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[1] Polarizations of Pi2 pulsations in the magnetosphere and on the ground in the auroral
zone are inconsistent when field line motions in the meridian and transverse planes are
both in the fundamental harmonic. To resolve these inconsistencies, we propose a third
harmonic mode in the meridian planes. The excitation of the third harmonic is explained

by dusk-to-dawn currents at the equatorial plane, which are driven by diamagnetic
currents during substorm injections. We propose diamagnetic currents in the equatorial
plane and compressional input at the outer boundary as the source of Pi2 pulsations

in the magnetosphere.

Citation: Saka, O., K. Hayashi, and D. Koga (2012), Excitation of the third harmonic mode in meridian planes for Pi2 in the
auroral zone, J. Geophys. Res., 117, A12215, doi:10.1029/2012JA018003.

1. Introduction

[2] Nighttime Pi2 pulsations are geomagnetic oscillations
in space observed in the plasmasphere [Takahashi et al.,
1992, 2003] and outside the plasmapause [Kim et al., 2005;
Teramoto et al., 2008]. Pi2 pulsations are also observed on
the ground at a wide range of latitudes from the dip equator to
the polar cap [Shinohara et al., 1997; Li et al., 1998; Samson
and Harrold, 1983; Uozumi et al., 2000]. Following the
publication of Saito [1961], Pi2 pulsations were a subject of
intense interest for many decades due to their close associa-
tion with the substorm expansion onset and their global dis-
tributions on the ground and in space. Pi2 models that have
been proposed include (1) plasmaspheric cavity resonance
[Allan et al., 1996; Li et al., 1998], (2) plasmaspheric virtual
resonance [Lee, 1998; Lee and Lysak, 1999] and (3) iono-
spheric current oscillations linked to the field-aligned cur-
rents [Samson, 1982; Lester et al., 1983; Baumjohann and
Glassmeier, 1984]. A comprehensive review of Pi2 models
can be found in Keiling and Takahashi [2011].

[3] To explain the signal source of Pi2s, an external stimulus
propagating in azimuth at the outer boundary of the inner
magnetosphere with low m number was proposed. Using the
compressional input for the external stimulus, Lee and Lysak
[1991] and Allan et al. [1996] simulated Pi2 propagations
across the plasmasphere and studied the spatiotemporal dis-
tributions of ground Pi2 signals. From ground observations,
Pi2s propagate either westward or eastward at angular veloc-
ities on the order of 0.5-2 degrees/s corresponding to m =2-7,
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without significant changes from high to low latitudes
[Uozumi et al., 2004; Samson and Harrold, 1985; Lester et al.,
1984; Li et al., 1998]. The external stimulus proposed by Allan
et al. [1985] and Lee and Lysak [1991] are suggested to cor-
respond to the bidirectional flow burst at the outer boundary of
the inner magnetosphere. The earthward flow burst and asso-
ciated bidirectional flow could be a process associated with the
tail current disruption [Saka et al., 2012].

[4] In this report, we study waveform comparisons of Pi2s
using magnetometer data from a geosynchronous satellite as
well as from ground stations located at the satellite footprint in
the auroral zone. We determined the harmonic of standing
modes in the transverse and meridian planes in the magneto-
sphere and interpreted the Pi2s in terms of the Cavity mode.
The present model also explained the ground Pi2 signals in the
auroral zone within the framework of ionospheric amplifica-
tion of Cavity mode without employing the field-aligned cur-
rents and associated ionospheric conductivity enhancement.

2. Observations

[5] In this report, we study the ground-satellite conjunc-
tions of magnetometer data using a geosynchronous satellite
(GOES 5, L = 6.6) as well as ground stations in the auroral
zone (GWR, L = 6.3) and in the dip equator (HUA, L = 1.05).
In the IGRF (International Geomagnetic Reference Field)
model, the geographic coordinates of the satellite footprints,
GWR, and HUA are (56.3 N, 281.4), (55.3 N, 282.2), and
(12.1 S, 284.7), respectively. The footprints in the T89 model
[Tsyganenko, 1989] are (54.9 N, 281.4) for Kp = 0 in geo-
graphic coordinates. We examined three events during the
Global Aurora Dynamics Campaign [Oguti et al., 1988]. The
onsets of these events were 0444 UT (23.6 MLT at GWR) for
the 24 January event, 0501 UT (23.9 MLT) for the 27 January
event, and 0517 UT (0.2 M LT) for the 30 January event.
During each event, an auroral surge was observed at the
conjugate meridian propagating along the poleward bound-
ary of the auroral zone. The surge propagated periodically at
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Figure 1. Combined 30 min plots for the 30 January event
(0510-0540 UT). From top to bottom: field magnitudes (B)
in nT, inclination angle (), and azimuth angle (¢) in degrees
for GOES 5 at geosynchronous altitudes, H at GWR in the
auroral zone, D at GWR, and H at HUA at the dip equator.
The vertical bars indicate two consecutive onsets of single
dipolarization observed by GOES 5. Background levels
were removed from the ground magnetometer data.

the Pi2 periodicities eastward for the 24 January event and
westward for the 27 January event. For the 30 January event,
a single passage of the auroral surge propagating westward
was observed. The auroral surge is suggested to be an auroral
manifestation of the bidirectional flow burst at the outer
boundary [Saka et al., 2012].

[6] Satellite magnetometer data were studied in the polar
coordinates (6, ¢), where 0 is the inclination angle measured
northward from the V-D plane and ¢ represents the azimuth
in the V-D plane measured counterclockwise from the V
axis. H is measured northward parallel to the dipole axis, V
is radial outward, and D is dipole east. In the polar coordi-
nates, the azimuth angle is 180 when the field line vector
points toward Earth. The field line motions associated with
the circular rotations (not the twist) of the plasma slabs at the
equatorial plane may cause wave polarizations, 6B, in the
satellite magnetometer data off the equatorial plane [Saka
et al., 2007]. 6B, is written as (Byd0, Bodp), where By
represents the mean magnitudes. We used (66, 6¢) instead of
(Bod8, Byd ) for the polarization analyses. Angle changes on
the order of 2 degrees in polar coordinates correspond to
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3.0 nT for 6B, at geosynchronous altitudes for mean field
magnitudes of 85.3 nT at the Pi2 onset [Saka et al., 2010].
For the ground magnetometer data, (H, D, Z) coordinates
were used, where H is local magnetic north, Z is positive
downward, and D is perpendicular to the H-Z plane and
positive eastward.

2.1. The 30 January 1986 Event

[7] Figure 1 shows a 30 min long plot of satellite data
(GOES 5) and ground magnetometer data at the auroral zone
(GWR) and at the dip equator (HUA). GOES 5 observed two
single pulse dipolarization events at 0518 UT and at 0527 UT
in the midnight sector. In the azimuth component of the sat-
ellite data, background fluctuations can be observed in the
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Figure 2. Combined 5 min plots for the 30 January event
(0515-0520 UT) in the same format as Figure 1, except that
(1) GOES 5 shows field magnitude (B) and 6B (band-pass
filtered from 1 to 100 mHz) and (2) GWR shows three com-
ponents: H, D, and Z. The field magnitudes B and 6B are
shown at the same scale but an offset was added to the
0B The vertical component (Z) is shown by the dotted line.
The first vertical line indicates the peak of dipolarization
observed by GOES 5 (0517:49 UT). The second line indi-
cates the peak of westward deflection in the azimuth angle
observed by GOES 5 (0518:00 UT). Background levels
were removed from the ground magnetometer data.

20f 13



A12215

Displaced surface

Figure 3. Schematic illustration of surface displacement in
the equatorial plane at the passage of bidirectional flow at
the outer boundary. The bidirectional flow passed at the
velocity U. The consecutive plasma displacement associated
with the passage is marked 1 through 5. Refer to Saka et al.
[2012] for details.

Pi2 band starting at 0513 UT. The dipolarization pulse
interrupted the background fluctuations. Pi2 pulsations can
be observed at the dip equator related to the dipolarization at
0518 UT and 0527 UT. In the auroral zone, a negative pulse
can be observed in the H and D components. We closely
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Figure 4. Plot of the field variations in the azimuth (¢) and
inclination () angles north of the equatorial plane during the
westward propagation of the flow burst. Numbers 1 through
5 correspond to the field changes associated with the plasma
displacement 1 through 5 in Figure 3.
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Figure 5. Same as Figure 1 but for the 24 January event
(0430-0500 UT).

examined the first dipolarization event using an enlarged
time scale.

[8] Figure 2 combines 5 min long plots from 0515 UT to
0520 UT for the first dipolarization event. The dipolarization
pulse of GOES 5 (0517:50 UT) preceded the initial peak of
Pi2 at the dip equator by 20 s (0518:10 UT). We conclude
that the Pi2 pulsations observed at the dip equator were
related to the dipolarization onset at the equatorial plane. In
association with the dipolarization pulse, a bipolar change
can be observed in the azimuth component (¢). Field varia-
tions in the azimuth (¢) and inclination (¢) components are
labeled 1 through 5. These vector changes can be interpreted
as the westward passage of the bidirectional flow at the outer
boundary (see Figures 3 and 4). The first negative pulse of ¢,
labeled 1 and 3, corresponds to the passage of the leading
edge of the westward flow, and the subsequent positive
pulse, labeled 3 and 5, corresponds to the passage of the
trailing edge. Bipolar variations in ¢ show an amplitude
asymmetry with respect to the dipolarization peak in 6. The
dipolarization pulse, labeled 2 and 4, represents the inward
displacement of the outer boundaries by the passage of the
bidirectional flow. Passage of the bidirectional flow at L =10
with a velocity of 300 km/s and an azimuth scale on the order
of 4.7 Re (m = 6.7) may invoke a 100 s dipolarization pulse.

[9] At the satellite footprint in the auroral zone (GWR),
vector changes in the H and D components were observed
with time delays of approximately 7 s with respect to those
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Figure 6. Same as Figure 2 but for the 24 January event
(0440-0450 UT). The vertical lines (a, b, c, d, and e) indi-
cate dipolarization peaks observed by GOES 5.

marked by vertical bars at GOES 5, although the polarities
were reversed at GWR. The Z component oscillated anti-
parallel to H. Time delays of 20 s in the dip equator and 7 s
in the auroral zone can be understood by the Alfven transit
time from L = 6.6 in the dip equator across the equatorial
plane at a mean velocity of 1760 km/s and in the auroral
zone along the field lines at a mean velocity of 7400 km/s.

[10] The initial increase in H at the dip equator (HUA)
started at 0516:00 UT, which was 2 min prior to the dipo-
larization pulse at GOES 5. Thereafter, the rate of amplitude
change increased at 0517:14 UT. The second onset devel-
oped to the Pi2 pulse, although the first onset did not develop
to the Pi2 pulse.

2.2. The 24 January 1986 Event

[11] Figure 5 shows a 30 min plot of satellite data (GOES 5)
and ground magnetometer data at the auroral zone (GWR) and
at the dip equator (HUA). GOES 5 observed Pi2 events in the
midnight sector from 0443 UT to 0451 UT and subsequently
from 0452 UT to 0458 UT. For both of these intervals, an
auroral surge was observed at the poleward boundary. We
examine Pi2s in the first interval where the surge repeated and
correlated to the Pi2 pulse at GOES 5 and on the ground (refer
to Saka et al. [2012] for details). Ten min long plots (0440—
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0450 UT) are presented in Figure 6 using the same format as
Figure 2. The initial increase in H at the dip equator started
at 0443:00 UT (Figure 6), and it oscillated for about four
cycles at periods of 50-80 s. Periodic dipolarization was
simultaneously recorded by the GOES 5 magnetometer with
a peak preceding the Pi2 peak by 15 s at the dip equator. At
the auroral zone, the amplitudes of H began to decrease at
0441:30 UT simultaneous with the Z increase. H and Z
oscillated out of phase correlating to the dipolarization at the
geosynchronous altitudes with time delays of approximately
10 s. D in the auroral zone (GWR) and ¢ at geosynchronous
altitudes oscillated out of phase with time delays of approx-
imately 10 s. In other words, the vector changes in H and D
were observed at the satellite footprint in the auroral zone
(GWR) with time delays of approximately 10 s with respect
to those at GOES 5, although the polarities were reversed
at GWR. Pre-onset signs at the dip equator (HUA) can be
observed at 0443:00 UT and at 0443:47 UT. The second onset
is associated with the onset of dipolarization at GOES 5. The
24 January event may be attributed to consecutive passages of
eastward flows (invert the bipolar change in the azimuth angle
in Figure 4) because, except for the vertical bars “a” and “b,”
the inclination pulses delayed the azimuth pulse. We suggest
that the pulses in the inclination and azimuth angles at the
geosynchronous altitudes were transmitted by Alfven waves to
the auroral zone (GWR) with 10 s delays and to the dip equator
with 15 s delays.
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Figure 7. Same as Figure 1 but for the 27 January event
(0440-0520 UT).
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Figure 8. Same as Figure 2 but for the 27 January event
(0500-0510 UT). The solid vertical lines indicate the first
two dipolarization peaks observed by GOES 5. The dotted
lines show peaks in the azimuth angles correlated to the
depression of the field magnitudes.

2.3. The 27 January 1986 Event

[12] Figure 7 shows a 40 min long plot of satellite data
(GOES 5) and ground magnetometer data at the auroral zone
(GWR) and at the dip equator (HUA). We examined the Pi2
activities from 0500 to 0510 UT, when the auroral surge

CwW

Figure 9. Illustrations of the clockwise rotation of field line
vectors for fundamental harmonic in both the toroidal (¢)
and poloidal () components. The vector components (0B,
0By, 6B,;) represent field line vectors in polar coordinates.
The rotations are mapped in the H-D plane on the ground
as the CW polarizations. At the equator, mapped polariza-
tions are CCW when viewed from the north.
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Figure 10. (top) Hodogram of the field line vector in the
¢ — 0 plane of GOES 5 for the interval 0517-0519 UT,
30 January. (bottom) Hodogram of the field line vector in
the H-D plane of the auroral zone station (GWR) for the same
interval, 0517-0519 UT. The plots begin at the black circle
and end at the white circle. The arrows indicate consecutive
changes in the field line vectors. The sense of polarization
is CW for both GOES 5 and GWR.

repeated at the poleward boundary at Pi2 periodicities.
Combined 10 min plots (0500-0510 UT) are presented in
Figure 8 using the same format as Figure 2. Although the
waveforms are irregular, the Pi2 peaks at the dip equator
correlate to the dipolarization at the geosynchronous alti-
tudes with time delays of approximately 9 s. The value of
H in the auroral zone decreased in association with the
dipolarization at the geosynchronous altitudes, as marked
by the vertical bars. The value of Z tended to increase in
association with the decrease in H. There were no apparent
time delays for the ground pulses with respect to those
recorded by the satellite, except for the second decrease in D
(0504:15 UT). The decrease in D was 20 s after the positive
pulse in the azimuth angles at the equatorial plane. The first
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Figure 11. Same as Figure 10 but for the interval 0443—-0451 UT, 24 January for GOES 5. Data were
band-pass filtered from 5 to 20 mHz. In the bottom panel, the interval 0443—-0451 UT is divided into (left)
0443-0446 UT and (right) 0446—0451 UT. The sense of polarization was CW for the first 3 min interval
and CCW in the following 5 min interval. Note the different amplitudes in the bottom panel.

two pulses in the inclination angle, as marked by vertical
bars, may be attributable to consecutive passages of west-
ward flows because the inclination leads the azimuth pulse.
Although the polarities were reversed, we suggest that pulses
at the geosynchronous altitudes in the inclination and azi-
muth angles for this event were also transmitted by Alfven
waves to the ground. They were recorded in the H and D
components of GWR with 0 to 20 s delays.

2.4. Polarization Analyses

[13] Figure 9 shows how the rotation of the field line vec-
tors observed by the satellite off the equatorial plane are
mapped to the equatorial plane in the magnetosphere and on
the ground, when the fundamental harmonic is assumed for
both the toroidal (¢) and poloidal components (). Ground
polarizations are plotted in the H-D plane. Satellite polar-
izations are illustrated by 6By and 0B,. Projected polariza-
tions are counterclockwise (CCW) when viewed antiparallel
to the field lines at the equatorial plane and clockwise (CW)
when viewed parallel to the field lines on the ground.
Figure 10 (top) shows a hodogram of the magnetic field

vectors in the § — ¢ plane of GOES 5 during the 30 January
(0517-0519 UT) dipolarization event. This hodogram sug-
gests that the field line vector rotated clockwise (CW) around
the mean fields as viewed in the opposite direction of the
field lines. The plasma slab in the equatorial plane is thought
to have slipped in the same sense, i.e., clockwise as
viewed from the north [Saka et al., 2007]. At the satellite
footprint (GWR), CW polarization was observed in the H-D
plane (Figure 10, bottom). Figure 11 shows Pi2 hodograms
in the 6 — ¢ plane for GOES 5 (band-pass filtered from 5 to
20 mHz) and Figure 12 shows Pi2 hodograms in the H-D
plane for GWR each for the 24 January event. The upper
hodogram (0443-0451 UT) is divided into two intervals;
0443-0446 UT (bottom left) and 04460451 UT (bottom
right). The first two pulses (0443—-0446 UT) were polarized
CW and the last three pulses (0446—-0451 UT) were polarized
CCW in both the § — ¢ and H-D planes. The first interval
included the onsets of dipolarization marked by “a” and “b” in
Figure 6. For the 27 January event shown in Figures 13 and 14,
the sense of the polarization was CW in both the § — ¢ and
H-D planes, although some irregularity interrupted the CW
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Figure 12. Same as Figure 10 but for GWR, using unfiltered data. In the bottom panel, the interval
0443-0451 UT is divided into (left) 0443—0446 UT and (right) 0446-0451 UT. The sense of polarization

was CCW except for the first 3 min interval.

polarization in the § — ¢ plane. Consequently, the sense of
rotation of the field line vectors around the mean fields
between the geosynchronous altitudes and on the ground
cannot be interpreted if we assume that both the toroidal and
poloidal components are in the fundamental harmonic.

3. Discussion

[14] The time delays observed between the satellite mag-
netometer data at geosynchronous altitudes and those on the
ground station (7 to 20 s) should represent the transit time of
the Alfven wave. Because the Alfven velocities are lowest at
the equatorial plane, the transit time is longer for the propa-
gation across the equatorial plane to the dip equator than
propagation along the field lines to the auroral zone. For the

30 January event, the mean Alfven velocities between L= 6.6
and the dip equator were 1760 km/s, while those along the
field lines to the auroral zone were 7400 km/s, which is
consistent with the local Alfven velocities at the equatorial
plane [Lee and Lysak, 1999] and along the high-latitude orbit
near local midnight [ Wygant et al., 2000], respectively.

[15] The Pi2 amplitudes recorded at the ground station in
the auroral zone ranged between 20 nT (for the D component
of the 30 January event) to 400 nT (for the H component of
the 27 January event), while the Pi2 amplitudes were ~1 nT
at the dip equator. The Pi2 amplitudes exceeding 50 nT were
often observed at high-latitude stations [Samson and
Harrold, 1983]. The Pi2 signals at the auroral zone may be
amplified. We assume that the discontinuities between field
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Figure 13. Same as Figure 10 but for the interval 0501-0508 UT, 27 January for GOES 5. Data were
band-pass filtered from 5 to 20 mHz. In the bottom panel, the interval 0501-0508 UT is divided into (left)
0501-0505 UT and (right) 0505-0508 UT. The sense of polarization was CW. Note that the hodograms
are plotted in different scales in the vertical and horizontal axes.

lines in the atmosphere and those at the earthward boundary
of the magnetosphere are a result of the field line motions in
the magnetosphere. To smooth out the discontinuities, the
Hall currents were excited in the ionosphere by the local
electric fields generated at the magnetosphere-atmosphere
interface. There may be no significant time delays for the
development of the Hall currents in the ionosphere because
field line discontinuities at the magnetosphere-atmosphere
interface must be canceled promptly. The ionospheric Hall
currents that cancel the field line discontinuities in transverse
planes (toroidal component) and in meridian planes (poloi-
dal component) at the magnetosphere-atmosphere interface
may form a current loop in the ionosphere.

[16] The vector change of field lines in terms of inclination
and azimuth at GOES 5 propagated to the conjugate ground
station. Figure 15 shows how the vector changes at GOES 5
relate to those at the auroral zone. Figure 15 (top) illustrates

the westward deflection of the azimuth component at GOES
5 caused by the eastward displacement of the flux tube and
related negative D deflections on the ground. Figure 15
(bottom) illustrates the dipolarization at GOES 5 caused by
the earthward displacement of the flux tube and related
negative H deflections. Although the Hall currents amplified
the ground signals, such vector changes of the field lines
could be understood in terms of the fundamental harmonic in
the toroidal component and the third harmonic in the poloi-
dal component. The polarizations at the satellite footprints
can be understood by the different harmonics of the two
components.

[17] We propose that dusk-to-dawn currents in the equa-
torial plane are a possible source for the excitation of the
third harmonic in the meridian plane. The dusk-to-dawn
currents may correspond to the diamagnetic currents excited
by the increased plasma pressures associated with the
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Figure 14. Same as Figure 10 but for the interval 0500-0507 UT for GWR, using unfiltered data. In the
bottom panel, the interval 0500-0507 UT is divided into (left) 0500—0503 UT and (right) 0503—0507 UT.

The sense of polarization was CW.

passage of the bidirectional flow burst. The diamagnetic
currents would be periodically excited by the repetition of
the bidirectional flow burst and propagate longitudinally
(eastward or westward) at the velocity of the bidirectional
flow burst. The diamagnetic currents may be at peak inten-
sity in local time sector where energetic ion injections
occurred.

[18] Figure 16 shows how the superposition of the sec-
ondary fields produced by the diamagnetic currents modifies
the flux densities of the Earth’s dipole fields in the meridian
planes. Three cases are presented: in Figure 16a the dia-
magnetic currents are assumed to form a sheet current atan L
between 6 and 7 with a finite thickness of 1 Re, in Figure 16b
the L of the diamagnetic currents is between 8 and 9 but the
thickness is 1 Re, and in Figure 16¢ the L of the diamagnetic

currents is between 6 and 7 but the thickness is 2 Re. For
the current intensities used, the secondary fields at the
equatorial plane for the case of Figure 16a were 0.59% of the
background field magnitudes at L = 3. The corresponding
amplitude is 6.8 nT. Because the secondary field components
are mostly parallel to the dipole fields near the equatorial
plane and antiparallel off the equatorial plane at the earth-
ward of the diamagnetic currents, distributions of the flux
density (6B) in the meridian plane are divided into two
regions of 6B >0 and 6B < 0 as shown by solid bars. The field
lines below L = 3 remained in the positive 6B region, while
those between L = 3 and L crossing the center of the dia-
magnetic currents crossed two regions. The field lines beyond
the center of the diamagnetic currents remained in the negative
OB region. We examined the field line deformations of the
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Toroidal

Figure 15. A sketch showing the observed correlations of
the changes in field lines at GOES 5 and on the ground for
the (top) toroidal and (bottom) poloidal components. The
field line changes from solid to dotted arrows in Figure 15
(top and bottom) are associated with the eastward and earth-
ward displacement of the flux tube at GOES 5, respectively
(shown by open arrows). On the ground, the changes are
westward (—6D) and southward (—dH) in the D and H com-
ponents, respectively.

three field lines crossing (X=3 Re,Z=0Re),(X=5Re,Z=0
Re), and (X = 5 Re, Z = 3 Re) for different conditions of the
diamagnetic currents corresponding to Figures 16a, 16b, and
16c. Results are presented in Figure 17. The intensities of the
diamagnetic currents were magnified by 5 to emphasize the
deformations. Because the secondary fields rotate the dipole
field lines clockwise in the meridian plane viewed from the
west, the dipole field lines (solid lines) expand radial outward
(dotted lines). The outward expansion becomes less significant
for the field lines with lower L. When the field lines were
displaced earthward at the equatorial plane by the passage of
the bidirectional flow burst, field lines with greater L are
the third harmonic and field lines with lower L are the funda-
mental harmonic. The third harmonic tends to be accompanied
by a decrease of the field magnitudes at the high-latitudes
sector. A sketch of the field line motions in the meridian plane
associated with the excitation of the fundamental and third
harmonics is presented in Figure 18. The Hall currents at the
magnetosphere—atmosphere interface and the ground H com-
ponent produced by the Hall currents are also depicted. In the
auroral zone where the third harmonic was excited, the Hall
currents may form a current loop in the ionosphere propagat-
ing either east or west. The ground distributions of polariza-
tion (CW/CCW) in the auroral zone were consistent with the
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ellipticity map in Figure 7 of Samson and Harrold [1983].
Outside the auroral zone, the ground polarizations may not be
interpreted simply by the propagating ionospheric current
loop because the third harmonic may not be a major harmonic
in the meridian plane.

[19] In the source free magnetosphere, the geomagnetic
potential can be expressed in terms of the spherical harmonic
series [Mead, 1964]. We assume that the compressional input
at the outer boundary is a main contribution to the deforma-
tion of geomagnetic fields in the inner magnetosphere. For
localized external sources, signals in the inner magneto-
sphere should be smaller in amplitudes than those at the outer
boundary. The amplitude ratio of the substorm Pi2 in the
nighttime sector at the dip equator (L = 1) and at geosyn-
chronous altitudes (L = 6.6) was 1:5 [Saka et al., 2010]. The
substorm Pi2 may be consistent with the assumption of the
localized source. Accounting for such radial dependences, a
spherical harmonic series with higher-order terms should be
chosen. Consequently, deformation of the geomagnetic fields
in the inner magnetosphere would show longitudinal and
latitudinal structures. One possible explanation of the mixture
of the fundamental and third harmonics is a feature associated
with the deformation of the geomagnetic fields by the local-
ized external source.

[20] The diamagnetic current effects that compressed the
flux tube would be most significant to Pi2s at the dip equator
because the radial component triggered by the external
stimulus disappears at the dip equator (HUA) [Allan et al.,
1996]. In the auroral zone, a mixture of the diamagnetic
current effects may exist causing outward expansion at higher
latitudes and inward compression at lower latitudes. Together
with the field line motions in the toroidal component trig-
gered by the azimuth flows, the combined field line motions
in the auroral zone invoke closed Hall currents in the iono-
sphere. Propagation of the current loop may produce Pi2s in
the auroral zone [e.g., Pashin et al., 1982]. Pi2s in the inner
magnetosphere associated with the azimuth flows and those
associated with the diamagnetic currents were studied by
Saka et al. [1996] and Saka et al. [2002, 2004], respectively.

[21] Takahashi et al. [2003] suggested that the phase dif-
ferences in the field magnitudes between the ground stations
at low latitudes and the satellite at the equatorial plane were
0 or 180 when the satellite was in the plasmasphere or outside
the plasmapause, respectively. If we apply the phase relations
to the events discussed here, it is unlikely that the plasma-
pause was beyond the geosynchronous altitudes, with L =
6.6. However, some Pi2s at L = 6.6 indicate the onset inside
the plasmasphere during the multiple Pi2 onsets [Saka et al.,
2004].

[22] We concluded that the poloidal and toroidal compo-
nents coupled in the magnetosphere propagate to the ground
as Cavity mode. The ground Pi2 signals are ionospheric
amplification of these incoming Cavity signals. Field-
aligned currents may not be essential to the amplification
process. However, auroral precipitations accompanied by
the Pi2s enhance the ionospheric conductivities and spatial
inhomogeneities in the auroral zone. The field-aligned currents
would have been generated from the enhanced inhomogenei-
ties [e.g., Southwood and Hughes, 1985]. Nevertheless, the
field-aligned currents associated with the inhomogeneities
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Figure 16. Dipole field lines in the meridian plane correspondingto L=2,L=3,L=4,L=5L=6,L=7,
L=8,L =9, and L =20 illustrated by solid lines. The meridian plane covers 1-7 Re from the center of the
Earth in the tailward direction (X) and 0-5 Re from the center of the Earth in the northward direction (Z).
Three cases are presented. (a) The dusk-to-dawn currents (J ) are assumed to be in the equatorial plane
between 6 and 7 Re in X. The thickness is 1 Re (—0.5 to +0.5 Re in Z). (b) The thickness of the dusk-to-
dawn currents is 1 Re, but the currents are between 8 and 9 Re in X. (¢) The dusk-to-dawn currents are
between 6 and 7 Re in X, but the thickness is 2 Re (—1.0 to +1.0 Re in Z). The flux tube densities increase
(6B > 0) or decrease (6B < 0) due to the superposition of the secondary fields generated by J . The thick
lines divide the meridians into 6B > 0 and 6B < 0. Field lines beyond the L of the dusk-to-dawn current
remained in the 6B < 0 meridian.
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Figure 17. (a—c) Field line deformations of the dipole field lines caused by the secondary fields of the dusk-
to-dawn currents (J ) are illustrated in the meridian from 1 to 5 Re in X and from 0 to 4 Re in Z. Solid lines
represent dipole field lines crossing (X =3 Re, Z =0 Re), (X =5 Re, Z=0Re), and (X =5 Re, Z= 3 Re).
Dotted lines illustrate deformation of the dipole field lines. Figures 17a—17c are labeled according to the loca-
tion and thickness of the J | in Figure 16. In order to emphasize the field line deformations, magnitudes of
J is 5 times larger than that used in Figure 16.

Figure 18. Sketch of field line motions in the midnight meridian of the Northern Hemisphere viewed
from the west. Excitation of the fundamental harmonic and the third harmonic are illustrated by dotted
and solid curves, respectively, with the field line motions illustrated by dotted arrows. The ionosphere
is marked by dotted lines. The ionospheric currents are westward (out of the page) at higher latitudes
and eastward (into the page) at lower latitudes associated with the excitation of the third and fundamental
harmonics, respectively. The westward and eastward currents produced negative and positive H on the
ground, respectively, as shown by the arrows.
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may not significantly modify the ground signals, because
the present model adequately explains the ellipticity map of
Samson and Harrold [1983].

4. Summary

[23] We conclude that the field line motions associated
with the third harmonic are excited in the meridian plane,
while the fundamental harmonic is excited in the transverse
plane in the auroral zone. We propose that the diamagnetic
currents in the equatorial plane are related to the generation of
the third harmonic. We argue that the diamagnetic currents
and the compressional input at the outer boundary are the
source of Pi2 pulsations during the substorm injections. On
the ground, the ionospheric Hall currents that cancel the field
line discontinuities at the magnetosphere-atmosphere inter-
face amplified the incoming Pi2 signals.
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