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Abstract: In this paper, the Space Weather Modeling Framework (SWMF) is used to simulate the real-time response of the
magnetosphere to a solar wind event on June 5, 1998, in which the interplanetary magnetic field shifted its direction from north to south.
Since most current models do not take into account convective effects of the inner magnetosphere, we first study the importance of Rice
Convection Model (RCM) in the global model. We then focus on the following four aspects of the magnetosphere’s response: the
magnetosphere’s density distribution, the structure of its magnetic field lines, the area of the polar cap boundary, and the corresponding
ionospheric current change. We find that (1) when the IMF changes from north to south in this event, high magnetosheath density is
observed to flow downstream along the magnetopause with the solar wind; low-latitude reconnection at dayside occurs under the
southward IMF, while the magnetic field lines in the tail lobe caudal, caused by the nightside high latitude reconnection, extend into the
interplanetary space. Open magnetic field lines exist simultaneously at both high and low latitudes at the magnetopause; (2) the area of
the polar cap is obviously increased if the IMF turns from the north to the south; this observation is highly consistent with empirical
observations; (3) the ionospheric field align current in the northern hemisphere is stronger than in the southern hemisphere and also
increases as the IMF changes from north to south. SWMF with the Rice Convection effect provides reliable modeling of the

magnetospheric and ionospheric response to this solar wind variation.
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1. Introduction

The interplanetary magnetic field (IMF) plays an important role in
the magnetosphere-ionosphere coupling and is likely to recon-
nect with the geomagnetic field in any direction. In the south-
ward direction of the IMF, the reconnection occurs near the
equatorial plane at the magnetopause, and the reconnection rate
is the largest. When the IMF is northward, the magnetic reconnec-
tion occurs near the caudal lobe behind the polar cusp, and the
reconnection becomes weakest (eg., Luhmann et al., 1984; Shep-
herd et al., 2002; Lu JY et al., 2013a). It is found that if the polar cap
electric potential difference is equivalent to the magnetic recon-
nection rate, the reconnection rate under the northward IMF in
the solar wind-magnetosphere coupling is about 10%-13% of
that in the southward IMF (Jing H et al., 2014).

Russel and Elphic (1978) found, from ISEE 1/2 satellite data, that in
and near the low-latitude magnetopause, the magnetic field,
plasma, and high-energy particles often exhibit a kind of equal-
scale perturbation that lasts for 1-2 min and repeats every 6-9
min, accompanied by magnetic flux transmission and plasma flow
enhancement, i.e. flux transfer events, which they believe are re-
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lated to the instantaneous magnetic field reconnection. In recent
years, the more and more energy transmission caused by the
northward interplanetary magnetic field has also been observed
(e.g., Shi QQ et al,, 2013; Gou XC et al., 2016). Shi et al. (2009), us-
ing Cluster satellite observation data, found that solar wind
particles entering the magnetosphere from the magnetic sheath
were detected near the polar cusp region in the northward IMF
condition. The polar cusp is like the window of the magneto-
sphere, a critical area where the solar wind energy enters the
magnetosphere. They speculate this may be related to the mag-
netic reconnection behind the tail valve. Raeder et al. (2000) com-
pared output of the global geospace circulation model (GGCM)
with observations made from low-latitude spacecraft at the settle-
ment boundary and found that the simulated particle sedimenta-
tion boundary was in good agreement with local observations ex-
cept for the dusk side. Feldman et al. (1995) found that particle
sedimentation was observed in the polar cap region when the IMF
made a sharp turn to the morning-north direction. @ieroset et al.
(2005) and Yang YF et al. (2011) found that high-latitude dayside
aurora occur under conditions where the IMF is northward. Korth
et al. (2005) found that electromagnetic energy flow and particle
sedimentation were observed in a small area of the magnetic pole
region under the condition of strong lasting northward IMF.
Moreover, Knipp et al. (2011) and Li et al. (2011) also found that
the DMSP F15 satellite often observes electromagnetic energy
flow near the polar region under the northward IMF condition,
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with a large B, component. Raeder et al. (2000) used the GGCM to
model an observed substorm, finding that a substorm could not
be triggered without explosive reconfigurations of the magnetic
field lines. Wang JY et al. (2014) used a global MHD model to show
that the effects of the interplanetary magnetic field can even res-
ult in a twisting of the magnetotail.

Obviously, the solar wind-magnetosphere-ionosphere coupling is
complex, especially during the turning of IMF directions. The
coupling involves the dynamic processes of energy entry to the
magnetosphere, magnetospheric density variation and geomag-
netic structure change, substorm triggering, ionospheric current
generation, and so on. It is beneficial to investigate these pro-
cesses to better understand the underlying physics involved.
Computer simulation provides a useful tool; global simulations
are playing a more and more important role in studies of this
coupling (e.g., Ogino, 1986; Gombosi et al., 2000; Garcia and
Hughes, 2007; Wang JY et al., 2014). However, lack of global ob-
servational data limits most of the results to point to point com-
parison between magnetosphere models and satellite data (e.g.,
Fedder et al., 1995); thus the effectiveness of the large-scale MHD
model is yet to be more empirically confirmed. The open and
closed boundary closely related to the dynamics of store and re-
lease during the substorm can be used as such a testing tool for
the effectiveness of numerical simulation. For the first time Rae et
al. used the Space Weather Modeling Frame-work (SWMF, Té6th et
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al., 2005)) with the Rice convection model (RCM) to compare the
boundary of open and closed magnetic field with CANOPUS's
point measurements for all MLT to the event on June 5, 1998 (Rae
et al,, 2010). However, the dynamic response of the magneto-
sphere to the north-south turning IMF has not been analyzed in
detail. As a supplement, we continue to use this event to show the
response of a magnetosphere to the IMF north-south turning, be-
cause the north-south transition of the IMF in this event is sudden
and frequent, triggering a series of magnetospheric substorms.

The paper is organized as follows. In Section 2 we introduce the
data and model used in this research. Section 3 presents the MHD
simulation results of magnetosphere response to a specific solar
wind event, and Section 4 gives the summary and conclusion.

2. Data and Model

The real time upstream solar wind parameters are from OMNI data
(http://cdaweb.gsfc.nasa.gov/cgi-bin/evall.cgi). This strongly dis-
turbed solar wind will inevitably interfere with the magneto-
sphere, and the response of the magnetosphere and ionosphere
will be given in the model results. The corresponding geomagnet-
ic data (shown below) are from the Kyoto Geomagnetic Center,
which is part of the World Data Center.

Figure 1 shows the solar wind observations on June 5, 1998, at
11:00-17:00 UT from ACE (solid) and WIND (dashed), and the Kp
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Figure 1. Solar wind observations from ACE (solid) and WIND (dashed) on June 5, 1998, observed from 11:00-17:00 UT. The solar winds observed
by the two spacecraft are quite consistent, indicating that the direction of the interplanetary magnetic field is accurate.

Lu J Y et al.: Magnetosphere response to IMF turning from north to south


http://cdaweb.gsfc.nasa.gov/cgi-bin/eval1.cgi
http://cdaweb.gsfc.nasa.gov/cgi-bin/eval1.cgi

10 Earth and Planetary Physics  doi: 10.26464/epp2019002

index. Comparison of the solar wind observations made by the
two spacecrafts shows them to be quite consistent; that is, the ob-
served values of the interplanetary parameters appear to be ac-
curate. Note that the two spacecraft reached the magnetopause
with a time delay of 66 and 78 minutes respectively, which is
already considered in this research. During the period from
12:00-14:30 UT in this event, the interplanetary magnetic field has
two obvious north-south direction transitions in a short time: at
12:10 UT, the IMF began to turn southward (the first turning) but
did not do so for long; at about 12:25 UT, the IMF suddenly turned
from south to north. After maintaining northward orientation for
more than an hour, the IMF suddenly turned southward again at
about 13:45 UT, followed by a period of relatively stable solar
wind.

During this observation, except for several small disturbances, the
B, component of the interplanetary magnetic field was relatively
stable, at about -5 nT. Before the second southward turn at 13:50
UT, the solar wind speed was about 350-360 km/s, but as the in-
terplanetary magnetic field suddenly turned southward, the solar
wind speed began to increase to 370-380 km/s, and then did not
change much. The density of the solar wind increased suddenly
during these two turns. When the interplanetary magnetic field
became stabilized, however, the density, too, changed very little.
It should be mentioned that as usual the By is taken to be zero in
the calculation to avoid the problem of non-zero divergence of
the magnetic field. It should be mentioned that the dipole tilt
angles gradually increased from 22:38° at 11:00 UT to 32:73° at
17:00 UT.

The SWMF is a well developed suite of computational models that
can be used for modeling physical processes from the Sun to the
Earth (e.g., De Zeeuw et al.,, 2004; Téth et al,, 2005). The SWMF
consists of several numerical modules, the ideal MHD solver
(BATS-R-US) (Powell et al., 1999), the ionospheric electrodynamics
(IE) model (Ridley et al., 2002), and the Rice Convection Model
(RCM) (Toffoletto et al., 2003). The SWMF has been used extens-
ively to study various solar wind influences on the magneto-
sphere, for example, northward IMF (Song P et al., 1999; Watanabe
etal, 2005; Lu JY et al., 2011), IMF B, effects (e.g., Kabin et al., 2003;
Lu et al,, 2013a), dipole tilt effects (Liu ZQ et al., 2012), and Parker
spiral angles (Gombosi et al., 2000). The SWMF configuration in-
cluding a fully coupled RCM module has been used, for example,
for southward IMF (De Zeeuw et al., 2004), storm dynamics (Zhang
JCetal, 2007; Téth et al,, 2007); and energy transport through the
magnetopause (Lu JY et al., 2013b; Jing H et al., 2014). In this pa-
per we use the BATS-R-US, IE, and RCM coupled model. The com-
putational domain is defined by —=70 Re< X <20 Rg, 60 R <Y, Z <
60 Rg, with grid size of 1.25 R. Inside —40 Re < X <20 Re and —45 R
<Y, Z <45 R, the grid size is 0.625 Rg, and inside -25 Re <X <12.5
Re, and =30 Re <Y, Z <30 Rg, the grid size is 0.3125 Rg. The inner
boundary is a sphere at 2.5 Rg. The real time upstream solar wind
parameters of ACE from OMNI data are the inputs of the SWMF.

3. Results

Since most of the current global models do not take into account
the effects of magnetosphere convection, we first investigate the
effect of convection upon the magnetosphere with and without

the Rice convection. Figure 2 shows the magnetic field and pres-
sure contour in the meridional plane at 11:30 UT (at this time the
interplanetary magnetic field is northward) (Figures 2a-2b) and
12:10 UT (south direction of interplanetary magnetic field)
(Figures 2c-2d), respectively. The left panel (Figure 2a and 2c) cor-
responds to the result with Rice Convection effect, and the right
(Figures 2b and 2d) without Rice convection. It can be seen that
when the interplanetary magnetic field is northward (Figures
2a-2b), the maximum pressure value (about 2.7 nPa) is located in
the cusp area and the pressure in the loop current is less than 1
nPa in the case of no convection (Figure 2b); but if Rice convec-
tion is included (Figure 2a), the maximum pressure (3.7 nPa) is in
the loop current at approximately 6 R and the reconnected X line
is pushed away from the Earth. Obviously, the model correctly re-
flects the convection effect. This should also be the case when the
interplanetary magnetic field is southward.

In the case of no Rice Convection (Figure 2d), the maximum pres-
sure value 2.9 nPa is in the cusp and the pressure in the ring cur-
rent is less than 1 nPa; with Rice Convection (Figure 2c), however,
the maximum pressure (about 2.4 nPa) goes to the ring current
zone, but the pushing away reconnected X line is not obvious be-
cause of the influence of changing solar wind. Note that the max-
imum ring current pressure (at 12:10 UT in Figure 2d, although at
this time the IMF is southward) is smaller than the maximum ring
current pressure in Figure 2c when IMF is northward, which does
mean that the ring current in the northward IMF is stronger than
in the southward. Our calculation uses real-time solar wind input,
so the results under different solar wind conditions cannot be
compared. The influence of magnetosphere convection on the
pressure and magnetic field of the inner magnetosphere should
undoubtedly be taken into consideration in the global simulation,
especially for investigations of substorm and polar cap boundar-
ies.

In the following we introduce our results for the real-time simula-
tion of the response of magnetosphere and ionosphere to the 5
June 1998 event, taking into account the contribution of the Rice
convection effect.

Figure 3 is the contour of magnetospheric density in the XZ plane
obtained from the SWMF at 11:30, 12:10, 13:20 UT, and 14:00 UT,
respectively. The directions of the IMF at these four times are:
morning direction, morning-south direction, morning-north direc-
tion, and morning-south direction. It can be seen from the figure
that the solar wind conditions at the beginning stage change
little, and the physical disturbance such as the magnetosheath
density is small. At 12:10 UT, the shock wave reaches the mag-
netopause dayside; the density of the nearby magnetosheath be-
comes large, and the magnetosphere is compressed. The high
magnetosheath density then flows downstream along the mag-
netopause with the solar wind. It can be seen from the magnetic
field lines in Figure 3c that the IMF is connected to the Earth’s
magnetic field at high latitudes, which is an open magnetic field
structure, and the nearby subsolar region exhibits closed magnet-
ic field lines. In Figures 3b and 3d, the upstream magnetic field
(the southward IMF on the Sunside) moves downstream by fol-
lowing the northward IMF moving to the night side; also shown in
the figure are signs of reconnection between the IMF and the geo-
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Figure 2. The magnetic field lines and pressure contour in the XZ plane with Rice convection (a) and (c) and without Rice convection (b) and (d)
at 11:30 UT (a, b) and at 12:10 UT (c, d), respectively. The IMFs in Figures 2a and 2b are northward, while in Figures 2c and 2d they are southward.
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Figure 3. The magnetic field lines and density contour in the XZ plane at 11:30 UT (a), 12:10 UT (b), 13:20 UT (c), and 14:00 UT (d). The black
vector line represents the magnetic field line.
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magnetic field in different directions. At the dayside, the low-latit-
ude reconnection occurs under the southward IMF, while the
magnetic field lines in the tail lobe caudal caused by the night-
side high latitude reconnection extend into the interplanetary
space. There exist open magnetic field lines simultaneously at
both high and low latitudes at the magnetopause; that is, the low
latitude reconnection starts, and the high latitude reconnection
has not yet ended.

The boundary of the open and closed magnetic field lines (polar
cap boundary) corresponding to the storage and release of mag-
netic energy during a substorm is found. Figure 4 shows the polar
cap size (blue) of the ionosphere in the northern hemisphere (left)
and the southern hemisphere (right) under northward IMF (top),
southward IMF (middle), and southward IMF (bottom) conditions,

Z

-

respectively. It is found that: (1) at the same time, the polar cap
area in the southern hemisphere is larger than that in the north-
ern hemisphere; (2) as the interplanetary magnetic field changes
from north to south, the polar cap area also increases. This is be-
cause when the interplanetary magnetic field has a southward
component, the interplanetary magnetic field will reconnect with
the closed magnetic field line on the dayside, opening a new flow
tube; the polar cap area is thus increased. However, when the in-
terplanetary magnetic field is northward, the magnetic field lines
on the night side will reconnect, the flow tubes in the open area
will be destroyed, and the boundary area of the polar cap will be-
come smaller. Milan et al. (2003) used empirical data from the Su-
perDARN HF radar, the Polar UVI Imager, and the particle detect-
ors of low Earth orbit spacecraft to determine the OCB with the
change of MLT, and found that the change of the open magnetic

Z

Figure 4. The color line indicates the polar cap boundary of the ionosphere in the northern hemisphere (left) and the southern hemisphere
(right) with Rice Convection considered in the SWMF global model. The top, middle, and bottom charts are at 13:38 UT (northward IMF), 14:18 UT

(southward IMF), and 14:28 UT (southward IMF), respectively.
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field in the magnetosphere is directly related to the balance of the
magnetic reconnections between dayside and nightside. When
the IMF is in the south, the opening area increases and then be-
comes smaller when the sudden commencement of the sub-
storm expansion phase is triggered. Obviously, our result agrees
well with Milan et al. (2003).

Figure 5 compares the modelled and the observed OCB at 14:57
UT (southward IMF). Figure 5 also show a Polar UV image (gray
scale); backscatter was observed simultaneously from three of the
six SuperDARN HF radars for clarity (in color). The red line and
black circles are the model and observation-derived OCBs, re-
spectively. The observed OCB was determined by taking the pole-
ward edge of high-energy (1-10 keV) electron precipitation (e.g.,
Evans and Stone, 1972), while the equatorward edge of the ~250
m/s Super-DARN spectral widths and the poleward gradient in Po-
lar UVI emissions are employed as proxies for the OCB on the day-

13:37UT
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Photon flux (cm2s™")

Spectral width (ms™)
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side and nightside, respectively. For brevity, particle precipitation
boundaries, that were also used to determine the observed OCB,
are not shown (see Milan et al., 2003 for details) but are included
in the observational estimate of the OCB. At 13:37 UT, when the
IMF is northward, there is near-perfect agreement on the dayside,
but in the postmidnight to dawn sector, there is some difference.
At 14:57 UT, when the IMF is southward, the modelled OCBs agree
very well with the observed. These results show that the global
model, SWMF+RICE, can provide useful and reliable magnetic
fields and identify open and closed boundaries.

Figure 6a shows the three-dimensional shape of the last closed
magnetic field line at 13:37 UT (northward IMF). Figure 6b is the
set of magnetic field lines after the IMF turns southward at 14:57
UT; the color contour represents the density. It can be seen that,
just as we analyzed above, the closed geomagnetic field line (red)
under the northward IMF is open (white) and reconnected with

14:57 UT
1 1 - F
E 1 IR e R Y T

o
Photon flux (cm™?s™)

Spectral width (ms™)

ey

Figure 5. Comparison of the observed and modelled OCBs at 13:37 UT (a) and 14:57 UT (b). Also shown are plots of Polar UVI auroral intensity
(gray scale) and SuperDARN HF radar spectral widths (color scale) in magnetic latitude (MLAT): magnetic local time (MLT) coordinates. Dotted
circles show 60°, 70°, and 80° MLAT, and radial lines are MLT meridians, with noon at the top of the page. The dash-dotted line and circles are the
observed data, and the red dashed line is the modelled result. Filled circles represent MLT sectors derived from available observational OCB
measurements; if there were no nearby measurements, the OCB is interpolated from earlier and later MLTs and shown by open circles. Figure 5a
shows the comparison at 13:37 UT under northward IMF conditions. Figure 5b shows the comparison at 14:57 UT after the southward IMF

turning.

Figure 6. The last closed magnetic field lines (red) at 13:37 UT (northward IMF) (a) are opened and reconnected with IMF at 14:57 UT after the
IMF turns southward (b). The red line shows the closed magnetic field lines and the white shows open field lines.
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the IMF when the IMF turns southward.

Figure 7 shows the ionospheric field aligned currents of the north-
ern (a and ¢) and southern (b, d) hemispheres at 13:37 UT (north-
ward IMF, a and b) and at 14 :57 UT (southward IMF, c and d), re-
spectively. Comparing these demonstrates that: (1) at the same
time, the ionospheric current of the northern hemisphere is
stronger than that of the southern hemisphere; (2) when the inter-
planetary magnetic field changes from north to south, the iono-
spheric field align current (especially in the northern hemisphere)
obviously increases. The asymmetries in field aligned current in-
tensity and polar cap area in Figure 4 between southern and
northern hemispheres are caused by the dipole tilt effect. The
magnetopause, magnetic field structure, magnetotail currents,
field align currents, and polar cap area or cusp all depend on the
dipole tilt angle (e.g., Newell and Meng Cl, 1989; Tsyganenko and
Stern, 1996). Specifically, Guo JG et al. (2013) pointed out that the
effect of dipole tilt angle on the cusp is asymmetric in the north-
ern and southern hemispheres and this impact on the southern
hemisphere cusp is smaller than on the northern hemisphere
cusp. For the event we investigate, the dipole tilt angle gradually
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increases from 22:38° at 11:00 UT to 32: 73° at 17:00 UT. For posit-
ive tilt angles, more solar wind particles easily enter the north
hemisphere ionosphere because of the distorted magnetopause
current systems, and it is easily understood to ascribe the asym-
metries of field align currents and polar caps between southern
and northern hemisphere to ionospheric conductivity changes as-
sociated with the effects of dipole tilt angle.

4. Summary and Conclusions

In the solar wind event of June 5, 1998 selected for analysis in this
paper, the interplanetary magnetic field has two obvious north-
to-south transitions in a relatively short period of time, so that we
can specifically study the real-time response of the magneto-
sphere and the ionosphere during IMF turning related to the tre-
mendous energy input to the magnetosphere. Taking the solar
wind observation data as real time input, we use the global mag-
netospheric model, SMWF, to simulate the magnetosphere and
ionosphere response to this special event. We first study the im-
portance of Rice Convection in the global model, then discuss the
magnetospheric and ionospheric responses to the 5 June 1998
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Figure 7. The ionospheric field align currents in the northern hemisphere (a, ¢) and southern hemisphere (b, d) at 13:37 UT (northward IMF, a

and b) and at 14 :57 UT (southward IMF, c and d).
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solar wind event. The main results are summarized as follows:

(1) When IMF changes from north to south in this event, high
magnetosheath density is observed to flow downstream along
the magnetopause with the solar wind, the low-latitude recon-
nection at dayside occurs under the southward IMF, while the
magnetic field lines in the tail lobe caudal caused by the night-
side high latitude reconnection extend into the interplanetary
space. There exist open magnetic field lines simultaneously at
both high and low latitudes at the magnetopause.

(2) The area of polar cap can be used to characterize the effect of
IMF turning from the north to the south. The area of the polar cap
is obviously increased if the IMF turns from the north to the south,
because the southward IMF reconnects with the closed geomag-
netic field in the dayside, the new magnetic flux tube is opened,
and this increases the boundary area of the polar cap. When the
IMF is northward, the magnetic field line on the night side will re-
connect to the IMF, and the flux tube is broken so that the bound-
ary area of the polar cap becomes smaller.

(3) The ionospheric field align current in the northern hemisphere
is stronger than in the southern hemisphere and will also increase
as the IMF changes from north to south.

(4) The SWMF can reproduce the response of the magnetosphere
and the ionosphere to solar wind events, and can provide useful
and reliable magnetic fields and open and closed boundaries.
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