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Abstract When the interplanetary magnetic field (IMF) is northward, magnetic reconnection
between the IMF and the geomagnetic field can occur at the high latitude magnetopause, which
allows energy transfer from the solar wind into Earth's magnetosphere. In this letter, by using three-
dimensional global hybrid simulations, we find that during the northward IMF, high latitude magnetic
reconnection both poleward and equatorward of the cusp can occur almost simultaneously. High
latitude magnetopause flux ropes (HLMFRs) with four topologies of magnetic field lines can be formed
by multiple X-line reconnection. At the center of the HLMFRs, there is a decrease in the surrounding
magnetic field magnitude (weak core field) and an increase in parallel temperature. When the IMF is
purely northward, the HLMFRs are located at the noon-midnight meridian plane. When the IMF has a
positive B, component, the HLMFRs in the northern hemisphere shift duskward.

Plain Language Summary When the interplanetary magnetic field (IMF) is southward,
magnetic reconnection between the IMF and the Earth's magnetic field can occur at the low latitude
magnetopause, and flux ropes are formed. However, when the IMF is northward, the reconnection site is
at high latitude magnetopause. In many previous studies, the high latitude magnetopause reconnection
with the northward IMF was considered as no flux rope is formed. In this letter, we use computer
simulations to investigate the high latitude magnetopause reconnection during the northward IMF in
different directions. When the IMF is northward, the high latitude magnetopause flux ropes (HLMFRs)
with four types of magnetic field lines are formed. At the center of the HLMFRs, there is a decrease in
the surrounding magnetic field magnitude, an increase in parallel temperature. Compared with the flux
ropes formed during the southward IMF, the HLMFRs are fewer and smaller. When the IMF is purely
northward, the HLMFRs are located at the noon-midnight meridian plane; when the IMF rotates to the
duskward (but still northward), the HLMFRs in the northern hemisphere shift duskward.

1. Introduction

When the interplanetary magnetic field (IMF) is southward, it can reconnect with the geomagnetic field
at the low latitude magnetopause, which enhances global convection in Earth's magnetosphere and trig-
gers explosive energy conversion, for example, the geomagnetic storms and substorms (Burton et al., 1975;
Dungey, 1961). Magnetopause reconnection can form flux transfer events (FTEs; Russell & Elphic, 1978),
which is an effective mechanism for energy transport in the solar wind-magnetosphere coupling. FTEs are
usually interpreted as magnetopause flux ropes with helical magnetic field lines formed by multiple X-line
reconnection (Z. F. Guo et al., 2020; J. Guo et al., 2021a; Hasegawa et al., 2010; Lee & Fu, 1985; Qieroset
et al., 2016; Tan et al., 2011; Wang et al., 2019).

When the IMF is northward, magnetopause reconnection between the northward IMF and the geomag-
netic field can still occur (e.g., Gosling et al., 1991) in both northern and southern hemispheres, tailward
of cusp, resulting in the formation of newly closed field lines, which captures the magnetosheath particles
(Lavraud et al., 2006; Lin & Wang, 2006; Onsager et al., 2001; Shi et al., 2013; Song & Russell, 1992). Two
types of high latitude reconnection can occur at the magnetopause, one is between the IMF and the tailward
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semi-open lobe field lines (i.e., reconnection poleward of the cusp), and the other is between the IMF and
the closed geomagnetic field lines (i.e., reconnection equatorward of the cusp; Lockwood & Moen, 1999;
Zhang et al., 2016). Recently, the two types of reconnection have been found to occur simultaneously at
high latitude magnetopause by using a three-dimensional (3-D) global magnetohydrodynamic (MHD) sim-
ulation (Zhang et al., 2021). The high latitude magnetopause reconnection site remains fixed for a long time
under steady IMF conditions (Fuselier et al., 2000). Continuous high latitude magnetopause reconnection
causes particle precipitation from the solar wind into Earth's magnetosphere, leading to dayside auroras
(Frey et al., 2003; @ieroset et al., 1997).

Many observations indicated that during the northward IMF, high latitude magnetopause reconnection oc-
curs at a single X line and no flux rope is formed (Berchem et al., 2003; Frey et al., 2019; Fuselier et al., 2014;
Gosling et al., 1991; Song & Russell, 1992; Zong et al., 2005). However, Hasegawa et al. (2008) observed that
high latitude magnetopause reconnection can occur at two X lines and may form an HLMFR between them.
This is consistent with the 3-D global magnetohydrodynamic (MHD) simulation in Berchem et al. (1995),
which showed the formation of the HLMFRs during a purely northward IMF by examining the magnetic
field structures. Grandin et al. (2020) further studied the plasma signatures (e.g., temperature and density)
of the HLMFRs during the purely northward IMF by performing a global hybrid simulation. However,
the global hybrid simulation in Grandin et al. (2020) was only 2-D (uniformity and infinite length in the
dawn-dusk direction), in which the flux ropes were reduced to magnetic islands. 3-D magnetic structures
and plasma signatures of HLMFRs can be studied by a 3-D global hybrid simulation. High latitude mag-
netopause reconnection with a purely northward IMF was simulated using a 3-D global hybrid model (Lin
& Wang, 2006), but the focus was on the formation of the low latitude boundary layer and the structure of
reconnection was not investigated.

The occurrence of high latitude magnetopause reconnection has been found to be controlled by the B, com-
ponent or clock angle of the northward IMF because the high latitude magnetopause can occur more easily
where the IMF is almost antiparallel to the magnetospheric field lines (e.g., Gosling et al., 1991; Fuselier
et al., 2002; Laitinen et al., 2007; Lockwood & Moen, 1999; Luhmann et al., 1984; Phan et al., 2003). The oc-
currence of the proton auroral spots, formed by high latitude magnetopause reconnection, is also controlled
by the IMF B, or clock angle. When the IMF B_ is positive (negative), the dayside proton auroral spot occurs
at postnoon (prenoon) in the northern hemlsphere and the opposite in the southern hemisphere (Frey
et al., 2003). Moreover, it is easy to speculate that the HLMFRs formed by high latitude magnetopause re-
connection at multiple X lines are also controlled by the B, component or clock angle of the northward IMF.

Following the above rationale, in this letter, by using 3-D global hybrid simulations, we study 3-D magnetic
structures and plasma signatures of high latitude magnetopause reconnection (both poleward and equator-
ward of the cusp) and the resultant HLMFRs during the northward IMF with different clock angles or B,
components. )

2. Simulation Model

Inthisletter, a 3-D dayside global-scale hybrid simulation model (Z. F. Guo et al., 2020; Lin & Wang, 2005, 2006)
is used to investigate the high latitude magnetopause reconnection and HLMFRs during northward IMF. In
hybrid simulations, ions are treated as particles, and electrons are treated as a massless, charge-neutralizing
fluid. The simulation results are described in the geocentric solar-magnetospheric (GSM) coordinate, in
which the x-axis points from the Earth to the Sun, the z-axis points to the Earth's northern magnetic pole,
and the y axis completes the right-handed system. In the simulation, a spherical coordinate system (r, 8, @)
is employed. To avoid the singular coordinate line along the polar axes, a semi-cone polar angle around the
positive and negative polar axes is cut out from the domain. While cutting a semicone polar angle around
the positive and negative polar axes, the dayside cusps can be retained due to rotate the polar axis to the
y-axis (J. Guo et al., 2021b; Lin & Wang, 2006). However, for the presentation, we use the conventional
spherical coordinate system in which the polar angle 6 is measured from the positive GSM z-axis, and the
azimuthal angle ¢ from the negative GSM y-axis.

The angle between the GSM-z and projection of IMF in the GSM y-z plane is the IMF clock angle ¢, and the
IMF is represented as B, = (BXO’B)'O’BzO ) = (O,Sin a,cos a)BO. Three cases with different initial parameters
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Figure 1. The topological change of field lines during the high latitude magnetopause reconnection obtained from
Case 1 at ,;t = 5, and 25. High latitude magnetopause reconnection does not occur at ),y = 5, but occurs at ), = 25.
The yellow field lines connected from IMF to IMF; the green field lines connected from MSP to MSP; the blue field
lines; the orange field lines connected from MSP to IMF; the cyan field lines are tailward semi-open lobe field lines; the
magenta field lines are reconnected free lobe field lines.

are simulated. Case 1 has o = 80°, B, = 0.9848B,,and B, = 0.1736B,; Case 2has o = 40°, B, = 0.64285,,
and B,, = 0.7660B,; Case 3 has o =0°, B, = 0,and B, = 1B The simulation domain includes a geocen-
tric distance 3 R, <r <27 R, (where R, is the Earth’s radius), which contains mainly the dayside plasma
regions. For these cases with the northward IMF, the simulation domain extends tailward by a 20° (30° in
Cases 2 and 3) angle from the y-z plane around the y-axis for both southern and northern hemispheres. The
Earth’s dipole tilt angle is zero in three cases. A total grid N, x N,, x N, =400 x 200 x 200 is used. Nonuni-
form grids are used in the r direction with a smaller grid size of Ar~0.03 R, limited to 8 R, <r <14 R;.. The
outflow boundary conditions are utilized at the tailward boundary (the Earth is located at r = 0), and solar
wind inflow boundary conditions are applied for the outer boundary at » = 27R,.. The inner boundary at
r = 3R, is perfectly conducting. The ions are fully kinetic particles besides that the ions in the inner magne-
tosphere (r < 7Rj;) are treated as a cold fluid. Initially, the uniform solar wind is placed in r > 10 R, and it
interacts with the Earth's dipole magnetic field limited to r <10 Rj..

A small current-dependent collision frequency (which is current dependent) is used to simulate the anom-
alous resistivity and trigger magnetic reconnection. The Alfvén Mach number M, is 5, and the ion and
electron plasma beta in the solar wind is set to be f; = 8, =0.5. The ion number density in the solar wind
is N, =10000 R; . After the simulations begin, the solar wind plasma will flow into the simulation domain
along the —x-direction. In our simulations, the magnetic field is normalized by the IMF magnitude B; the
flow velocity is normalized by the solar wind Alfvén speed V,, = B,/\/pym; N, ; the time is normalized by
Q;OI =m; / eB,. A total of ~8 x 10® particles are used and the time step is Ar :0.059,-’01. The solar wind ion
inertial length d,, = 0.05 R, which is about three times larger than the realistic value. The global structure
of the Earth's magnetosphere is not affected by this kind of scaling (e.g., Omidi et al., 2004; Téth et al., 2017).

3. Simulation Results

Figure 1 shows the occurrence of high latitude magnetopause reconnection between the IMF and the ge-
omagnetic field in Case 1 (the IMF clock angle is 80°). At Q,,+ = 5, as shown in Figure 1a, the IMF (the
yellow field lines) does not reconnect with the geomagnetic field lines (green) or the semi-open lobe field
lines (cyan). At Q,,t = 25, as shown in Figure 1b, two types of high latitude reconnection that can occur
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at the magnetopause, one is between the IMF (yellow) and the tailward semi-open lobe field lines (cyan),
and the other is between the IMF and the closed geomagnetic field lines (green). The former forms the blue
semi-open field lines (connected from the IMF to the magnetosphere) and the magenta free field lines, and
the latter forms the blue semi-open field lines and the orange semi-open field lines (connected from the
magnetosphere to the IMF). These magnetic fields are usually referred to as reconnected magnetic fields.

Figure 2 shows the plasma characteristics and evolution of high latitude magnetopause reconnection in
Case 1 (only the reconnection equatorward of the cusp is shown to make the figure easier to understand).
The black field lines in Figure 2 represent the reconnected magnetic fields. At Q¢ = 60 (Figures 2a-2d),
high latitude reconnection continues with a decrease in the magnetic field magnitude B, at the reconnection
site (Figures 2a and 2b). The parallel temperature 7; slightly increases near the reconnection site (Figure 2c),
and bidirectional outflows (mostly in the y-direction, Figure 2d) are formed. At Q,, = 90 (Figures 2e-2h),
a red flux rope is formed at the center of the reconnection site. The magnetic field magnitude does not in-
crease at the center of the flux rope (Figures 2e and 2f). The parallel temperature is enhanced significantly
inside the flux rope (Figure 2g), and the bidirectional reconnection outflows V, persist (Figure 2h). The
length of the flux rope in the axial direction is about 2R, long, and its diameter is about 0.6R,. At Q,y¢ = 115
(Figures 2i-21), another small green flux rope appears next to the red flux rope. Similarly, the parallel tem-
perature increases significantly in the green flux rope (Figure 2k). At the same time, the green and red flux
ropes are embedded in the reconnection outflow (Figure 21) and move along with it in the +y-direction. At
about ),y = 120, the red flux rope disappears because it merges with the piled up reconnected magnetic
field (not shown). Note that, in the northern hemisphere, the green and red flux ropes in Case 1 are formed
on the duskside of the high latitude magnetopause. This is because in this case with an IMF clock angle 80°,
the magnetic shear angle is larger (i.e., the IMF is almost antiparallel to the geomagnetic field) on the dusk-
side, where magnetopause reconnection is more like to occur (Laitinen et al., 2007; Luhmann et al., 1984).

We further examine the field line topologies of the flux ropes. For example, the red flux rope in Figure 2 has
four different field line topologies. As shown in Figure 3, the four types of field lines are (a) the blue field
line connected from IMF to magnetosphere (MSP), (b) the red field line connected from MSP to IMF, (c) the
yellow field line connected from IMF to IMF, and (d) the green field line connected from MSP to MSP. Note
that this is similar to the southward IMF case, in which the flux rope formed by multiple X line reconnection
between the IMF and the geomagnetic field also has four topologies of magnetic field lines (Lee et al., 1993;
Tan et al., 2011). This similarity suggests that the high latitude magnetopause flux ropes (HLMFRs) during
the northward IMF are also formed by multiple X-line reconnection.

Figure 4 shows Case 2 with an IMF clock angle of 40°. At Q,,r = 47, in the northern hemisphere, a flux
rope is formed with a decrease in the magnetic field magnitude B, (Figure 4a) and an increase in parallel
temperature 7; (Figure 4b) at the high latitude magnetopause. Through the zoom-in views (in the x-y plane)
in Figures 4a and 4b, it can be estimated that this flux rope is about 3R, long in the axial direction, and its
diameter is about 0.7R;. The flux rope is still on the duskside but closer to the noon-midnight meridian
plane than the flux ropes are in Case 1. The ion velocity component V, is shown in Figure 4c, and there
are significant reconnection outflows in both the northern and southern hemispheres, as observed by the
Cluster spacecraft (Zong et al., 2005). (Note that the contour plane is rotated for 15° around z-axis from the
noon-midnight meridian plane.) These reconnection outflows can facilitate the entry of energetic particles
from the solar wind into Earth's magnetosphere along the reconnected semi-open field lines.

The results of Case 3 with a purely northward IMF are shown in Figure 5. An HLMFR is formed at Q,t = 45,
in the northern hemisphere. In this case, the HLMFR is formed by the reconnection poleward of the cusp,
because there are no semi-open field lines (connected from magnetosphere to IMF, which only formed by
the reconnection equatorward of the cusp) in this HLMFR. Through the zoom-in views (in the x-y plane)
in Figures 5a and 5b, it can be estimated that this flux rope is about 3.4R,. long in the axial direction, and its
diameter is 0.6-0.9R,.. Unlike the flux ropes that are on the duskside in Cases 1 and 2, the flux rope in Case
3isright at the noon-midnight meridian plane. In Case 3, the axial direction of the flux rope is almost along
the y-direction, and the reconnection outflows are almost in the x-direction. Note that the high latitude
reconnection and HLMFRs occur in the northern and southern hemispheres, but here we only show the
northern hemispheric HLMFRs.
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Figure 3. Four field lines of different topologies in the HLMFR obtained from Case 1 at Q,,r = 95. Here (a) Global
view, and (b) Zoom-in view. The blue field line connected from IMF to MSP; the red field line connected from MSP to
IMF; the yellow field line connected from IMF to IMF; the green field line connected from MSP to MSP.

4. Conclusions and Discussion

In this study, by using the 3-D global hybrid simulation, we examine the high latitude magnetopause recon-
nection with different northward IMF clock angles. HLMFRs are formed by multiple X-line reconnection
between IMF and geomagnetic field lines in the northern hemisphere. At the reconnection region, signif-
icant bidirectional reconnection outflows are formed. Each HLMFR has four topologies of magnetic field
lines, which is consistent with the multiple X-line reconnection theory. At the center of the HLMFRSs, there
is a decrease in the surrounding magnetic field magnitude (weak core field), an increase in parallel tem-
perature. The HLMFRs are smaller than the flux ropes formed at low latitude with the southward IMF. The
number of the HLMFRs is also less than that of flux ropes formed with the southward IMF. When IMF B, is
positive (IMF clock angle is 80°), the reconnection site is on the dusk in the northern hemisphere, and the
axial direction of HLMFRs is almost along the x-axis. However, when the IMF B, is zero (IMF clock angle
is 0°), the reconnection site is near the noon-midnight meridian plane in the northern hemisphere, and the
axial direction of HLMFRs is almost along the y-axis.

Lockwood and Moen (1999) found that there are two types of high latitude reconnection that can occur at
the magnetopause, one is between the IMF and the tailward (nightside) semi-open lobe field lines, and the
other is between the IMF and the dayside closed geomagnetic field lines. Although our simulation region is
primarily on the dayside, it covers a fraction of the nightside cusp, in which the nightside lobe field lines and
the reconnection poleward of the cusp can be resolved. Our simulation results of Cases 1 and 2 (with nonze-
ro IMF B, components) show that the two types of high latitude reconnection occur almost simultaneously,
which is consistent with the MHD simulation results in Zhang et al. (2021). However, in Case 3 (without
an IMF B, component), the high latitude reconnection only occurs poleward of the cusp because there are

Figure 2. The plasma characteristics and evolution of high latitude magnetopause reconnection obtained from Case 1 at Q¢ = 60, 90, and 115. (a), (e), (i)
The distribution of magnetic field magnitude B, in z = 11R,, from a 3-D view, at Q),,r = 60, 90, and 115. (b)-(d) The distribution of magnetic field magnitude
B,, parallel temperature 7}, and ion velocity V, in the x-y plane (z = 11Ry), at Q,yt = 60. (f)-(h) The distribution of B,, 7|, and V, in the x-y plane (z = 11R;), at
Q;ot = 90. (j)=(1) The distribution of B, 7, and V, in the x-y plane (z = 11R), at Q;5t = 115. The red dotted line represents the position of the noon-midnight
meridian plane. The black field lines represent the reconnected magnetic fields; the red and green field lines represent two different flux ropes.
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Figure 4. (a and b) The distribution of magnetic field magnitude B, and parallel temperature 7} in z = 10.6R; plane obtained from Case 2 at Q;yt = 47. The
red dotted line represents the position of the noon-midnight meridian plane. (c) The distribution of ion velocity in x-direction (V,) obtained from Case 2 at
Q,ot = 47. The plane is rotated for 15° around z-axis from the noon-midnight meridian plane. The red field lines represent the red flux rope; the black and blue
field lines represent the reconnected magnetic fields. There is a zoom-in view of each figure.

no semi-open field lines (connected from magnetosphere to IMF, which only formed by the reconnection
equatorward of the cusp) in this HLMFR.

In many previous studies, the high latitude magnetopause reconnection with the northward IMF was con-
sidered as single X line reconnection without flux ropes formed (Frey et al., 2019; Fuselier et al., 2014;
Gosling et al., 1991; Song & Russell, 1992; Zong et al., 2005). Using a 3-D global MHD simulation, Berchem
et al. (1995) determined the formation of HLMFRs only by examining the helical magnetic field lines. In
our simulations, the HLMFRs with four topologies of magnetic field lines are formed with a decrease in the
surrounding magnetic field magnitude, an increase in parallel temperature, and significant reconnection
outflows. These characteristics provide more evidence to support the formation of HLMFRs under north-
ward IMF. Our Simulations show that the high latitude reconnection occurs in the northern and southern
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Figure 5. (a and b) The distribution of magnetic field magnitude B, and parallel temperature 7} in z = 10.6R; plane obtained from Case 3 at Q;yt = 45. The
red dotted line represents the position of the noon-midnight meridian plane. (c and d) the distribution of ion velocity in x-direction (V,) obtained from Case
3 at Q,r = 45. The plane is the noon-midnight meridian plane. The red field lines represent the red flux rope; the black and blue field lines represent the
reconnected magnetic fields. There is a zoom-in view of each figure.

hemispheres, and this result is consistent with previous observations (Lockwood & Moen, 1999; @stgaard
et al., 2005). Using a magnetosphere model, Fuselier et al. (2002) estimated that the length of high latitude
reconnection X line during the northward IMF is about 3-5R;, which is much shorter than that during the
southward IMF (about 10-25R;). Our simulations show that the scale of flux ropes is 2-3R long, which is
similar to the scale of X lines obtained by Fuselier et al. (2002). Moreover, J. Guo et al. (2021a, 2021b) used a
3-D global hybrid simulation to show that when the IMF is southward, the number of flux ropes is 4-8, the
length of flux ropes can be up to 12 R, and the diameter of the flux ropes can be up to 2 R,. However, in this
study, we find that when the IMF is northward, the number of flux ropes is 1-2, the length of flux ropes is
only about 3 R, and the diameter of the flux ropes is less than 1 R,.. Therefore, the HLMFRs formed during
the northward IMF are fewer and smaller than the flux ropes formed during the southward IMF.
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High latitude magnetopause reconnection produces downward plasma outflows, resulting in the precipi-
tation of energetic particles, which triggers auroras in the ionosphere (Qieroset et al., 1997). These auroras
occur at postnoon (prenoon) with positive (negative) IMF B , in the northern hemisphere (Frey et al., 2003).
Our simulations show the same results: in the northern heinisphere, the HLMFRs are on the dusk in Case
1 with an IMF clock of 80° (Figure 2), and the auroras triggered by these HLMFRSs is also on the duskside;
whereas, in Case 3, when the IMF clock angle is zero, the HLMFRs are near the noon-midnight meridian
plane (Figure 5), and the auroras triggered by these HLMFRs also occurs at noon in the northern hemi-
sphere. The reason for the dependence is that high latitude magnetopause reconnection prefers to occur
at regions where the IMF is almost antiparallel to the geomagnetic field (e.g., Fuselier et al., 2002; Gosling
et al., 1991; Laitinen et al., 2007; Lockwood & Moen, 1999; Luhmann et al., 1984; Phan et al., 2003). Since
magnetic reconnection here is mostly antiparallel with a weak guide field, and a weak guide field leads to a
weak core field (e.g., J. Guo et al., 2021a; Huang et al., 2012; Lu et al., 2020), therefore, the core field is not
enhanced in the HLMFRs (see Figures 2f, 4a and 5a).

Steady high latitude magnetopause reconnection also leads to the generation of the ionospheric space hur-
ricane during a several-hour period of northward IMF, and the dominant IMF B, is an important factor that
triggers the space hurricane (Zhang et al., 2021). Zhang et al. (2021) successfully revealed the formation
mechanism of the space hurricane by performing a 3-D global MHD simulation. In Case 1, with a larger
IMF B,, the reconnection site is on the dusk side (see Figure 2), and the dawnward reconnection outflow
can push the field lines (black field lines in Figure 2) moving dawnward. These results agree with the forma-
tion mechanism of the space hurricane, and the effect of HLMFRs on the formation of the space hurricane
will be studied in the future by using the 3-D global hybrid simulation.

Data Availability Statement

In this study, the simulation results described in Section 3 are generated from our computer simula-
tion model, and the simulation data used to plot the figures all can be downloaded from https://dx.doi.
0rg/10.12176/01.99.00598.
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