosheath flux ropes cannot be found downstream
of the Q-|| shock, although there still exist flux ropes downstream of
the Q-⊥ shock.

(5). When the rotation angle decreases to ΔΦ = 90°, magnetic reconnec-
tion ceases to be seen in the entire magnetosheath.

(6). Our results indicate a longer length of magnetic flux ropes under a
larger rotation angle ΔΦ. There exists a dawn-dusk asymmetry in
the spatial extent of the magnetosheath flux ropes. Such asymmetry
becomes more significant as the rotation angle ΔΦ of magnetic field
through the TD decreases.

(7). As the southward magnetic fluxes of the transmitted TD (on the
sunward side) reaches and interacts with the magnetopause, magne-
topause reconnection is initiated, forming magnetic flux ropes. These
magnetopause flux ropes can wrap and mix with the magnetosheath
flux ropes. The scale lengths of the magnetosheath ropes are signifi-
cantly larger than the sizes of magnetopause in the dawn-dusk direc-
tion, but nearly comparable with those of the magnetopause flux
ropes in both the radial and latitudinal directions.

DD, primarily RD or directional TD, is a commonly observed phenomenon
in the interplanetary space. Our simulation has shown that magne-

tosheath reconnection may takes place when a transmitted TD passes through the bow shock toward mag-
netopause. As a consequence, the interaction between the interplanetary discontinuity and the
magnetosphere is more complicated than a simple IMF change at the magnetopause. This result provides
a mechanism of multiple processes for TD to interact with the bow shock/magnetopause.

Our simulation has demonstrated that the effects of a southward turning of the IMF may not be a simple
magnetic field direction change at the magnetopause, and so not a simple occurrence of the reconnection
process at the magnetopause. Rather, magnetic reconnection may be initiated in the global magnetosheath
prior to the magnetopause reconnection due to the interaction of the bow shock and magnetosheath with
the interplanetary TD. Near the magnetopause, the magnetosheath flux ropes can be mixed with the magne-
topause flux ropes, and the scale lengths of them are approximately equal in both the radial and
latitudinal directions.

It is also indicated in our simulation that there exists a critical field rotation angle of the incident TD, ΔΦ = 90°,
so that no reconnection flux ropes can be found in the magnetosheath if the rotation angle is below this
value. Previously, Lin (1997) carried out a 2-D global hybrid simulation to study the interaction of the BS
(Bow Shock) with a directional interplanetary discontinuity, and found little reconnection when the field rota-
tion angle ΔΦ is smaller than 80°. The difference between our result and that of Lin (1997) may be mainly due
to the different orientations of the original IMF and the different dimensions of the two simulation models. In

the simulation of Lin (1997), the initial IMF is in the xy plane, with Bx0 = By0 = � 0.707B0 and Bz0 = 0. In our

simulation, the initial IMF is in the xz plane with Bx0 = � 0.5B0 and Bz0 = 0.866B0, which makes an angle of

30° with the +z direction, and By0 = 0. Moreover, our investigation is carried out for the 3-D physics.

The TD is compressed by the Q-⊥ shock and then undergoes a subsequent convective compression during its
motion to the magnetopause. The formation of reconnection flux ropes in the transmitted TD downstream of

Figure 12. Contours of B in the noon meridian plane obtained at t = 60.0
obtained from case 5 with ΔΦ = 90°, together with magnetic field lines,
with the black lines being the magnetic field lines around the magneto-
pause, the orange lines the field lines of the transmitted tangential discon-
tinuity in the magnetosheath, and red lines the field lines in the solar wind.
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the Q-⊥ shock is consistent with the earlier observation and simulation results (Omidi et al., 2009; Pang et al.,
2010; Phan et al., 2007). Our simulation indicates that the reconnected flux ropes are also present down-
stream of the Q-|| shock, at a distance much closer to the magnetopause than those at the Q-⊥ shock. For flux
ropes downstream of the Q-|| shock, more time is necessary to compress the transmitted TD to thin enough in
order to trigger magnetic reconnection because for these structures the convective compression is the domi-
nant compression mechanism. The reconnection flow and magnetosheath flow determine the movement of
the magnetosheath flux ropes, roughly along the plane of the current sheet.

On the dawn side of themagnetosheath, plasma flows are mainly pointed dawnward and tailward. Duskward
and tailward plasma flows appear on the dusk side of the magnetosheath. Consider the sheet of a trans-
mitted TD sheet along the y direction in general. With the presence of the Hall electric field Ex, the magnetic
flux and ions gain a dawnward (in the �y direction) E × B drift velocity, associated with Ex and Bz, both earth-
ward and sunward of the transmitted TD current sheet center in the magnetosheath (similar to that in the
magnetotail discussed by Lin et al., 2014). The direction of the magnetosheath flows are the same as that
of the electric field drift velocity on the dawn side of the magnetosheath, and opposite to the electric field
drift velocity on the dusk side. As a result, the accumulation of the magnetic flux and plasma is easier on
the dusk-side (+y), whichmakes it harder to compress the transmitted TD and trigger magnetic reconnection.
For this reason, the spatial extent of the flux ropes exhibits a dawn-dusk asymmetry in the magnetosheath.
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