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We performed high-resolution three-dimensional global MHD simulations to determine the
impact of weak southward interplanetary magnetic field (IMF) (Bz � −2 nT) and slow solar
wind to the Earth’s magnetosphere and ionosphere. We considered two cases of differing,
uniform time resolution with the same grid spacing simulation to find any possible
differences in the simulation results. The simulation results show that dayside magnetic
reconnection and tail reconnection continuously occur even during the weak and steady
southward IMF conditions. A plasmoid is generated on closed plasma sheet field lines.
Vortices are formed in the inner side of the magnetopause due to the viscous-like
interaction, which is strengthened by dayside magnetic reconnection. We estimated
the dayside magnetic reconnection which occurred in relation to the electric field at the
magnetopause and confirmed that the enhanced electric field is caused by the
reconnection and the twisted structure of the electric field is due to the vortex. The
simulation results of the magnetic field and the plasma properties show quasi-periodic
variations with a period of 9–11min between the appearances of vortices. Also the peak
values of the cross-polar cap potential are both approximately 50 kV, the occurrence time
of dayside reconnections are the same, and the polar cap potential patterns are the same
in both cases. Thus, there are no significant differences in outcome between the
two cases.
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INTRODUCTION

Dayside magnetic reconnection between the geomagnetic field and the interplanetary magnetic
field (IMF) is the most important for understanding the Earth’s magnetosphere dynamics.
There have been many observations, simulations and theory studies on the reconnection
process of the magnetosphere. Dungey (1961) first examined magnetic reconnection for a
purely southward IMF. The magnetic reconnection occurs efficiently in the dayside when IMF
is southward and the rate is the largest where the magnetosheath magnetic field is antiparallel to
the geomagnetic field (Sonnerup, 1974; Crooker, 1979; Luhmann et al., 1984; Park et al., 2006).
Also, Park et al. (2010) found that antiparallel reconnection occurs dominantly on the
magnetosphere outer boundary even in complicated cases where northward IMF, non-zero
dipole tilt, and non-zero IMF By existed.

On the other hand, viscous-like interaction such as the Kelvin-Helmholtz (KH) instability
(Dungey, 1955; Miura, 1984, 1995; Kivelson and Chen, 1995) is generally known to be driven by
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the velocity shear with a rapid magnetosheath plasma at the
boundary for northward IMF condition. There are MHD
simulation studies that the KH vortices have properties
with short time intervals of about 2–4 min (Otto and
Fairfield, 2000; Guo, et al., 2010; Ogino, 2011). Merkin
et al. (2013) also examined the double-vortex sheet with
vortex trains propagating along the inner and outer edges
of the boundary layer.

The magnetosphere boundary can also fluctuate in response to
solar wind dynamic pressure pulse. In particular, observations of
the magnetospheric magnetic field response showed quasi-
periodic pulses with a period of 8 min (Sibeck et al., 1989;
Sibeck 1990, 1992; Sibeck and Gosling, 1996). Sibeck (1990)
reviewed that the pressure pulses mean large-amplitude solar
wind dynamic pressure pulses recurring on time scales of
5–15 min that impact the Earth’s bow shock. Lysak and Lee
(1992) used a numerical model to show that field line resonances
are dependent on the frequency of the driving pulse. Using a
global MHD simulation, Claudepierre et al. (2010) found that the
solar wind dynamic pressure fluctuations drive toroidal mode
field line resonances on the dayside.

There have been few studies on the vortices in the
magnetospheric boundary layer under southward IMF
conditions. Claudepierre et al. (2008) performed high-
resolution global MHD simulations to show that the
pulsations of surface waves were generated by the KH
instability at the magnetopause boundary for varying solar
wind velocities under a southward IMF condition.
Additionally, developed KH waves in the magnetopause
have been reported using observational data and simulation
under the southward IMF conditions (Hwang et al., 2011;
Kavosi and Raeder 2015; Nakamura et al., 2020). Hwang et al.
(2011) showed that the first in situ observation by Cluster of
nonlinearly developed KH wave during ∼17 min under
southward IMF conditions. Kavosi and Raeder (2015)
reported the relative KH waves occurrence rate as a
function of solar wind parameters by 7 years of
THEMIS(Time History of Events and Macro scale
Interactions during Substorms) data. The statistical analysis
showed that KH waves rate increase with solar wind speed,
and Alfven Mach number and number density and also the
KH waves occur about 10% for southward IMF. Park et al.
(2020) found that the dayside reconnection leads to the quasi-
periodic vortex with 8–10 min in the inner magnetopause
boundary under the long duration of the solar wind and weak
southward IMF.

However, it still needs to be understood what kind of factors of
magnetopause boundary are more important depending on the
solar wind and IMF conditions. There has been no previous study
examining the significance of applying different grid spacing and
time resolution to understand the magnetic field topology and
magnetosphere and ionosphere response using MHD
simulations, as attempted in this paper.

In Simulation Model, we briefly introduce the simulation
model. In Simulation Results, we present the simulation
results. In Summary and Discussion, a summary and
discussion of the results are presented.

SIMULATION MODEL

The three-dimensional simulation is based on solving the
normalized resistive MHD and Maxwell’s equation as an
initial value problem by using a modified leap-frog scheme.
We provide only a brief review of the simulation model as it
has been described in detail elsewhere (Ogino et al., 1992; Park
et al., 2006). We used a quarter simulation box with -60 RE ≤ X ≤
20 RE, 0 RE ≤ Y ≤ 40 RE, and 0 RE ≤ Z ≤ 40 RE dimensions in
Cartesian solar magnetospheric coordinates, assuming symmetry
conditions are consistent with the dipole magnetic field. The
number of grid points was (nX, nY, nZ) � (800, 400, 400), with a
uniform grid spacing of 0.1 RE. A mirror dipole field was applied
to the solar wind at time t � 0, to form the shape of the
magnetosphere. A smoothing function damps all perturbations
near the ionosphere, including parallel currents. The parallel
current does not close in the ionosphere, it partly closes above
the ionospheric boundary. The internal ionospheric boundary
conditions are set by forcing a static equilibrium at r � 2.5 RE. A
uniform solar wind conditions a velocity, Vsw � 300 km/s, a
number density, nsw � 5 cm−3 with a pure northward IMF Bz (�
5 nT) was held constant for up 2 h in order to obtain quasi-steady
state of the magnetospheric configuration as the initial condition.

In the following three conditions, the weak and steady
southward IMF of Bz � −2 nT entered the upstream boundary
for 2 h. The beginning time of this simulation results are t � 0. The
time resolutions are 1 min (Case 1), 30 s (Case 2), and 10 s
(Case3) respectively in this simulation.

SIMULATION RESULTS

We demonstrate the response of the magnetospheric
configuration of the 3D magnetic field lines in Figure 1. The
Earth is located at the origin, closed field lines that connect to the
Earth in both hemispheres are colored green, open field lines that
connect to the ionospheres at one end and to the distant IMF at
the other end are colored blue, and the twisted field lines in tail
region are colored pink in Figure 1. The dayside reconnection
initially and continuously occurs near the subsolar region (the
magnetic equator) at t � 9 min during the simulation in the two
cases of weak southward IMF. The dayside reconnection regions
are located between the northern and southern hemispheres with
highly kinked open field lines. The reconnected open field lines
on the dayside move tailward through the dusk (dawn) side with a
magnetosheath flow. The closed plasma sheet field line in tail is
widely stretched tailward until the occurrence of tail
reconnection. Plasmoids are generated near the midnight
region (about ∼14.5RE) after precisely 85 min in Case 1 and
after precisely 85 min and 30 s in Case 2.

Figure 2 shows the time evolutions with specific location at (X,
Y, Z)� (−25, 0, 0) RE the strength of magnetic field, |B|,
z-component of magnetic field, Bz, and the total velocity |V|,
x-component of velocity, Vx, the density (ρ) and the plasma (P)
for two cases. The vertical dashed lines denote the center of the
plasmoid. In a plasmoid the Bz component of the magnetic field
has a bipolar signature and the By component is nearly zero in
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both cases. The magnetic field strength of magnetic field
decreases slightly when the plasma pressure reaches the
maximum and the density decrease in the center of the
plasmoid. These are typical feature for a plasmoid. In both
cases, there was no helical magnetic field line in the center of
plasmoid during the simulation for weak solar wind and
southward IMF conditions. The plasmoid moves tailward with
a velocity above 100 km/s as plasmasheet reconnection continues
to involve lobe field lines.

Figure 3 shows the plasma flow vectors in the XZ (top) and XY
planes (bottom) at time t � 90 min in Case 1 (A) and in Case 2 (B).
The red curves refer to BZ � 0 regions. The bow shock is located
approximately at X � 16 RE and the magnetopause is located
approximately at X � 12 RE at the nose throughout the simulation
in both cases during the weak uniform southward IMF. The
calculated convection electric fields, Ec � |ηJc| � η|B×J|/|B|, are
plotted with the color contour. The basic calculation method of
the electric field has been described in detail by Park et al. (2006).
The electric field becomes larger in the dayside and tail
reconnection region in both cases. Also, the simulation results
show that the high electric fields in the magnetopause are related
to the vortex in Figure 3. The vortex-like structures are generated
in the inner boundary of the magnetopause after t � 47 min after
the steady weak southward IMF constantly impacts the
magnetosphere. And the vortex propagates anti-sunward with
a velocity 158 km/s in Case 1 (A) and 120 km/s for Case 2 (B). The
vortices are counterclockwise in the duskside magnetopause in
this simulation. The center of the region of vortex A is at (X, Y) �
(9.0, 9.4) RE in Case 1 (A) and (X, Y) � (6.0, 9.9) RE in Case 2 (B)
respectively. In Case 1, the size of the vortex changes from 3 RE to
4.5 RE during the move to the tail in Figure 3A. In Case 2, the size
of vortex A is 2.3 RE and increases to 3.5 RE during the move to
the tail.

Figure 4 shows 3D closed magnetic field lines indicated in
green and tail reconnection field lines indicated in red at t �
120 min in Case1 (A) and in Case2 (B). The black arrow indicates
the equatorial magnetospheric convection. The plasma flow in
the near tail clearly moves earthward due to the tail reconnection.

FIGURE 1 | 3D magnetic field line configuration at a specific time, t � 85 min (Case 1) in simulation. Closed field lines that connect to the Earth in both hemispheres
are green, open field lines that connect to the ionospheres at one end and to the distant IMF at the other end are blue, and the twisted field lines in tail region refer to pink.

FIGURE 2 | The time evolutions of the strength of magnetic field, |B|,
z-component of magnetic field, Bz, and the total velocity |V|, x-component of
velocity, Vx, the density (ρ) and the plasma (P) for two cases.
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This is clearly shown in Figure 4. The tail reconnection region is
at approximately X � −14.2 RE where plasma flow diverges. A
strong earthward plasma flow appears at the near-Earth line with
a velocity of 40 km/s up to 194 km/s due to the tail reconnection
in Case 1. In Case 2, the tail reconnection occurs at approximately

X � −13.4 RE and the peak value of velocity is about 200 km/s.
Some closed field lines on the dusk (and dawn) are linked to the
vortex and move duskward and then toward the tail.

Figure 5 shows the temporal variations of the magnetic field
and plasma properties from t � 65–120 min in Case 1 (A), from
t � 60–115 min in Case 2 (B) during the simulation. For the data,
the following coordinates were designated to observe the
movement of the vortices: X � 6.9 RE, Y � 9.9 RE and Z �
0 RE for Case 1, X � 8.9 RE, Y � 8.1 RE and Z � 0 RE for Case 2. The
center of the vortices was indicated with dashed vertical lines.
This figure clearly shows quasi-periodic behavior with an interval
of 9–11 min. Observing the center of the vortices, the sizes of the
bipolar magnetic field perturbation and the total magnetic field
intense increase. The velocity is low at the center of the vortices
and variations in the Vx and Vy components were roughly 90° out
of phase. The density and the plasma pressure are low at the
center of the vortices but the current is high. Some observation
and model studies are related to KH waves under the southward
IMF condition. It has been reported that the KH waves involve
both with the magnetosheath and the magnetopause boundary.
Hwang et al. (2011) examined by using a global MHD simulation
under southward IMF condition that KH are well developed, but
they quickly become unstable due to both subsolar fluctuations
and external dynamics of FTEs. However, it is not clear whether
these simulation results are a feature of KH waves. The vortices
are generated in the inner boundary of the magnetopause and
they exhibit stable, periodic fluctuations during the simulation
Therefore, it is necessary to perform the simulations under
various conditions.

The size, propagation speed and the intervals of the vortices in
the two cases simulation results are similar to those obtained in
our previous studies (Park et al., 2020). That study showed that
the density and the plasma pressure are high, and the current is
low at the center of the vortices at a 0.3 RE grid spacing
simulation. There are different simulation conditions with
variances in the initial magnetosphere condition, simulation

FIGURE 3 | The plasma flow vectors in the XZ (top) and XY planes (bottom) at time t � 90 min in simulation during the weak southward condition in Case 1 (A) and
in Case 2 (B). The red lines are contours of the Bz � 0 region. The color contour is convection electric field.

FIGURE 4 | 3D closed magnetic field lines that indicate green and tail
reconnection field lines it indicate red at t � 120 min in Case1 (A) and in Case2
(B). The black arrow indicate equatorial magnetospheric convection.
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grid spacing, and time resolution. However, further effects of
other conditions should be investigated.

Figure 6 shows the simulation results of the evolution of the
cross-polar cap potential mapped onto the polar region. The
maximum value of the cross-polar cap potential reaches
approximately 50 kV after 40–50 min with a strong dayside
reconnection in both cases. Also, the cross-polar cap potential
increased until t � 90 min as the tail reconnection persisted
and intensified. In both cases, the cross-polar cap potential
increase to more than 30 kV was observed during the
simulation. Many studies suggested that the peak potential
was substantial enough to set a growth phase condition for the
later release of the energy such as substorm triggering (e.g.,
Milan, 2004; Lockwood et al., 2009; Liu et al., 2011; Andalsvik

et al., 2012). Lockwood et al. (2009) determined the transpolar
voltage as a function of the IMF Bz for quiet times and the
growth phase of a substorm, reporting values of 10–60 kV for
-10 nT < Bz < 10 nT. Liu et al. (2011) reported an increase in
the cross-polar cap potential ranging from 16 to 29 kV
associated with substorm occurrences. These results suggest
that substorm energy storage and eventual release are possible
as the cross-polar cap potential value exceed 30 kV even
during the weak and long duration of southward IMF.

Figure 7 shows 2D electric potential patterns in the polar
region at selected times. The blue and red contours indicate
negative and positive potentials respectively. A double green
line delimits the open-closed field lines boundary. The four-
cell pattern is shown in the polar region due to the initial state

FIGURE 5 | The time evolution of the magnetic field and plasma density (left) and the plasma flow vector, current density and plasma pressure (right) from 65 to
120 min in Case 1 (A) and from 60 to 115 min in Case 2 (B). The data were selected at the X � 6.9 RE, Y � 9.9 RE and Z � 0 RE in Case 1 and X � 8.9 RE, Y � 8.1 RE and Z �
0 RE in Case 2 across the vortex A in Figure 3.
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of the northward IMF condition simulation at Figure 7 (top).
A two-cell pattern appears after the weak southward IMF
impacted with the magnetosphere in Figure 7 (bottom
panels). The open-closed boundary is located between 77°

and 70° on the nightside, 83° and 78° on the dayside, and 79°

and 74° on dawn and dusk regions during the simulation. The
open-closed boundary extends close to 70° near midnight after
the tail reconnection strengthened at t � 90 min while
ionospheric convection is enhanced in the night side (plot
not shown). The potential pattern and open-closed boundary
in the polar region exhibit the same results during the
simulation in both cases.

SUMMARY AND DISCUSSION

In this work, we studied the response of the magnetosphere and the
ionosphere using a 3D global MHD simulation in high resolution
grid spacing and time when the IMF is purely weak southward. The
main features of the simulation results are summarized below;

(i) The magnetic reconnection starts in the subsolar region and
magnetic equator region at t � 9 min during the weak

southward IMF impacts. The vortices are generated in t �
47 min in the inner boundary of the magnetopause. The
direction of motion of the reconnected open field line on the
dayside changes from dusk (dawn) to tailward with the
plasma flow. The stretched closed plasma sheet field lines in
the tail led to a plasmoid formation near the midnight region
(about 14.5 RE) after approximately 85 min.

(ii) Vortices propagate anti-sunward with a quasi-periodicity of
9–11 min 30 s in the inner boundary of the magnetosphere.
A strong convection electric field occurs in the
magnetopause boundary which indicates that there is a
dominant occurrence of a magnetic reconnection. Also,
the twisted structure of the convection electric field in the
magnetopause is the result of vortices.

(iii) The cross-polar cap potential reaches up to ∼50 kV after
40–50 min with a strong dayside reconnection and then
gradually decreased to 40 kV. Case 2 had a second peak
different from Case 1. The cross-polar cap potential
gradually increased until t � 90 min as the tail
reconnection persisted and intensified in both cases.

(iv) The two-cell pattern appeared in the polar region during the
weak southward IMF simulation. The location of the open-
closed field boundary is 77°–70° at night (24:00 MLT),
around 83°–78° at 12:00 MLT, and 79°–74° at 6:00 and 18:
00 MLT.

The magnetic reconnection is the most important mechanism
for magnetospheric phenomena even in the case of weak and
steady southward IMF. The dayside reconnection first occurs and
then vortices are generated near the inner magnetopause
boundary. Park et al. (2020) showed that the velocity shear
exists in the dayside magnetopause boundary because the
plasma flows near the magnetic equator deformed by
reconnection. They suggested that reconnection played a role in
generating vortices with a periodicity in the dayside magnetopause
boundary under a weak southward IMF in a simulation with a grid
spacing of 0.3 RE. These results are similar to those simulation
results despite the different grid spacing of 0.1 RE and different time
resolution. Nakamura et al. (2020) reported using 3D full kinetic
simulation of the KHI at the magnetopause under the southward
IMF condition. They showed that the KH waves due to the
enhanced reconnection rate are decay within the magnetopause
boundary layer.

In addition, Figure 8A show the simulation results for 10 s time
resolution of the plasma flow vector in XZ panel (upper) and in XY
panel (bottom) at time t � 100min. Figure 8B show the time
evolution of themagnetic field and plasma properties from t� 60 to t
� 120min. The location of selected data is near the center of vortices
atX � 8.5 RE, Y � 8.1 RE and Z � 0 RE (asterisked). This figure clearly
shows quasi-periodic behavior with an interval of 9 min 20 s to
11 min 30 s for high resolution simulation. In Figure 8A, the vortex
structure is also formed in the inner boundary magnetopause. The
results of the simulation with a 10 s time resolution have no
significant difference from either the 1min or 30 s time
resolution simulations. Details will be discussed in a future paper.

The observational study by Hwang et al. (2012) indicate that
KH waves can occur at high-latitude magnetopause during

FIGURE 6 | The simulation results of the evolution over time of the cross-
polar cap potential mapped onto the polar region for 1 min time resolution in
Case 1 (A) and for 30 s time resolution in Case 2 (B).
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strongly dawnward IMF conditions. When the IMF By is non-
zero, the dayside reconnection occur at the high-latitude flanks to
satisfy the antiparallel field conditions (Park et al., 2006). They
examined using the global MHD simulation the direction of the
plasma flow flowing the magnetic reconnection. It was showed

that after the reconnection, open field lines easily move from dusk
to dawn in the dayside polar region under the duskward IMF
conditions. The fast transverse plasma flow moved dawnward
simultaneously. The velocity shear could exist at high-latitude
deformed plasma flow by the reconnected even high-speed

FIGURE 7 | 2D electric potential pattern in the polar region at selected times. The blue and red contours indicate negative and positive potentials, respectively. A
double green lines delimit the open-closed field lines boundary.
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magnetosheath flow. It is necessary to further study the effects of
IMF strength, direction, and variable solar wind parameter using
global MHD simulation with different grid spacing and time
resolution.
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