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phase of sudden commencements
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Abstract

The preliminary impulse of the sudden commencement is simply explained by the generation of the compressional
wave due to sudden compression of the dayside magnetopause and mode conversion from the compressional

wave to the Alfvén wave in the magnetosphere. However, this simple model cannot explain a time delay of the peak
displacement and longer duration time in the higher latitudes in the pre-noon and post-noon sectors of the polar
region. Based on the global magnetohydrodynamic simulation of the magnetosphere—ionosphere system reveals
that this peculiar behavior of the geomagnetic variation of the preliminary impulse is associated with temporal
deformation of the ionospheric field-aligned current distribution of the preliminary impulse into a crescent shape;

its lower-latitude edge extends toward the anti-sunward direction, and its higher-latitude edge almost stays on the
same longitude near noon. Numerical simulations revealed that the deformation of the field-aligned current distribu-
tion is derived from different behaviors of the two current systems of the preliminary impulse. The first current system
consists of the field-aligned current connected to the field-aligned current of the preliminary impulse in the lower
latitude side of the ionosphere, the cross-magnetopause current, and the magnetosheath current (type L current
system). The cross-magnetopause current is the inertia current generated in the acceleration front of the solar wind
due to the sudden compression of the magnetosheath. Thus, the longitudinal speed of the type L current system in
the ionosphere is the solar wind speed in the magnetosheath projected into the ionosphere. In contrast, the current
system of the preliminary impulse connected to the field-aligned current of the preliminary impulse at higher latitude
(type H current system) consists of the upward/downward field-aligned current in the pre-noon/post-noon sector,
respectively, and dawn-to-dusk field-perpendicular current along the dayside magnetopause. The dawn-to-dusk field-
perpendicular current moves to the higher latitudes in the outer magnetosphere over time. The field-aligned current
of the type H current system is converted from the field-perpendicular current due to convergence of the return
field-perpendicular current heading toward the sunward direction in the outer magnetosphere; the return field-
perpendicular current is the inertia current driven by the magnetospheric plasma flow associated with compression
of the magnetopause behind the front region of the accelerated solar wind. The acceleration front spreads concentri-
cally from the subsolar point. Consequently, as the return field-perpendicular current is converted to the field-aligned
current of the type H current system, it does not move much in the longitudinal direction over time because the
dawn-to-dusk field-perpendicular current of the type H current system moves to the higher latitudes. Therefore, the
high-latitude edge of the current distribution of the preliminary impulse in the ionosphere moves only slightly. Finally,
we clarified that the conversion between field-perpendicular current and field-aligned current of the type L current
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system mainly occurs in the region where the Alfvén speed starts to increase toward the Earth. A region with a steep

gradient of the Alfvén speed like the plasmapause is not always necessary for conversion from the field-perpendicular
current to the field-aligned current. We also suggest the possible field-aligned structure of the standing Alfvén wave
that may occur in the preliminary impulse phase.

Keywords: Sudden commencement, Preliminary impulse, Magnetospheric current system, Longitudinal propagation
speed, Computer simulation, Generation of the field-aligned current
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Two current systems in the preliminary phase of the Sudden Commencement
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Longer duration and delay of peak time of PI geomagnetic variations in the higher latitudes are attributed to the
latitudinal different propagation speed of the ionospheric FAC. Simulation reveals two different current systems bring
about the peculiar behavior of the PI geomagnetic variations.

Introduction 1994). Tamao (1964) theoretically explained the cause
The sudden commencement (SC) is an impulse response  of the PI current system. That is to say, the fast magne-
of the magnetosphere—ionosphere system caused by tosonic wave generated by sudden compression of the
a sudden change of dynamic pressure of the solar wind  dayside magnetosphere is converted to the Alfvén wave
(Chapman and Ferraro 1940). Therefore, the SC attracts ~ with the upward/downward FAC propagating to the pre-
the interest of many scientists as a unique tool for diag-  noon/post-noon ionosphere, respectively.
nosing the magnetosphere—ionosphere system [(Araki Global magnetohydrodynamic (MHD) simulations
1994), and references therein]. The characteristic ground  have become a powerful tool for studying the SC (e.g.,
magnetic signature of the SC is a simple stepwise change  Fujita et al., 2003a,b). Fujita et al. (2003a) demonstrated
of the north—south component in the middle- and low- that computer simulation can reproduce realistic ground
latitude regions [referred to as DL after Araki (1994)]. In  magnetic variations in the SC period [hereafter Fujita
contrast, the ground magnetic variation of the north- et al. (2003a) is shortened as “Paper 1”]. Furthermore,
south component exhibits a bipolar change in the high-  they discussed that the essential mechanisms in the PI
latitude region [DP after Araki (1994)]. The first and current system are fast magnetosonic waves generated by
second variations of the bipolar DP change are called the = the sudden compression of the dayside magnetosphere,
preliminary impulse (PI) and the main impulse (MI). as well as mode conversion from the fast magnetosonic
In general, the PI is regarded to be accompanied by  wave to the Alfvén wave due to the spatial gradient of the
upward/downward field-aligned currents (FACs) in the Alfvén speed, guided by the theory presented by Tamao
pre-noon/post-noon ionosphere, respectively (Araki (1964, 1965) and Araki (1994). Conversely, in the MI
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phase, the localized convection vortex cell (the SC tran-
sient vortex) in the MI phase plays an essential role in the
transient process of the magnetosphere—ionosphere sys-
tem approaching the new stationary state after compres-
sion of the dayside magnetosphere by the solar wind with
increased dynamic pressure (Fujita et al. 2003b).

Paper 1 found a PI current system that schematically
resembles the current model by Araki (1994), but they
did not further pursue the implications of the simulation
results. For example, the longitudinal propagation speed
of the PI current system in the magnetosphere will be as
fast as that of the fast magnetosonic wave because the
FAC is converted from the FPC of the fast magnetosonic
wave in the front of the propagating fast magnetosonic
wave. However, Engebretson et al. (1999) demonstrated
that the longitudinal speed of the PI signal in the iono-
sphere corresponds to the solar wind speed, not that of
the fast magnetosonic wave. In addition, there are issues
that Paper 1 did not answer; Sastri et al. (2001) indicated
that the duration of the ground magnetic variations of
the PI in the afternoon (~15 MLT) is longer at higher
latitudes. Also, the peak of the variation is delayed at a
higher latitude. Takeuchi et al. (2000) also presented the
same behavior of the PI geomagnetic variations for the
negative sudden impulse (SI). Recently, Belakhovsky
et al. (2017) also demonstrated a delay in the geomag-
netic peak variation of the PI toward the polar region for
events in the morning sector (~ 8.5 MLT). These features,
that is, slow longitudinal propagation and peculiar latitu-
dinal change of the PI signal, also seem to appear in the
simulation results. For example, the latitudinal change
of the PI variation presented in Fig. 2 of Paper 1 exhibits
the peculiar behavior consistent with the observed one,
although they did not mention this behavior. These fea-
tures are not resolved yet by theoretical and simulation
studies. Therefore, we are pursuing explanations of these
features in the present paper.

Furthermore, Paper 1 discussed only qualitatively the
conversion from FPC to FAC based on the mode conver-
sion between the fast magnetosonic wave and the Alfvén
wave in the non-uniform distribution of the Alfvén speed
in the magnetosphere. Paper 1 concluded that the mode
conversion mainly occurs in the region of the steep gradi-
ent at Alfvén speeds, and one candidate of the conversion
region is the plasmapause. However, they did not study
the conversion quantitatively. Because we have the sim-
ulation results that satisfy the physical principles of the
conversion region, we can investigate quantitatively the
conversion from FPC to FAC. This issue is also treated in
this paper.

The present paper is structured as follows. “Preliminary
impulse reproduced by the REPPU code” section demon-
strates that the ground magnetic variations reproduced
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by the newly developed global MHD simulation named
REProduce Plasma Universe (REPPU) (Tanaka 2015)
can simulate the ground magnetic variation of the SC
correctly. “Two current systems in the PI phase” section
presents the PI current system in the magnetosphere to
reveal the peculiar behaviors of the ground magnetic var-
iations. “Discussion” section analyses in detail the FPC—
FAC conversion in the PI current system. Propagation of
the PI signal in the longitudinal direction is also summa-
rized here. The last section summarizes the main results.

Preliminary impulse reproduced by the REPPU
code

The present simulation study uses the global MHD
simulation code REPPU newly developed by Tanaka
(2015). This code solves the MHD equations with the
ionospheric boundary condition in the magnetosphere—
ionosphere system. The outer boundaries of the magne-
tosphere are located at 600Re in the dayside and 200Re
in the nightside. The inner boundary is set on the sphere
with a radius of 3Re. The simulated FAC on the lower
boundary is transmitted along the field lines to the ion-
osphere. The electric field induced in the ionosphere by
the FAC is again transmitted to the magnetosphere. The
level 6 version of the REPPU code that we employed
for this study has 61,440 triangular surface cells on one
sphere and 240 radial layers, so the total number of
grid elements is 14,745,600. (The horizontal mesh size
is about 0.1Re on the sphere of r=10Re, and the dis-
tance between the spheres is about 0.2Re.) Details of the
REPPU code are explained in Tanaka (2015). We imposed
a sudden increase in the solar wind plasma density from
10.0 to 25.0 cm ™3 at x=25Re from the Earth to drive
the SC in the northern interplanetary magnetic field
(IMF) condition (IMFBz= +4.3 nT). The other param-
eters used for the simulation are as follows: IMFBx=0,
IMFBy = — 4.3 nT, Vx=372 km/s, Vy=Vz=0 km/s, and
the temperature of the solar wind is 10,000,000 K.

It is instructive to show the ground magnetic variations
of the SC obtained by the present simulation by REPPU.
Paper 1 also calculated the ground magnetic variations
from the ionospheric Hall current. Strictly speaking, this
method can be used under the condition of a uniform
ionosphere and vertical incidence of the FAC into the
ionosphere. These two assumptions do not hold in the
simulation. To present more correct ground magnetic
variations, we calculated the variations from the iono-
spheric Hall and Pedersen currents, as well as the FAC,
based on the Biot—Savart law after Tanaka et al. (2020).
[Tanaka et al. (2020) demonstrated that the ground
magnetic variation of the SC is mainly produced by the
ionospheric Hall current. Therefore, the present results
in Fig. 1 and the result by Paper 1 are essentially similar.



Fujita and Tanaka Earth, Planets and Space (2022) 74:66 Page 4 of 17

D (15 MLT)

H (15 MLT)

50 nT

latitude
latitude

14 2 4 6 8 10 12 14

2 4 6 8 10 12
Time (min)

Time (min)
Fig. 1 Latitudinal dependences of the temporal variations of the H- and D-component ground magnetic fields associated with the SCin the
latitudes from 60.8° to 78.5° in the northern hemisphere at 15 MLT. The vertical arrow in the right axis in each panel indicates the magnetic variation

of 50 nT. The start time (t=0) is the time when the solar wind shock passes x=25Re

FAC:+2.5 x 1077 A/m2
Pot:+3.0 x 10*V

Fig. 2 (Top row) Temporal evolution of the FAC distribution in the northern hemisphere at latitudes above 60° from t=5.2 to 5.9 min. The black
arrows at t=>5.5 and 5.9 min indicate the FACs of the PI. The red thick lines labeled A, and A, in the 5.5-min panel and By, B, and B, in the 5.9-min
panel indicate the footpoints of the current systems shown in Figs. 3 and 4. The latitude and MLT of these footpoints are as follows: A,;=(75.5°, 12.6-
13.1 MLT); A, =(69.1°, 14.0-14.8 MLT); B, = (73.6°, 12.6-13.1 MLT); B-=(71.3°, 13.8-15.0 MLT); B, =(65.9°, 16.2-16.8 MLT). (Bottom row) Temporal

evolution of the electric potential distribution for the same region and time intervals
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Note that the present results are more correct than those
given in Paper 1]. Let us show the latitudinal depend-
ence of temporal variations of the geomagnetic hori-
zontal components at 15 MLT in the latitude range from
60.8° to 78.5° in Fig. 1 based on the simulation results by
REPPU. The geomagnetic contribution from the mag-
netospheric current is not included in Fig. 1 because it
essentially produces the DL geomagnetic variation. The
start time (¢=0) is the time when the solar wind shock
passes x = 25Re. Finally, let us discuss the calculated geo-
magnetic H variation of this figure. The H component
variation at 15 MLT clearly shows the negative PI varia-
tion and the following MI variation in the latitudes below
about 70° and similar to the typical variations at about
15 MLT presented by Araki (1994). Furthermore, we rec-
ognize that the duration of the PI geomagnetic variation
at 15 MLT becomes longer at higher latitudes and the
peak of the H variation becomes delayed (see the varia-
tions in the latitudes below 75°). Therefore, we can obtain
the answers to the unresolved issues about the peculiar
behaviors of the PI ground signal by analyzing the pre-
sent simulation results.

As noted above, the ground magnetic variation is
mainly induced by the ionospheric Hall current. There-
fore, we need to investigate the temporal variation of the
ionospheric potential distribution. Next, as the poten-
tial is controlled by the FAC from the magnetosphere,
the temporal variation of the FAC distribution is a key
parameter for understanding the behavior of the ground
magnetic variations as shown in Fig. 1. Following this
guideline, we investigate the temporal variation of the
FAC distribution and the electric potential distribu-
tion. Figure 2 shows these distributions in the northern
ionosphere of the latitudes of 60°-90°. The FAC distri-
bution and the potential distribution before the SC are
depicted in the left panels at t=5.2 min. Next, the typi-
cal PI current in the ionosphere (downward/upward FAC
in the post-noon/pre-noon sector, respectively) appears
at t=5.5 and 5.9 min, as indicated by black arrows.
We notice that the ionospheric PI current distribution
depicts a crescent shape with the lower-latitude edge
extending in the anti-sunward direction and the higher-
latitude edge almost staying at the same longitude. Cor-
responding to this crescent shape of the ionospheric PI
current, the potential distribution shows a similar shape:
the positive/negative potential in the post-noon/pre-
noon sector extends in the anti-sunward direction in the
lower latitude side. Therefore, this varying ionospheric PI
current will invoke the peculiar behavior of the PI geo-
magnetic variation. That is to say, because the FAC in
the lower latitudes advances in the anti-sunward direc-
tion faster than the FAC at higher latitudes, the peak
time of the PI magnetic disturbance appears earlier than
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that at higher latitudes. Consequently, to understand the
mechanism of the peculiar features of the PI geomagnetic
variations, we need to clarify the mechanism in the mag-
netosphere that causes the latitudinal change of the PI
current system.

Two current systems in the Pl phase

Current systems obtained from the simulation results
Here, we investigate the magnetospheric current systems
driving the ionospheric FAC distribution shown in Fig. 2
to clarify the mechanism of the temporal deformation
of the crescent-shaped FAC distribution that yields the
peculiar behavior of the ground magnetic variations in
the PI phase. Because the longitudinal shift of the FAC
distribution depends on the latitude, we investigated the
magnetosphere—ionosphere current systems from the
ionospheric footpoints located at the higher-latitude ion-
osphere (Ap) and the lower-latitude ionosphere (A;) at
t=>5.5 min and By (higher latitude), B (central latitude),
and B; (lower latitude) at t=5.9 min, as marked in Fig. 2.
The magnetospheric 3D current systems from these foot-
points at t=5.5 and 5.9 min are shown in Figs. 3 and 4,
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Fig. 3 Snapshots of the electric current systems at t=>5.5 min as
seen from the post-noon point in the northern hemisphere. The
color of the electric current lines denotes J /|J| (blue: antiparallel,
white: perpendicular, red: parallel to the magnetic field). The red

and blue shadings in the lower boundary (the sphere of r = 3Re)
indicate downward and upward FACs, respectively. A, and A, indicate
the projection of both areas in the ionosphere (Fig. 2) to the lower
boundary. The white arrows represent the directions of the currents.
The white dotted lines indicate the demarcation between the inner
magnetosphere and the outer magnetosphere. The pressure in the
equatorial plane and that in the noon-midnight meridian are shown
with color contour lines. The type H current system from A, consists
of two FACs on the pre-noon sector and the post-noon sector and
the FPC connecting these two FACs. The type L current system from
A is made up of the downward FAC and the electric current in the
magnetosheath via the FPC across the magnetopause. Some current
lines from A belong to the type L current system
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Fig. 4 Snapshots of the electric current systems at t=>5.9 min in
the same format used in Fig. 3. B, B¢, and B, indicate the projection
of the three areas in the ionosphere (Fig. 2) to the lower boundary.
The currents from By, and B, are, respectively, the type H current
system and the type L current system. The currents from B belong
to the type H current system or the type L current system. The type
H current system advances the region of B from t=5.5 t0 5.9 min.
Note that the type L current system goes farther in the longitudinal
direction

respectively. Note that the respective footpoints shown
in Figs. 3 and 4 are the projections from the respec-
tive points in the ionosphere to the lower boundary of
the simulation (r=3Re) along magnetic field lines. The
color of current lines is denoted as J/|J| (blue: antipar-
allel, white: perpendicular, red: parallel to the magnetic
field), where Jj and J are the FAC and the current vector,
respectively. For convenience, we call the region where a
bundle of the current lines is along the main field lines
the inner magnetosphere and the other region the outer
magnetosphere. For example, the white broken lines in
Fig. 3 indicate demarcations between the inner magneto-
sphere and the outer magnetosphere.

First, let us consider the current systems from Ay and
A; at t=5.5 min shown in Fig. 3. The current lines from
Ay consist of the following three currents; the downward
FAC (red) on the post-noon sector in the inner magne-
tosphere, the upward FAC (blue) on the pre-noon sector
in the inner magnetosphere, and the FPC (white), that
flow in the dawn-to-dusk direction in the outer magne-
tosphere. This current system with the footpoints in the
higher-latitude ionosphere (A;;) is named the type H
current system. The FPC seems to be converted to the
FAC gradually in the outer magnetosphere. (The con-
version occurs in the region of L~8.) The other current
lines from the footpoint in the lower-latitude ionosphere
(A) consist of the downward FAC in the post-noon sec-
tor of the inner magnetosphere, the FPC across the mag-
netopause, and the magnetosheath current. This current
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system is called the type L current system. The cross-
magnetopause current enters the magnetosphere and the
FPC-FAC conversion occurs at the boundary between
the inner and outer magnetospheres apart from the mag-
netopause. (The conversion occurs in the region of L~7.)
The magnetosheath current tends to flow along the field
lines. This tendency attributes to the generation of the
FAC due to the flow shear of the solar wind in front of the
magnetopause. (The magnetosheath current is discussed
again below.) This current system is newly found by the
present study. We noticed that the current lines from the
anti-sunward edge of Ay, go to the magnetosheath (the L
current system). This result indicates that Ay, is located at
the boundary between the regime of the type H current
system and that of the type L current system.

Next, Fig. 4 depicts the three current systems from
By, Be, and B, at £=5.9 min. The current lines from By
belong to the type H current system, and those from B
are the type L current system. We note that the dawn-
to-dusk FPC of the type H current system from By at
t=>5.9 min moves to a latitude higher than that from
A, at t=5.5 min. The cross-magnetopause current and
the magnetosheath current of the type L current sys-
tem seem disturbed compared with that at t=>5.5 min.
Probably, the solar wind in the magnetosheath begins to
become irregular at t=5.9 min. It is noted that the cur-
rent lines from B consist of both the type H current sys-
tem and the type L current system. This result indicates
that the regime of the type H current system advances
toward the anti-sunward direction from Ay at £=>5.5 min
to B¢ at £=5.9 min. Therefore, because B is located on
the sunward side of B, the type H current system always
appears behind the type L current system heading in the
anti-sunward direction.

To summarize the results of Figs. 3 and 4, we can see
that the current systems from Ay (£=5.5 min) and
By (¢=5.9 min) belong to the type H current system,
whereas those from A; (¢=5.5 min) and B; (t=5.9 min)
belong to the type L current system. Consequently,
because Ay and By are located in the same longitude,
the immovable higher-latitude edge of the crescent-
shaped distribution of the PI current system comes from
the behavior of the type H current system. At the same
time, the extension of the lower-latitude edge is derived
from the behavior of the type L current system. Conse-
quently, the PI current distribution becomes a crescent
form with the stable higher-latitude edge and the lower-
latitude edge moving in the anti-sunward direction due
to the coexistence of the two current systems in a differ-
ent manner of longitudinal spread.

Because Fig. 3 shows only the type L current system
with the ionospheric footpoints on the post-noon sector,
we show the conjugate type L current systems with the
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Fig. 5 Overall picture of the type L current system connected to

the ionosphere in the northern hemisphere, as seen from the Sun

at t=>5.5 min. This figure shows the type L current system from the
post-noon ionosphere (the same as that in Fig. 3) and that from

the pre-noon ionosphere. The type L current from the pre-noon
ionosphere goes to the magnetosheath in the southern hemisphere.
The 3D equi-contour of the pressure seen from the Sun is shown
with volume rendering. The equi-contour roughly indicates the
magnetopause. The black arrow in the right indicates IMF direction

ionospheric footpoints on the pre-noon sector in Fig. 5
as well as that from the post-noon sector shown in Fig. 3.
The 3D equi-contour surface of the pressure roughly cor-
responds to the dayside magnetopause. The current sys-
tem in the post-noon sector goes to the magnetosheath
in the northern hemisphere, whereas that in the pre-
noon sector goes to the magnetosheath in the south-
ern hemisphere. Both currents from both hemispheres
flow along the field line in the magnetosheath. Because
IMFBy is negative and IMFBz is positive in this simula-
tion as shown in this figure, the current from the post-
noon magnetosphere goes to the northern hemisphere.
In other words, when IMFBy is positive (and IMFBz is
positive), the current system in the post-noon/pre-noon
sector goes to the southern/northern magnetosheath,
respectively. The magnetosheath current finally connects
to the solar wind.

Note that the current system treated here is a line con-
necting current vectors at an instant in time; in other
words, we are examining snapshots of a constantly
changing current line. Thus, although the current line of
the type L current system crosses the magnetopause, this
does not mean that plasmas in the magnetosheath enter
the magnetosphere. When some accelerated plasmas in
the magnetosheath deform the magnetopause, adjacent
plasmas just inside and outside of the magnetopause
move in the same direction. Deformation of the mag-
netic field associated with this movement will yield the
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local electric current perpendicular to the magnetopause.
However, the plasmas in the magnetosheath do not enter
the magnetosphere.

Excitation processes of the two current systems
Now, we discuss how the sudden compression of the day-
side magnetosphere excites the type H current system
and the type L current system. The important issues are
(1) why the type L current system crosses the magne-
topause and (2) why the type H current system appears
behind the type L current system and the ionospheric
footpoint in the higher latitude does not move in the
longitudinal direction. In this section, we mainly analyze
the current systems at t=5.5 min (Fig. 3) because distur-
bances in the magnetosphere caused by the sudden com-
pression show typical and clear behavior at this time. To
tackle these issues, we investigated the spatial patterns of
the FPC vectors and the plasma flow vectors in the outer
magnetosphere and the magnetosheath. We also ana-
lyzed the plasma disturbances in the equatorial plane,
although the cross-magnetopause current of the type L
current system and the FPC-FAC conversion of the type
H current system does occur in the off-equatorial region.
This is because both phenomena exist near the equatorial
plane and the flow patterns and the FPC patterns in and
around the equatorial plane are very similar.

In the beginning, let us examine the behavior of
the FPC in the outer magnetosphere and the magne-
tosheath at £=5.5 min. Figure 6 shows the FPC vectors

5SnA/m?

| |
-10°16 10-16.
V-J. (A/m3)e

Fig. 6 FPC vectors in the post-noon sector of the equatorial plane

at 5.5 min. V - J, values in the equatorial plane are shown with
color shading. The red circle indicates the equatorial projection of
the region where the cross-magnetopause current exists. The type L
current flows across the magnetopause in this region. In contrast, the
blue ellipse indicates the equatorial projection of the region where
the type H current system converts from the FPC to the FAC. It is
evident that the current exhibits negative divergence (V - J; < 0)in
the blue ellipse
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in the post-noon sector of the equatorial plane, with
V. -J| where J| is the FPC vector. The red circle is
the projection of the area where the type L current sys-
tem crosses the magnetopause to the equatorial plane
as depicted in Fig. 3. Similarly, the area marked by the
blue ellipse is the projection of the area where the FPC
is converted to the FAC in the type H current system as
depicted in Fig. 3. We recognize that some current vec-
tors in the red circle direct inward in the magnetopause
region. Thus, we need to investigate the driving mecha-
nism of the inward current to understand why the type
L current system flows across the magnetopause to
understand the first issue. Next, we note that the FPC-
FAC conversion for the type H current system appears
in the area marked by the blue ellipse where V - J | is
negative. This region is located behind the cross-mag-
netopause current of the type L current system. Thus,
we need to investigate the generation mechanism of
negative V| - J| to understand the second issue.

Now we consider the driving mechanism of the cross-
magnetopause current of the type L current system and
the generation mechanism of the negative V| - J| of the
type H current system. Paper 1 demonstrated that the
inertia current (J; =€ x p%)L/B) is dominant over

the diamagnetic current (J; =€ x V,p/B) in the PI
phase, where v, p, and € denote the flow vector, plasma
pressure, and unit vector along the magnetic field (B/B),
respectively. Consequently, we examined the behavior of
the inertia current in the PI phase. (In addition, it is diffi-
cult for the diamagnetic current to derive the FPC from
the magnetosheath to the magnetosphere because the
inward-flowing diamagnetic current in the post-noon
sector needs the pressure increase toward the night-side
magnetosheath.) Figure 7 shows the equatorial distribu-
tion of the inertia current at £=5.5 min in the post-noon
sector. Because in the red circle region, the inertia cur-
rent has a component that crosses the magnetopause, we
understand that the cross-magnetopause current is
driven by an inertial force. Next, we recognize that the
inertia current in the region between the red circle and
the blue ellipse returns toward the noon direction. Fur-
thermore, the inertia current converges in the blue
ellipse. Consequently, the convergence of the FPC in the
blue ellipse shown in Fig. 6 is derived from the behavior
of the return inertia current. Therefore, by this return
flow, the FPC—FAC conversion region for the type H cur-
rent system appears behind the region where the type L
current system is across the magnetopause.

To understand the behavior of the inertia current,
that is, the inward cross-magnetopause FPC and nega-
tive V - J; behind the region of the cross-magnetopause
current in Fig. 7, we investigated the plasma flow pat-
tern in the post-noon sector of the equatorial plane.
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Fig. 7 Vectors of the inertia current (J)) in the post-noon sector of the
equatorial plane at 5.5 min. The pressure distribution in the equatorial
plane is shown with color shading. See Fig. 6 caption for descriptions

of the red circle and blue ellipse
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Fig. 8 Vectors of the plasma flow perpendicular to the magnetic
field in the post-noon sector of the equatorial plane at 5.5 min. The
pressure distribution in the equatorial plane is shown with color
shading. See Fig. 6 caption for the description of the red circle

Figure 8 shows plasma flow vectors in the outer mag-
netosphere and the magnetosheath in the post-noon
sector of the equatorial plane at £=5.5 min. The color
shading indicates the pressure distribution in the equa-
torial plane. This figure shows that the high-speed mag-
netosheath flow associated with the sudden compression
of the dayside magnetosheath splits to the post-noon
sector in the magnetosheath. This high-speed flow in
the magnetosheath is caused by squeezing the plasmas
in the noon magnetosheath, which is compressed by a
sudden increase in the solar wind dynamic pressure. As
explained below, plasmas in the front of the high-speed
flow are accelerated in the anti-sunward direction along
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the magnetosheath. Consequently, the inertia force in the
anti-sunward direction appears in the front region of the
high-speed flow in the red circle, and the inertia current
driven by this acceleration generates the cross-magne-
topause current from the magnetosheath to the magne-
tosphere. Furthermore, the flow vectors in Fig. 8 explain
why the inertia current returning to the sunward direc-
tion appears behind the red circle (Fig. 7). That is to say,
the flow direction gradually deflects from the anti-sun-
ward direction to the Earthward direction in the region
between the red circle and the blue ellipse. This flow pat-
tern yields the return flow of the inertia current in the
region between the red circle and the blue ellipse shown
in Fig. 6.

Let us consider the reason why the high-latitude edge
of the type H current system in the ionosphere does
not move much in the longitudinal direction from 5.5
to 5.9 min. To explain this feature, we show in Fig. 9
the FPC vectors and V| - J| on the sphere of r=8Re at
t=5.9 min. The FPC vectors in the region of negative
V., -J| head in the sunward direction. This behavior
indicates that a return inertia current appears even in
the higher latitudes, as in the equatorial region shown in
Fig. 6. Thus, even at higher latitudes, a negative V| - J |
appears in the outer magnetosphere behind the front of
the high-speed magnetosheath flow. Furthermore, the
nearly concentric distribution of negative V, -J, on
the sphere indicates that the deformation of the dayside
magnetosheath by the SC spreads concentrically from
the subsolar point. Because the dawn-dusk flow of this
current at 5.9 min appears at high latitudes as shown
in Fig. 4, the region where the FPC is converted to FAC
shifts rather to the higher latitudes without significant

12Re Np.
10Re R 2.5nA/m?
| _|
-10°16 1016
V-] (A/m*)

YAy S
{J-4J4‘i
- o

Y O O -
v
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Fig.9 FPC vectors in the post-noon sector on the sphere of r=_8Re
in the northern hemisphere at 5.9 min. V- J on this sphere is
shown with color shading. The red circle indicates the region through

which the type L current system from By, passes (Fig. 4)
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movement toward the anti-sunward direction. Indeed,
the conversion region is found in the higher latitude
region, as noted with a red circle in this figure. Conse-
quently, the ionospheric footpoint of the type H current
system in the higher latitude does not move much in the
longitudinal direction. Finally, we can understand the
deformation of the FAC distribution in the ionosphere
from the high-speed moving type L current system in the
lower latitude and the nearly immovable type H current
system at higher latitudes. Finally, the fact that the iono-
spheric footpoint of the type H current system advances
from Ay at 5.5 min to B¢ at 5.9 min can be explained by
the concentric spread of negative V| - J ;.

Here, to clarify the acceleration mechanism that drives
the cross-magnetopause inertia current, we explain the
generation mechanism of the high-speed flow in the red
circle shown in Fig. 8 from the viewpoint of energy con-
version. That is to say, we show how plasmas in the red
circle are accelerated. Figure 10 illustrates the equatorial
distributions of (a) the work done by the inertia force
vy (p% B
sure gradient force (v, - V1 p), and (c) the work done by
the Lorentz force (J - E ). It is evident from this figure
that the plasmas are accelerated in the post-noon sector
of the magnetosheath {v I (p%‘t')l > O}. This region

b) the negative work done by the pres-

corresponds to the front of the high-speed flow from
Fig. 8. In addition, because v - V p < 0 in this region,
plasmas are accelerated by the pressure gradient force.
When the pressure in the dayside magnetosheath
increases suddenly at the onset of the SC, a steep pres-
sure gradient appears in the post-noon sector (and pre-
noon sector) of the magnetosheath. Therefore, the
compressed dayside magnetosheath squeezes the plas-
mas in the dayside magnetosheath to the post-noon sec-
tor and pre-noon sector of the magnetosheath. Note that
J1 - E| is positive in the front region of the high-speed
flow. In other words, the Lorentz force also accelerates
the plasma.

Finally, we note that J, - E] is negative in the dayside
magnetosheath and dayside magnetopause region. The
dynamo of the type H current system is located in the
magnetopause region. This dynamo is the same as that
for the PI current system reported by Paper 1. In addi-
tion, the dynamo in the dayside magnetosheath drives
the type L current system.

Discussion

Longitudinal propagation of the SC signal

in the magnetosphere

Araki (1994) suggested that the front of the SC signal
propagates at the speed of the fast magnetosonic wave
in the magnetosphere. Moreover, it was already reported
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Fig. 10 Valuesofav, - p(%)Lb” -Vip,andcJy - Ejinthe
post-noon sector of the equatorial plane at t=5.5 min. The line
contours of each panel indicate equi-contour lines of the pressure.
See Fig. 6 caption for the description of the red circle

that the magnetospheric signal propagates at the speed of
the fast magnetosonic wave in the magnetosphere (e.g.,
Takahashi et al. 2015, 2017). However, the type L cur-
rent system propagates in the anti-sunward direction at
the speed of the plasma flow in the magnetosheath. This
speed is slower than the fast magnetosonic wave speed.
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Thus, we evaluated the relationship between the speed of
the longitudinal propagation of the two current systems
introduced in this paper and the magnetosonic speed of
the fast magnetosonic wave.

Figure 11 depicts the temporal propagation of the
plasma disturbances (|dv/d¢|) in the equatorial plane of
the magnetosphere—magnetosheath region excited by
sudden compression of the dayside magnetosphere. The
SC front observed by satellites (Takahashi et al. 2015,
2017) is recognized by the propagating edge of finite
|dv/dt|in this figure. From Fig. 11, it is evident that the
SC signal front indicated by black thick arrows appears
at t=4.0 min in the magnetosphere and propagates
toward the nighttime magnetosphere till it arrives at the
midnight magnetosphere at t=5.9 min. The propagation
speed is about 1000 km/s, which is comparable to the
speed of the fast magnetosonic wave (the Alfvén speed)
in the magnetosphere. In contrast, the SC signal speed in
the magnetosheath (indicated by blue arrows) is almost
the solar wind speed (372 km/s). The cross-magneto-
pause current of the type L current system flows in the
SC signal front in the magnetosheath. Consequently, the
longitudinal propagation speed of the ionospheric FAC
associated with the type L current system is the solar
wind speed projected onto the ionosphere. That is to say,
the longitudinal propagation speed of the PI signal of the
SC caused by the type L current system is slower than
that of the SC front determined by the onset of the SC
signal in the magnetosphere. The observational fact that
the PI signal in the ionosphere propagates at the speed
corresponding to the solar wind speed (Engebretson et al.
1999) can be explained by the propagation property of
the type L current system. The type H current system fol-
lows behind the type L current system.

Wave modes of the PI current system

As shown in Figs. 3 and 4, the FACs in the ionosphere
are converted from the FPC in the magnetosphere. The
conversion was a key issue of the generation mechanism
of the PI geomagnetic variations in terms of coupling of
the fast magnetosonic wave and the Alfvén wave (Tamao
1964). It is noted that this conversion occurs in the day-
side magnetosphere where the plasma g is low. The low
B plasma contains the Alfvén wave and the fast magne-
tosonic wave. Thus, before investigating the FPC-FAC
conversion, it is instructive to examine whether the PI
current has the nature of the Alfvén-mode current or
that of the fast magnetosonic-mode current. In this sec-
tion, we describe the investigation of the wave modes of
the currents both for the type L current system and for
the type H current system. In addition, we consider the
relationship between the PI current system found by
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Fig. 11 Temporal spread of the magnetospheric SC signal front, indicated as the edge of the positive region of | dv | The black and blue arrows

in the panels of t=4.0 min to t=6.2 min indicate the SC front in the magnetosphere and the magnetosheath, respectively. It is evident that the
SC front arrives at the night-side magnetosphere at 6.2 min, when the Pl current system in the ionosphere does not reach the nightside. The line
contours show the pressure in the equatorial plane. Irregular patterns of|
the fluctuations in this paper because they do not play any roles in the propagat\on of the SC signal

+ |in the night-side magnetosphere are fluctuations. We do not discuss
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Paper 1 and the type H and type L current systems shown
in this paper.

We evaluated the relative importance of the two MHD
waves on the current lines shown in Fig. 3. Because the
Alfvén wave and the fast magnetosonic wave are charac-
terized by the divergence of the electric field (V) - E})
and the field-aligned component of the electric field vor-
tex [e-(V x E})], Fig. 12 presents the current lines of
the type L current system and the type H current system
with the line color of €= V. E at

\VJ_-EJ_|+L|e-é_V><EJ_)|
t=>5.5 min. Only the part of the current line in the area
with plasma § < 0.2 is shown in this figure. When € is
close to 0 or % 1, the current belongs to the fast magne-
tosonic wave or the Alfvén wave, respectively. From this
figure, we recognize that both the type H current system
and the type L current system in the inner magneto-
sphere denoted by (1) have the nature of the Alfvén wave.
Next, the dawn-to-dusk current of the type H current
system in the outer magnetosphere has the nature of the
fast magnetosonic wave. In addition, the cross-magneto-
pause current of the type L current system has the same
nature, too. Both current lines are denoted by (2). Third,
we need to discuss the mode of the current connecting
the dawn-to-dusk FPC and the FAC of the type H current
system along the current lines of (3). We already observed
that the dawn-to-dusk FPC of the type H current system

Fig. 12 The type H and L current systems illustrated in the same
manner used in Fig. 3 at t=>5.5 min according to the value of €. The
current lines are shown only in the area of <0.2. The Alfvén-mode
current and the fast magnetosonic-mode current are dominant along
the current lines denoted by (1) and (2), respectively. The mixture of
the two modes appears along the current lines denoted by (3)

seems to be directly converted to the FAC in Fig. 3
because the white current (FPC) curve seems to connect
to the red (FAC) one. In contrast, the mode of the current
connecting the FPC and the FAC is instead the fast
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magnetosonic wave from Fig. 12 because the color of the
current line is white in this figure. This simulation result
indicates that the current in the region (3) is a mixture of
the Alfvén wave and the fast magnetosonic wave. These
patterns are discussed in the next section from the view-
point of the FPC-FAC conversion.

In the last part of this section, let us discuss the PI cur-
rent system found by Paper 1. Figure 3 shows that the
type H current system from A at £=5.5 min, located in
the boundary between two regimes, possesses the short
FPC between the dawn-to-dusk current and the FAC.
This short FPC flows toward the magnetosphere. (The
type H current system from B¢ at t=5.9 min also con-
sists of the upward/downward FACs and the FPC along
the magnetopause, as well as the short FPC that turns
toward the Earth from Fig. 4). Figure 12 also indicates
that this short current flowing to the magnetosphere has
the nature of the fast magnetosonic wave. While the PI
current system found by Paper 1 has the FPC between
the FAC connecting to the ionosphere and the dawn-to-
dusk current along the magnetopause. In addition, Paper
1 discussed that the FPC belongs to the fast magneto-
sonic wave. Therefore, the type H current system near the
transition between the type L current system regime and
the type H current system regime is the same as the PI
current system found in Paper 1. Thus, the PI current sys-
tem found by Paper 1 is categorized as the type H current
system that appears in the area between the type H cur-
rent system regime and the type L current system regime.

Conversion mechanism between the FAC and the FPC

FAC generation in the PI phase has been investigated in
the context of conversion from the fast magnetosonic
wave to the Alfvén wave (e.g., Tamao 1964; Fujita et al.
2003a). However, we note that the Alfvén wave has both
the FAC and FPC because the displacement current
associated with the Alfvén wave flows perpendicular
to the magnetic field. Consequently, the mode conver-
sion theory does not completely explain how the FPC is
converted to the FAC in Fig. 3. In addition, the previous
studies treated the mode conversion only qualitatively.
Besides, we have the grid-point values of the FPC and
the FAC that satisfy the physical principles of the MHD
equations. Therefore, we can discuss rigorously the con-
version between the FPC and the FAC. That is to say, we
use the conservation of the electric current in the mag-
netic flux as follows:

V) (%) + ¥ =0, (1)

where Jj is the FAC. We also use the wave mode infor-
mation shown in Fig. 12 to interpret the FPC-FAC con-
version. Here we investigated the mechanism of the
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FPC-FAC conversion shown in Fig. 3. (We discuss only
Fig. 3 here because the conversion shown in Fig. 4 is
essentially the same as that in Fig. 3.)

First, because the inertia current is dominant in the
PI phase, we examined V| -J;/BJ instead of V,-J | /BJ
in the type H current system and the type L current
system at t=>5.5 min, as shown in Fig. 13. (Hereafter,
we ignore the type L current system from A,;.) When
V1-J; <0, the FPC is converted to the FAC. This FAC
generation is located in the region where the FPC from
the cross-magnetopause current becomes the FAC for
the type L current system at the boundary between
the inner and outer magnetospheres, and in the region
where the dawn-to-dusk current turns to the FAC in
the post-noon sector in the outer magnetosphere for
the type H current system. These regions are denoted
by (1). Meanwhile, the FPC generation (V. -J; > 0)
appears in the region where the FAC turns to the dawn-
to-dusk current in the pre-noon outer magnetosphere
for the type H current system. This region is denoted
by (2). These results are consistent with the FPC-FAC
conversion shown in Fig. 3. Finally, V| -J; > 0 is also
evident in the lower part of the inner magnetosphere
in the post-noon sector for both current systems, and
V1J; < 0 appears in the upper part of the inner mag-
netosphere in the pre-noon sector in the type H current
system. These regions are denoted by (3). [V -J; in the
region (3) will be discussed in “Inertia 3” section] It is
noted here that the FAC is not generated in the high-g
and low-g transition region (Tanaka 2007) because the
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Fig. 13 Type Hand L current systems at t=>5.5 min colored
according to VjB'J’ values in the same manner as in Fig. 3. The current
lines are shown only in the area of $<0.2. The type L current from A,
is not shown in this figure. There are three characteristic regions of
the FPC-FAC conversion. The negative and positive VjB'J' in regions
(1) and (2), respectively, appears in the boundary between the outer
and inner magnetosphere. The region (3) is located in the lower

magnetosphere
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diamagnetic current in the PI phase is not effective in
the dayside magnetosphere.
To investigate the mechanism of V -J; presented in
Fig. 13, we divide V- J;/BJ into the following five terms:
Inertia 1:

2exV B
+o(BE), 255 o
Inertia 2:
D exV
-0 (B), S ®
Inertia 3:
e D
_B%ef VX (ﬁz)Ll (4)
Inertia 4:
b -
+p(D7‘t/)L . Rc(ng’ (5)
Inertia 5:
D VxB
+p<D%'>L' 5 (6)

where R, is the radius of curvature of the magnetic field
line, $ is the unit vector azimuthal to the magnetic field
line defined as e x 7, and 7 is the unit vector normal to
the magnetic field [# = —(e - V)e/R.]. Details of the iner-
tia terms are discussed below.

Inertia 1 and inertia 2

Inertia 1 and inertia 2 are the FPC-FAC conversion due to
the spatial gradient of the magnetic field intensity and the
conversion due to the spatial gradient of plasma density,
respectively. [Note that inertia 1 corresponds to Eq. 4 of
Vasyliunas (1970) by changing the inertia force to the pres-
sure gradient force.] After some algebraic operations, Eqs.
(2) and (3) become

p(g _2exVB _ p(ﬁ) LExVp _ (&> exVV}
Dt n B3J Dt n pBZ] Dt n MOV: )
7)

where Vy is the Alfvén speed. Therefore, it is sufficient
to examine the right-hand term of Eq. (7) to investigate
the effect of the spatially changing plasmas in the mag-
netosphere during the FPC-FAC conversion. We call
this term inertia V4 (Positive and negative patterns of
both inertia 1 and inertia 2 show the same distribution
along the current as that of inertia V4). Figure 14 shows
the type H current system and the type L current sys-
tem colored according to inertia V4. When we compare
the distribution of the relative importance of the Alfvén
wave in the two MHD waves (¢ in Fig. 12) in the current
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Fig. 14 Type Hand L current systems at t="5.5 min colored
according to inertia V4 in the same manner as in Fig. 3. The current
lines are shown only in the area of 8<0.2. The contour line colors
change in increments of +0.1. The type L current from A, is not
shown in this figure

systems with that of inertia V4, we recognize that inertia
V4 has non-zero values in the region where the fast mag-
netosonic wave has at least a non-zero contribution (the
color of the current line is pale red — yellow — white).
Therefore, Figs. 12 and 14 confirm that inertia V4 refers
to mode conversion from the fast magnetosonic wave to
the Alfvén wave due to the spatial gradient of V4.

Next, we investigated the implication of the inertia V4
change on the type L current system shown in Fig. 14.
Inertia V4 exhibits negative behavior in the upper part
of the inner magnetosphere and adjacent outer magne-
tosphere. This result indicates that the FPC of the fast
magnetosonic wave is converted to the FAC of the
Alfvén wave. In other words, the Alfvén wave of the
type L current system is recharged by the fast magneto-
sonic wave due to the spatial gradient of V4 in the upper
part of the inner magnetosphere and adjacent outer
magnetosphere. We first tried to understand this mode
conversion by analyzing the plasma behavior shown in
Fig. 8. Figure 15 illustrates the distribution of V4 in the
equatorial plane and in the 14.4 MLT meridian (the
local time of the type L current), as well as the type L
current system with the line color of V4. From Fig. 8, v
is directed toward the Earth with a slight tilt to the
anti-sunward direction in the region L >7. Thus, the ¢

Dv

component of v is positive. Because (E)
Dv

parallel tov,, (DT) N has a positive ¢ component. Next,

is almost

the term, ex VVy in Eq. (7) was estimated as
ex (=n-|(-V)Va|) = —¢|(7i- V) Val. From Fig. 15,
V4 in the outer magnetosphere exhibits a smaller but
non-zero spatial gradient toward the Earth. Therefore,
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Fig. 15 Distributions of V4 in the 14.4 MLT meridian plane and the
equatorial plane. The type L current system that flows in the 14.4 MLT
plane is also shown. The white dotted arrow indicates the L value of
the field line where FPC is converted to FAC (L~7). The color of the
current lines denotes V4

|(ﬁ . V) V4| is positive. Consequently, (%)J— ~(ex VVy)
becomes negative. Thus, we can understand that inertia
V4 becomes negative in the outer magnetosphere. [In
physical terms, the sudden compression of the dayside
magnetosphere induces the fast magnetosonic wave (v
in Fig. 8), which is converted to the Alfvén wave due to
the spatial gradient of V4]. As a result, the FPC of the
type L current system turns into the FAC in the region
where V4 starts to increase toward the inner magneto-
sphere. Meanwhile, Fig. 12 indicates that the Alfvén
wave is predominant in the inner magnetosphere and
that the fast magnetosonic wave does not arrive there.
Therefore, inertia V4 becomes almost zero in the inner
magnetosphere because there is no fast magnetosonic
wave, although the spatial gradient of V4 is enhanced in
the inner magnetosphere. In other words, this area is
not the region where the spatial gradient of V4 is steep,
for example, the plasmapause region, as suggested by
Paper 1. This mechanism determines the lower latitude
boundary of the FAC of the PI in the ionosphere.

The behavior of inertia V4 on the type H current sys-
tem is rather complicated compared with that of the
type L current system. It shows roughly two negative
regions and one positive region in the post-noon mag-
netosphere. That is, the FAC is recharged from the fast
magnetosonic wave in the near-equatorial region of the
outer magnetosphere, it then charges the fast magneto-
sonic wave in the neighboring region between the inner
and outer magnetospheres, and it again recharges the
fast magnetosonic wave in the upper edge part of the
inner magnetosphere. This structure is related to the

OMLT

Fig. 16 Type Hand L current systems at t="5.5 min colored
according to inertia 3 values in the same manner as in Fig. 3. The
current lines are shown only in the area of 8<0.2. The contour line
colors change in increments of +0.2. The type L current from A, is
not shown in this figure. The inset in the left-bottom corner shows
an enlarged part of the footpoints of both current systems. The color
scale of inertia 3 for the inset is in increments of £0.05

profile of inertia 3 in the type H current system. Thus,
this feature of inertia V4 in the type H current system is
discussed below.

Inertia 3
Inertia 3, shown in Fig. 16, is related to the Alfvén wave
because e-V x (Ble is roughly proportional to

V] - E . Therefore, this term represents the conversion
between the displacement current (FPC) and the FAC
within the Alfvén wave. To show the behavior of inertia 3
in the lower boundary, the inset in the left-bottom corner
shows an enlarged part of the footpoints of both current
systems. The color scale of inertia 3 for the inlet is given
in increments of £ 0.05.

First, we describe the characteristic features of inertia 3
in the type L current system. It is essentially positive from
the lower boundary to the outer magnetosphere in the
post-noon sector. This feature indicates that the Alfvén
wave is recharged by the fast magnetosonic wave due to
the spatial gradient of V4 in the upper part of the inner
magnetosphere and the outer magnetosphere (Fig. 14).
On the way to the ionosphere, the displacement current
of the Alfvén wave diverges from the field line. It is noted
that inertia 3 has smaller values but is still positive in the
lower boundary region, as seen in the inset of Fig. 16. The
positive inertia 3 near the lower boundary can be under-
stood as demonstrating that the electric current in the
ionosphere has positive divergence because the PI current
in this region flows into the ionosphere. The smaller inertia
3 near the lower boundary implies that the PI electric field
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induced in the ionosphere may be suppressed by the con-
ducting ionosphere.

Second, inertia 3 in the type H current system in the
post-noon sector is positive in the lower half part of the
inner magnetosphere, and the sign reverses in the upper
half. It is noted that inertia V4 in the inner magnetosphere
in Fig. 14 is negative in the region where inertia 3 is zero. At
the same time, V - J; is also negative (Fig. 13) in the upper
part. These results allow us to conclude that convergence
of the inertia current (Fig. 6) yields an increase in the FAC
of the Alfvén wave (negative inertia 3 in Fig. 16) and an
increase in the FPC of the fast magnetosonic wave (posi-
tive inertia V4 in Fig. 14). It is noted that the inertia 3 of the
Alfvén wave exhibits a field-aligned structure with a node
in the inner magnetosphere. In the outer magnetosphere,
the Alfvén wave and the fast magnetosonic wave are mixed
in the current lines between the dawn-to-dusk current and
the FAC of the type H current system. Therefore, inertia 3
and inertia V4 have different signs alternately.

Finally, we discuss whether the behavior of inertia 3 indi-
cates excitation of a standing Alfvén wave. First, the type
L current system has smaller inertia 3 in the lower bound-
ary (the ionosphere) and is positive on the current lines.
The plasma disturbances in the dayside magnetosphere are
symmetric with respect to the equatorial plane, and iner-
tia 3 is positive in the southern hemisphere. Therefore, the
global field-aligned profile of inertia 3 exhibits a wave of the
field line with nodes in the northern and southern iono-
spheres and an antinode at the equator. Consequently, the
fundamental standing Alfvén wave may be generated in the
lower latitude part of the PI current system. However, the
wave structure of the field line of the FAC part of the type
H current system has positive inertia 3 in the lower part of
the inner magnetosphere in both hemispheres and a nega-
tive one in the equatorial region. Thus, nodes will appear
in between the lower boundary (the ionosphere) and the
equator. Therefore, the Alfvén wave with the third har-
monic structure is possibly excited in the higher-latitude
part of the PI current system. The global MHD simulation
cannot reproduce the standing Alfvén wave because of its
numerical diffusion. Thus, the simulation does not repro-
duce the standing waves noted above. To confirm this pos-
sible standing wave is a future issue.

Inertia 4

Inertia 4 represents the FPC-FAC conversion due to cur-
vature of the magnetic field line. When the magnetic field is
almost a dipole field, we obtain

¢(V)B ) (8)

exVB ~ Vxe __ _
B~ R

B> — B2

Therefore, the curvature effect (inertia 4) is half the
size of inertia 1, and the sign is reversed. As a result, this

Page 150f 17

term does not play an important role in the conversion
between the FPC and FAC.

Inertia 5

Inertia 5 is derived by modification of the magnetic field
direction caused by the current. Eventually, this term can
be deformed like

o). 58 = (), s = (1),
n ] Dt )| noB% Dt )| woB3J

9)
where (o is the magnetic permeability of a vacuum. This
term is not effective in the magnetosphere compared
with other terms because J; is not significant in the day-
side magnetosphere.

lonospheric latitudes of the Pl current system

To conclude our discussion, we will focus on the iono-
spheric latitude of the PI current system. This latitude
corresponds to the magnetic field line where the FPC is
converted to the FAC. The ionospheric latitude of the
PI current in the higher latitudes (the type H current
system) is related to the area where the return inertia
current exhibits convergence near the post-noon mag-
netopause as shown in Fig. 6. (The current shows diver-
gence near the pre-noon magnetopause although this is
not shown in this figure). This is located at L~8. While
the PI current in the lower latitudes (the type L current
system) exhibits the conversion in the area considerably
distant from the magnetopause. From Fig. 15, the FPC
from the cross-magnetopause current turns to the FAC
in the region where V4 begins to increase toward the
Earth. This is located at L~7. It is noted that the turn-
ing position does not exist in the region with a steep V4
gradient, although the FPC-FAC conversion occurs due
to the spatial gradient of V4. To confirm this simulation
result, we need a statistical study of the FAC position of
the PI. This will be future work.

Summary and conclusion

The preliminary impulse of the sudden commencement is
simply explained by the generation of the compressional
wave due to sudden compression of the dayside magne-
topause and mode conversion from the compressional
wave to the Alfvén wave in the magnetosphere. However,
this simple model cannot explain a time delay of the peak
displacement and longer duration time in the higher lati-
tudes in the pre-noon and post-noon sectors of the polar
region. We performed simulations of the PI current sys-
tems in the magnetosphere—ionosphere system to reveal
the machenaism that there are two different current sys-
tems in the PI phase in the higher-latitude region and the
lower-latitude region of the ionospheric FAC region of
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the PI. The main results of this paper are summarized as
follows:

1. The PI current system with the FAC in the lower-lat-
itude ionosphere (type L current system) consists of
the FAC in the inner magnetosphere and the iono-
sphere, the cross-magnetopause current, and the
magnetosheath current. The cross-magnetopause
current is the inertia current invoked by the iner-
tia force to the anti-sunward direction in the front
region of the high-speed flow invoked by compres-
sion of the dayside magnetosheath. The longitudi-
nal propagation speed of this current system is the
solar wind speed in the magnetosheath in the anti-
sunward direction projected into the ionosphere. But
it is considerably slower than the fast magnetosonic
wave in the magnetosphere.

2. The PI current system with the FAC in the higher-
latitude ionosphere (type H current system) consists
of upward/downward FACs in the pre-noon/post-
noon sections, respectively, and dawn-to-dusk along
the magnetopause in the outer magnetosphere. This
current system appears behind the type L current
system. The PI current system found by Fujita et al.
(2003a) is categorized as the type H current system
that appears in the area between the type H current
system regime and the type L current system regime.

3. The type L current system in the ionosphere propa-
gates in the anti-sunward direction at the solar wind
speed in the magnetosheath projected into the iono-
sphere. In contrast, the type H current system in the
ionosphere appears behind the type L current sys-
tem, and this current system in the sunward edge in
the ionosphere almost stays in the same longitude.
Therefore, the PI current distribution of the iono-
sphere forms a crescent shape in which the low-lat-
itude edges extend in the anti-sunward direction and
the high-latitude edges are almost stationary. Conse-
quently, the duration of the PI ground magnetic sig-
nal becomes longer at higher latitudes, and the peak
of the PI geomagnetic variations is delayed at higher
latitudes.

4. The spatial gradient of plasmas induces conversion
from FPC to FAC of the type L current system due
to the mode conversion from the fast magnetosonic
wave to the Alfvén wave. This conversion occurs in
the outer magnetosphere, where the compression
of the dayside magnetosphere drives the inward
plasma flow that belongs to the fast magnetosonic
wave. Consequently, the FPC turns into the FAC in
the region where the Alfvén speed begins to increase
toward the inner magnetosphere. This region does
not correspond to the region with a steep spatial gra-
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dient of the Alfvén speed, like the plasmapause. This
mechanism determines the low-latitude limit of the
FAC of the PI in the ionosphere.

5. The FPC to FAC conversion for the type H current
system occurs in the outer magnetosphere near the
magnetopause. The return inertia current from the
region where the type L current system crosses the
magnetopause invokes negative/positive divergence
in the post-noon/pre-noon sector, respectively. Thus,
the type H current system always appears behind the
type L current system.

6. The conversion between the displacement current
(FPC) and the FAC of the Alfvén wave is dominant
in the near-Earth inner magnetosphere. The diver-
gence of the displacement current is positive in the
post-noon inner magnetosphere for both the type L
and type H current systems because downward FAC
in the ionosphere invokes a positive divergence of the
current in the ionosphere. The positive divergence of
the displacement current extends along the current
line of the type L current system to the outer magne-
tosphere. In contrast, the type H current system has
a negative divergence in the outer magnetosphere
because the inertia current in the post-noon sector of
the outer magnetosphere exhibits convergence.

7. The fundamental standing Alfvén wave in the lower
latitude side of the PI signal and the third harmonic
standing Alfvén wave in its higher latitude side are
possibly excited associated with the SC.
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