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ABSTRACT

The magnetosphere is often perturbed by impulsive input such as interplanetary shocks and solar
wind discontinuities. We study how these initial perturbations are propagating within the magne-
tosphere over various latitude regions by adopting a three-dimensional numerical dipole model. We
examine the wave propagation on a meridional plane in a time-dependent manner and compare the
numerical results with multi-satellite and ground observations. The dipole model is used to represent
the plasmasphere and magnetosphere with a realistic Alfven speed profile. It is found that the effects
of refraction, which result from magnetic field curvature and inhomogeneous Alfven speed, are found to
become important near the plasmapause. Our results show that, when the disturbances are assumed at
the subsolar point of the dayside magnetosphere, the travel time becomes smaller to the polar ionosphere

compared to the equatorial ionosphere.
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I. INTRODUCTION

Interplanetary shocks and solar wind discontinuities
can give rise to relatively large-scale perturbations in
the magnetosphere. These impacts at the dayside
magnetopause, which cause storm sudden commence-
ments(SSC) and sudden impulses(SI), are expected to
launch sudden perturbations into the magnetosphere.
Hydromagnetic waves have often been adapted to de-
scribe the propagation of SSC and SI in the magne-
tosphere since several decades ago (e.g., Francis et al.
1959; Wilson & Sugiura 1961; Nishida 1964 ; Stegel-
mann & von Kenschitzki 1964; Tamao 1964; Burlaga
& Ogilvie 1969). The SSC events are usually followed
by geomagnetic storms and accompanied by southward
interplanetary magnetic fields, which do not appear
with the SI events. However, the leading edge of both
SSC and SI in the magnetosphere is represented by
relatively sharp wavefront, which propagates with the
Alfven speed. Thus, sudden impulses(SI) will be used
in this paper to include both cases.

While compressional impulses propagate into the
magnetosphere across magnetic shells, they continu-
ously produce transverse waves via mode conversion by
inhomogeneity and/or curved geometry (Hasegawa et
al. 1983). Thus polarization and amplitude as well as
arrival times based on any local measurements are ex-
pected to strongly depend on wave coupling and dipo-
lar geometry in the mMagnetosphere (Lee & Lysak 1999).
Recently, investigations of the propagation of SI have
been emphasized since compressional pulses are known
to play an important role in the energization of radi-
ation belt electrons and protons (e.g., Li et al. 1993 ;
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Hudson et al. 1995, 1996).

Magnetic perturbations arriving at the surface of
the Earth become significantly affected by the exis-
tence of the ionosphere. Kikuchi and Araki (1979a,
1979b) studied the ionospheric responses associated
with the sudden impulses by assuming the Earth-
ionosphere waveguide system. The onset time distri-
butions and their observational characteristics were in-
vestigated and well summarized by Araki (1977, 1994).

The spatial and temporal structures of SI have been
investigated by a number of observations on ground-
based magnetometers and satellite measurements(e.g.,
Nopper et al. 1982; Wilken et al. 1982; Knott et al.
1985; Wedeken et al. 1986; Petrinec et al. 1996; Araki
et al. 1997). However, most of previous work has
not revealed the details of SI propagation on its way
from the outer space to the ionosphere. It is partly
due to the facts that (1) a limited number of satellites
are not capable of tracing the propagation of distur-
bances in a highly refractive system such as the mag-
netosphere, and (2) ground-based measurements such
as magnetometers are allowed to see only secondary
signals which are modified and reproduced by the iono-
sphere.

Recently, Lee & Kim (2000) and Lee & Hudson
(2001) studied the propagation properties in a three-
dimensional dipole model. These numerical experi-
ments showed that the leading edge of SI undergoes
strong refraction owing to inhomogeneous Alfven speed
in a dipolar magnetosphere. The travel time between
the equatorial magnetopause and the polar ionosphere
is found to be shorter than that between the magne-
topause and the deep plasmasphere. In this paper, in
order to study more details of SI propagation in the
magnetosphere, we will introduce and discuss the ob-

- S101 -



5102 LEE AND SUNG

servational characteristics based on the previous stud-
ies. We will also present a case study of multi-satellite
and ground observational data from recent SI events,
which strongly support the results of the numerical ex-
periments.

II. MODEL AND NUMERICAL RESULTS

This numerical experiment is based on the recent
three-dimensional dipole model (Lee & Hudson 2001)
which adopted different boundary conditions at differ-
ent local times. The inner boundary is at L = 2 and
the outer boundary is at L = 10.5, and perfect reflect-
ing boundary conditions are used at the ionospheres,
which are assumed to be at an altitude of 0.5 Rg, where
RpE represents the Earth’s radius. We apply different
boundary conditions at the dayside and nightside outer
regions, respectively. At the dayside magnetopause the
Alfven speed drops from Vi, = 600 km/s in the magne-
tosphere to Vi, = 60 km/s in the solar wind. Thus the
reflection coefficient at the dayside boundary is given by
7 = Vins — Vow/Vins + Vaw when waves are propagating
out of the magnetosphere. With this boundary condi-
tion, wave energy can escape from the magnetosphere
across the dayside magnetopause. In the nightside re-
gion, we assume a free boundary condition, that there
is no reflection from the nightside magnetosphere (Lee
& Hudson 2001).

The two linearized wave equations in a cold plasma
are given by

4 1 8E
(VxB), = RN ’(1)
VxE = _%—f, (2)

where V4 is the Alfven speed. These equations are
solved by a leapfrog scheme (Lee & Lysak 1989) in

the dipole coordinates (fi, 7, ¢) similar to those used
by Chen & Hasegawa (1974). Thus © is normal to the
field line pointing outward, and é is the usual azimuthal
direction (fi =  x ¢). The grid points are 98 x 98 x 98
points along each coordinate. The model boundaries
are referred to Lee & Hudson (2001). The Alfven speed
profile used in this study is shown in Figure 1.

We assume a propagating impulse at the dayside
magnetopause. This impulse is given by Fg which cor-
responds to a radial compression. Disturbances are as-
sumed to be symmetric in both latitude and local time
and the size of an impulse is assumed to be about 5
Rg x 10 Rg in each direction at the dayside magne-
topause. We have investigated time histories at various
locations. A set of grid points has been selected across
the magnetic shells near the equatorial region and the
polar region slightly above the ionosphere, respectively.

Figure 2 shows the time histories of the magnetic
electric fields at the dayside equatorial region. In Fig-
. ure 2, the impulse is propagating across the equatorial
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Fig. 1.— The equatorial Alfven speed profile assumed in
this model.

magnetic shells, which are evident in the compressional
components (B,,, B,, Ey). The transverse components
(B, E,) stay quiet since they have nodes at the equa-
tor due to the symmetry of the initial impulse. The
wave propagation becomes slower inside the plasma-
sphere (L < 6) owing to the relatively small Alfven
speed. It takes £ = 70 s until the signal reaches the
inner magnetic shell near L = 2.4. In the dayside po-
lar region, Figure 3 shows that the earliest signals are
found around ¢t = 40 in all components, which indi-
cates that the travel time from the subsolar point to
the polar region can be shorter than that to the deep
plasmasphere near the equator. Thus effects of refrac-
tion are very large in the magnetosphere in the sense
that the geometric path between the source and the

.inner plasmasphere is shorter than that between the

source and the polar ionosphere, which is consistent
with the previous numerical studies (Lee & Kim 2000).
It is interesting to note in Figure 3 that the compres-
sional components almost simultaneously arrive in the
polar region except for part of the plasmaspheric re-
gion, while the transverse components become differen-
tiated in latitude. In the transverse components in Fig-
ure 3, the earliest signals are found near L = 6 where
the Alfven speed become largest in the magnetosphere.
This feature can be explained by the wave coupling be-
tween the compressional and transverse waves. When
the initial impulse propagate radially inward from the
magnetopause, transverse waves are continuously ex-
cited and start propagating along each field line.

Our results suggest that the path of the least travel
time to the polar ionospheric region is along the mag-
netic field line located near the outer edge of the
plasmapause where the Alfven speed is largest in the
outer magnetosphere. For higher latitudes, the wave-
fronts become slightly delayed. Compressional compo-
nents in Figure 3 are sensitive not to the direction of
the magnetic field, but to the magnitude, which is as-
sociated with the Alfven speed. Thus the travel paths
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Fig. 2.— Time histories of the magnetic and electric fields
at the equatorial region.

become independent of the field lines and the arriving
signals are almost in phase over different latitudes in
the polar region except for the deep plasmasphere. On
the other hand, the transverse waves in the polar re-
gion have phase shifts at different latitudes since they
are guided along different field lines. It is interesting
to note that the leading edges of By and F, in Figure
3 show polarization reversals near L = 6.7 in addition
to the continuous phase shifts in arrival times.

IIT. OBSERVATIONS

Near UT 0400 on September 3, 2000, the earth’s
magnetosphere was stiddenly perturbed. This event is
observed by 3 satellites and a number of ground sta-
tions. As shown in Figure 4, this is a single pulse event
which is suitable to compare with the numerical ex-
periments. Figure 4 shows the magnetic field data of
the ACE, WIND and GEOTAIL. All three satellites
were located in the solar wind, and their position were
shown in Figure 5. At 0305 UT(A), the ACE space-
craft at 235 Rg upstream of the Earth observed that
total magnitude and z component of magnetic fields
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Fig. 3.— Time histories of the magnetic and electric fields
at the polar region.

suddenly dropped during 6 minutes. Other satellites
observed the same feature. The WIND observed the
magnetic field variations at 0342 UT(B), and GEO-
TAIL observed at 0407 UT(C), respectively. In the
numerical experiment, the impulse propagates at the
dayside magnetopause. To determine the area that
the shockfront becomes encounter the magnetopause,
we assume two hypotheses. One is that the velocity
and direction of the SI are almost constant in the solar
wind. The other is ignoring the variations in z direc-
tion. Time intervals T1 and T2 in Figure 4 are 35 min
and 25 min. And in Figure 5, the top panel is z — y
plane and the bottom is z — z plane in GSE coordi-
nates. Since the distances among three satellites in z
are relatively small, it is expected that this shockfront
can be examined ounly on z — y plane. Using each dis-
tance and time interval, we obtain the SI velocity and
its propagating direction. The velocity is about 452.93
km/sec and the SI arrive point is near 1600 local time.
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ACE, WIND & GEOTAIL (2000,/09,/03)
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Fig. 4.— Magnetic field data from ACE, WIND, and
GEOTAIL. The thick line represents the ACE magnetic
field data and the dashed and dash-dot lines represent the
WIND and GEOTAIL data, respectively.

(a) Ground Station Magnetometer

There are a large number of stations in the five geo-
magnetic networks International Monitor for Auroral
Geomagnetic Effects (IMAGE), Sub-Auroral Magne-
tometer Network (SAMNET), 210° Magnetic Merid-
ian (210MM), Geophysical Institute Magnetometer Ar-
ray (GIMA), Canadian Auroral Network for the Open
Program Unified Study (CANOPUS)) for this event.
We have plotted in Figure 6 the H-component for 66
ground stations for 15 minutes surrounding the on-
set time. At UT 0405 IMAGE and SAMNET is lo-
cated on a little prenoon side of the impact region.
And 210MM is located on the dusk side. GIMA and
CANOPUS are located on the nightside. General fea-
tures are as follows: Within the morning side auroral
zone(IMAGE and SAMNET), a positive pulse precedes
a negative pulse. Contrarily, within the afternoon and
night side(210MM, GIMA and CANOPUS), a negative
pulse precedes a positive pulse. In addition, the pre-
liminary reverse impulse(PRI) is distinctly seen in the
afternoon sector(210MM). And 210MM data is qualita-
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Fig. 5.— The positions of 3 satellites in GSE coordinates.
An oblique line represent the shock front.

tively similar to the input single pulse, while the other
ground station data show oscillatory fluctuations after
the wavefront.

To verify the wavefront delay near the polar region,
we select some stations along the magnetic latitude
in each network(Table 1). These stations are located
along the almost same magnetic longitude. Area 1,
which consists of 8 IMAGE stations, is close to the im-
pact region of the shock front. Their magnetic lon-
gitudes are 56.89° - 75.25°, and the longitudes are
102.18° - 112.08°. Figure 7 shows a plot of the vari-
ations of the H component of the geomagnetic field
observed by IMAGE. In this Figure, the stations are
listed according to the magnetic latitude. The ampli-
tudes is found to become larger as the latitude increases
(NAL to BJN stations). To obtain the arrival sequence,
we compared two adjacent station data(Figure 8). Al-
though, we cannot obtain the exact time difference,
this superposition is useful to distinguish the preced-
ing one from the following one. Figure 7 and Figure
8 indicates that the earliest signal is found near SOD
station in Area 1. Its magnetic latitude is 63.92 °. Sim-
ilarly, it is found that HLL(64.69°), GAK(63.54°) and
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Fig. 6.— H component from 66 ground stations.

GILL(63.88°) stations observed the earliest signal in
Area 2, 4, and 5, respectively. The stations in Area 3
are located mid and low latitude and it is very difficult
to distinguish the arrival time sequence over latitudes.
However in any cases, the fastest signal is observed near
63° - 65° magnetic latitude.

The effect of ST on the magnetosphere can be under-
stood either from a mechanical or an electrodynamical
point of view (Lysak et al. 1994). From a mechani-
cal point of view, while the leading edge of SI propa-
gates away in the antisunward direction, the input at
the magnetopause causes the boundary motion, which
consists of a radially inward velocity followed by a ra-
dially outward velocity later on. The inward velocity
region first occurs at the initial contact point, which is
expected to move down to the antisunward direction,
in which Figure 9 shows such an illustrative example.
In this inward region, the magnetic field is compressed,
leading to an enhancement of the magnetic pressure
which diverts the flow to both sides azimuthally. Sim-
ilarly, in the region of outward(recovering) flow the
magnetic pressure decreases, which draws the flow in
azimuthally. Thus, the flow between the inward and
outward velocity regions is driven azimuthally toward

IMAGE (102.18°=2mlon=112.08%)

Fig. 7.— H component from 8 stations in IMAGE net-
work.
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Fig. 8.— Direct comparisons of the magnetic fields ob-
served at the two adjacent stations. Solid line represents
the high latitude station and and dashed line represents the
low latitude station.
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Table 1. Magnetic latitudes and longitudes of the ground
stations. The underline represents the stations observed the
earliest signal among the each Area.

Network Station Abbrev. | MLat. (°) | MLon. (°)
Name
IMAGE Ny Alesund NAL 75.25 112.08
Area 1 Hornsund HOR 74.13 109.59
Bear Island BIN 71.45 108.07
Kevo KEV 66.32 109.24
Sodankyld SOD 63.92 107.26
Oulujirvi oulJ 60.99 106.14
Hankasalmi HAN 58.71 104.61
Nurmijarvi NUR 56.89 102.18
SAMNET Hella HLL 64.49 68.36
Area 2 Glenmore GML 54.91 78.22
York YOR 50.93 79.00
2I0MM Zyryanka ZYK 59.62 216.72
Area 3 Magadan MGD 53.56 218.66
Moshiri MSR 37.61 213.23
Onagawa ONW 31.65 212.51
GIMA Kaktovik KAK 70.69 25781
Area 4 Arctic ARC 68.61 259.07
Ftyukon FTY 67.29 261.33
Poker POK 65.60 260.90
Gakona GAK 63.54 265.68
CANOPUS| Rankin Inlet RANK 70.37 338.92
Area 5 Eskimo ESKI 68.62 336.46
Point
Fort FCHU 66.27 336.68
Churchill
Gillam GILL 63.88 336.20
Island Lake ISLL 61.38 336.42
Pinawa PINA 57.73 335.08

noon on both the dawn and dusk sides. The magnetic
field lines are frozen into this flow, and the resulting
motions twist the field lines with the opposite magnetic
helicities. Therefore, a downward field-aligned current
occurs at dawn and upward at dusk.

From an electrodynamic point of view, the inward
and outward flows are accompanied by dawnward and
duskward directed azimuthal electric fields, which cor-
responds to the ideal MHD condition of E+7xB=0.
Thus, the electric field has a positive divergence on
the dawn and negative divergence at dusk, and the
perturbed region has positive space charge at dawn
and negative charge at dusk. These charges discharge
along the magnetic field lines, again producing down-
ward currents on the dawn side and upward currents
on the dusk side, which is shown in Figure 9.

From the points discussed above, it is possible to
clarify a qualitative pattern of observations for the ini-
tial signature of SI. At the first impact region, both
azimuthal sides would see the opposite field-aligned
currents, respectively. The resulting ground magnetic
field signature would be caused by the opposite twisting
motions, and the transverse magnetic field component
would change its polarity from one to another.

IVv. SUMMARY

Our study revealed that there is the difference in
arrival timing of shock fronts along the dayside mag-
netic latitude. In the numerical experiment, the com-
pressional components almost simultaneously arrive in
the polar region, while the transverse components be-
come differentiated in latitude. In the transverse com-

Fig. 9.— Schematic illustration of the effect of compres-
sion of the magnetosphere, showing the plasma flows, elec-
tric fields, and current systems produced by this interaction.

ponents, the earliest signals are found near L = 6. On
the other hand, observation result informs that the first
signal was found near 63.5° - 64.5° in magnetic lati-
tude. It corresponds to L = 5.02 - 5.39 in the dipole
magnetic field. This observation is consistent with the
numerical results. It is that the wavefronts undergo a
highly refractive path owing to the plasmasphere and
then the arrival timing is differentiated in magnetic lat-
itude. From a mechanical or an eletrodynamical point
of view, it is suggested that that the initial signature of
SI excites the opposite profile at dawn and dusk, respec-
tively. This feature is very consistent with the ground
observations presented in this study. The present anal-
ysis of the magnetic field observations during the initial
phase of the SI event on September 3, 2000, is based
on a case study. Additional observational events will
greatly improve our current understanding and allow
statistical investigations, which remain as future work.
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