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Abstract The properties of Pi2 pulsations observed in the upper ionosphere are studied using
magnetic field data acquired by the Swarm A spacecraft in low Earth orbit and at the low-latitude Bohyun
ground station (BOH, L = 1.3) for January 2014 to June 2015. From time intervals when Swarm A was on
the nightside (magnetic local time (MLT) = 1800-0600 hr) and the BOH station was near midnight (MLT
= 2100-0300 hr), we identified 621 Pi2 events in the horizontal H component of the BOH data. For each
event we examined the coherence between the horizontal H component on the ground and the B, (radial),
B, (azimuthal), or B, (compressional) components at Swarm A. Out of 621 events, the B,—H
high-coherence (> 0.7) events are ~ 6%, the B,—-H high-coherence events are ~ 2%, and the B,—H
high-coherence events are ~ 25%. The ground satellite high-coherence events occurred when the
spacecraft was located at magnetic latitudes between —50° and 50°. Using the ground satellite
high-coherence events, we statistically examined the latitudinal structure of the relative amplitude and
phase of the ionospheric Pi2 pulsations and found that their latitudinal variations is consistent with the
north-south mode structure expected from the plasmaspheric resonance model. Our statistical results
indicate that the source of ionospheric Pi2 pulsations is the plasmaspheric resonance.

1. Introduction

Pi2 pulsations are damped oscillations of the geomagnetic field in the frequency range of ~ 7-25 mHz
(periods = ~ 40-150 s). They are usually associated with the onset or intensification of magnetospheric
substorms (Saito, 1969). Pi2 pulsations occur at all latitudes on the nightside (e.g., Olson, 1999) and are also
observed at very low latitudes on the dayside (Shinohara et al., 1998; Sutcliffe & Yumoto, 1989). Although
Pi2 pulsations have long been investigated, how and where they are established as a regular oscillation and
what controls their frequency are not completely understood (e.g., Keiling & Takahashi, 2011).

At high latitudes (in the auroral zone) Pi2 pulsations are presumably transported to the ground by transient
Alfven waves, which are associated with the field-aligned currents (FACs) (Bauer et al., 1995; Baumjohann
& Glassmeier, 1984). High-latitude Pi2 pulsations are mainly observed in the region of substorm-enhanced
ionospheric electrojet (e.g., Olson & Rostoker, 1975). Thus, their evolution is tied to the evolution of the
substorm current system, and their period is determined by the Alfven travel time between the auroral
ionosphere and the neutral sheet.

Pi2 pulsations observed on the ground at midlatitudes and low latitudes have a common frequency at
different latitudes and over a wide range of longitudes. Such ground-based observations suggested that the
cavity mode in the plasmasphere is a promising mechanism for low-latitude to midlatitude Pi2 pulsations
(e.g., Lin et al., 1991; Stuart, 1974; Yeoman & Orr, 1989). Numerical studies showed that a well-defined
cavity mode can be established in the plasmasphere by an impulsive disturbance associated with substorm
onset (e.g., Fujita et al., 2002; Lee, 1996; Lee & Lysak, 1999; Takahashi et al., 2003; Takahashi, Hartinger,
et al., 2018; Takahashi, Lysak, et al., 2018) or a driving source associated with fast mode pulses generated
by the braking of periodic earthward bursty bulk flow (Lysak et al., 2015). If Pi2 oscillations are excited in
the plasmasphere by the cavity resonance, their frequencies decrease as the plasmapause distance increases.
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Combined Release and Radiation Effects Satellite (CRRES) observations inside the plasmasphere show the
dependence of Pi2 frequency on the plasmapause distance (Takahashi et al., 2003). A statistical analysis of
low-latitude Pi2 pulsations provides that the median period of Pi2 pulsations under quiet geomagnetic con-
ditions (Kp < 1) is much longer (~ 214 s) than the conventional Pi2 period (~ 40-150 s) (Kwon et al., 2013).
This may be due to the fact that the plasmapause is located at a large distance and thus the plasmaspheric
resonance frequency becomes very low during periods of very low Kp. The plasmapaue is asymmetric along
the local time with smaller (larger) plasmapause distance in the post(pre)midnight sector under moderate
geomagnetic conditions (Kwon et al., 2015). It is expected that low-latitude Pi2 frequency is higher in the
postmidnight sector than in the premidnight sector. Such local time-dependent Pi2 frequencies observed at
low latitude and in the inner magnetosphere were reported by Kwon et al. (2012).

A ground satellite statistical study using magnetic field data simultaneously acquired by the Active
Magnetospheric Particle Tracer Explorers Charge Composition Explorer (AMPTE CCE) and at low-latitude
Kakioka ground station (L =~ 1.25) reported that Pi2 pulsations in the nightside inner (L = 2-5) mag-
netosphere are fast-mode waves polarized in the meridian plane (Ohtani & Anderson, 1995). That is, the
Pi2-associated magnetic field oscillations in the inner magnetosphere are dominated by the poloidal (6B,
and éB,) components, and their phase and amplitude structures over a range of satellite radial distance
(L = 2-5) and a dipole latitude range of —16° to 16° support the cavity mode model. The authors found
that ground satellite high-coherence events are observed primarily when the spacecraft is on the night-
side and at L < 4. This indicates that low-latitude Pi2 pulsations observed on the ground originate from a
cavity-mode-type resonance. Using the electric field and electron density data acquired on the CRRES in
the inner magnetosphere, Takahashi et al. (2003) reported that the dusk-to-dawn (azimuthal) electric field
component, representing the poloidal oscillation of the geomagnetic field lines, exhibited high coherence
with low-latitude ground Pi2 when the satellite was located earthward of the plasmapause. The phase of
the azimuthal electric field component relative to low-latitude horizontal northward (H) component is near
—90° over the radial distance of L =~ 2-6. These ground satellite observations provide evidence for the
plasmaspheric origin of low-latitude Pi2 pulsations.

Pi2 pulsations have been identified in the upper ionosphere using low Earth orbit (LEO) magnetic field data.
Takahashi and Yumoto (1999) examined a Pi2 event simultaneously observed by the Upper Atmosphere
Research Satellite at an altitude of ~ 580 km and at low-latitude stations in the Pacific. They reported that
ionospheric magnetic field perturbation associated with the low-latitude Pi2 pulsation has radial and com-
pressional components with waveform identical to the low-latitude Pi2 pulsation and that both the radial
and compressional components at Upper Atmosphere Research Satellite oscillated in phase in the Northern
Hemisphere. Sutcliffe and Liihr (2003) examined three Pi2 events using the magnetic field data obtained
from CHAMP satellite in LEO and at a low-latitude station. The radial and compressional components at
CHAMP are highly correlated with the H component of the Pi2 pulsations at the low-latitude ground station.
The radial and compressional oscillations are in phase in the Northern Hemisphere and out of phase in the
Southern Hemisphere. This is consistent with AMPTE CCE observations at L = 2-4 (Ohtani & Anderson,
1995). Han et al. (2003) statistically analyzed Pi2 pulsations observed by @rsted satellite in LEO and at a
low-latitude station. They found that the compressional oscillations at @rsted are highly correlated with
the low-latitude H component Pi2 oscillations, but the radial oscillations have a low correlation with the
ground Pi2 events. These previous studies of Pi2 pulsations using LEO magnetic field data in the upper iono-
sphere suggested that ionospheric Pi2 pulsations are associated with the plasmaspheric resonance mode.
Most recently, Thomas et al. (2019) examined 15 high-coherence compressional Pi2 events simultaneously
detected by the Swarm spacecraft in the upper ionosphere and at low-latitude ground station. They suggested
that the source for nighttime Pi2 pulsations observed in the ionosphere and at low-latitude are oscillating
FACs. Kim et al. (2019) examined four Pi2 events identified from low-latitude ground station near mid-
night while Swarm spacecraft were orbiting in the premidnight meridian. Unlike Thomas's suggestion not
requiring plasmaspheric resonances, Kim et al. (2019) reported that the latitudinal phase and amplitude rela-
tionships between the radial and compressional magnetic field oscillations at Swarm are the consequence of
the spatial mode structure in the north-south direction of trapped fast mode waves inside the plasmasphere.

In this paper we extend the case Swarm study by Kim et al. (2019) to statistically examine whether the
amplitude and phase variations of the ionospheric Pi2 pulsations is consistent with the latitudinal structure
expected from the plasmaspheric resonance model. Unlike previous ionospheric Pi2 studies, we investigate
the spectral intensity, coherence, and phase of the ionospheric magnetic field perturbations in the radial B,,
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Figure 1. Location of Swarm A at the time of a Pi2 pulsation observed at conclusions.

low-latitude Bohyun station in South Korea.

12 October 2014
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Figure 2. (a) The magnetic latitude of Swarm A, (b) time series of Bohyun §H and Pi2 power, and (c) Swarm A 6B,,
6By, and 6B, for the interval from 12:15 to 12:35 UT on 12 October 2014. The solid dot in (a) indicates the Swarm A
location in MLAT at the time of the maximum power of Pi2 pulsation.
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Figure 3. Ground satellite spectral analysis of the Pi2 pulsation shown in Figure 2. The spectral density, coherence, and cross phase of the three components
(6B, 6B,, and 6B,) at Swarm A are calculated using as a reference signal of the Bohyun §H.

2. Data

2.1. Data Set

We use magnetic field data measured in the ionosphere by the Swarm Alpha (Swarm A) spacecraft, which
is one of the Swarm constellation consisting of three satellites (Swarm A, Swarm Charlie [Swarm C], and
Swarm Bravo [Swarm B]), and at the low-latitude Bohyun ground station from January 2014 to June 2015.
The three Swarm spacecraft were launched on 22 November 2013 and placed in two different polar orbits:
Swarm A and Swarm C have been flying side by side on a nearly identical orbit at ~ 460 km altitude with
latitudinal and longitudinal separations less than 1.5° and an inclination of 87.4°, and Swarm B has been
operated at a slightly higher altitude of ~ 510 km with an inclination of 87.8° (Friis-Christensen et al., 2008;
Olsen et al., 2013). The Swarm B and Swarm C data were available for this study, but we do not use the data
because their orbits were very similar to the Swarm A orbits, making some observations redundant.

Swarm A magnetic field data used in the present study are 1-s samples acquired with the vector fluxgate
magnetometer. The original vector fluxgate magnetometer data were provided in the North-East-Center
local Cartesian coordinate frame in which N is the direction of geographic north, E points geographic east,
and € points toward the center of the Earth. In order to enhance ionospheric Pi2 pulsations, the crustal
magnetic field is removed from the observed ionospheric magnetic field data using the CHAOS-5 model
(Finlay et al., 2015), and then a second-order polynomial fitted to the original data for each component
in North-East-Center coordinates is also removed. To separate the ionospheric magnetic field perturba-
tions into the toroidal and poloidal components, the Swarm magnetic field data are rotated into magnetic
field-aligned coordinates using the measured local magnetic field as the reference. In this system, the
compressional (or parallel) component &, is along the measured magnetic field direction; the azimuthal
component &, (positive eastward) is in the direction of & x r, where r is the radial vector pointing from the
center of the Earth toward the spacecraft; and the radial component &, (positive outward) is given by &, =
€, xé,.

Previous numerical studies (e.g., Lin et al., 1991; Allan et al., 1996) reported that the radial and compres-
sional components of a fastmode wave in the magnetosphere directly map to the H component of the
low-latitude Pi2 pulsation on the ground. In this study, the low-latitude Pi2 pulsation in the horizontal
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Figure 4. The occurrence distribution of ground satellite high-coherence
events for (a) 6By—¢H, (b) 6B,—¢H, and (c) 6B,—6H in the MLAT-MLT plot.

Figure 2a indicates the Swarm A location in MLAT at time of the max-
imum power of Pi2 pulsation. The low-latitude Pi2 pulsation starting at
~ 12:21 UT was observed while Swarm A was crossing the magnetic equa-
tor from the Northern Hemisphere to the Southern Hemisphere. During
the Pi2 event, Swarm A and BOH were in the premidnight sector (MLT
= ~ 21 hr) with a small local time separation less than 0.5 hr. The vertical dashed lines indicate the peaks
of 6H. The magnetic field perturbations in 6B, at Swarm A and 6H at BOH are seen with nearly identical
waveforms without significant phase delay, and their amplitudes are comparable. The high similarity of the
waveforms between the ionosphere and ground suggests that the pulsations are excited by a common source
mechanism. At Swarm A 6B, and 6B, oscillate exactly in phase for the first four cycles when the satellite was
above the equator, but their amplitudes are not equal: 6B, is larger than 6B, by a factor of ~ 2. At the equa-
tor, there is no perturbation in 6B,, and then antiphase oscillations between 6B, and 6B, appeared for the
last three cycles when the satellite was below the equator. There are oscillations in 6B,, but their waveforms
and period do not match §H. This indicates that the 6B, oscillation does not have a direct relation with the
6H oscillations.

MLT (h)

The similarity in waveforms between the ionosphere and the ground can be confirmed by ground satellite
coherence analysis in the frequency domain. Figure 3 compares the spectral properties of §H at BOH and
the three field components (6B,, 6B, and 6B,) at Swarm A for the interval of 12:20-12:30 UT. The spec-
tral parameters were obtained by Fourier transforming the time series and then by taking the average over
five spectral estimates. The cross phase is shown only for the frequencies at which the coherence is higher
than 0.7. As expected from the waveform plots of Figure 2b, the power spectra for 6H and 6B, show a domi-
nant spectral enhancement centered at around 17 mHz with a nearly identical spectral shape. The 6B,—6H
coherence at the spectral enhancement is near perfect, and the cross phase is close to 0°. The 6B, spectral
power also shows an enhancement centered at ~ 17 mHz, but the §B,—6H coherence calculated for the
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Figure 5. The occurrence rate of the ground satellite high-coherence events in the —50° < MLAT < 50° region.
(a) 6B,—6H, (b) 6B,~6H, and (c) 6B,—6H.

10-min interval is lower than 0.7 at the spectral enhancement. This low coherence is due to the fact that the
phase delay and amplitude ratio between 6B, and 6H are not constant for a time interval of low-latitude Pi2
pulsation. The power spectrum of 6B, produces a broad peak near 17 mHz, and the 6B, power is smaller
than the 6H power by a factor of 10. The 6B,—6H coherence shows spectral estimates higher than 0.7 at
~ 22-23 mHz but rapidly decreases to a value less than 0.2 at frequencies of ~ 10-18 mHz in the spectral
enhancement of §H. Since the 6B, oscillations did not last for the interval of low-latitude Pi2 pulsation, we
do not consider he 6B, oscillations with the 6B,—6H high-coherence spectral estimates as a ground satellite
high-coherence event.

4. Statistical Analysis

In this section we present a statistical analysis of ground satellite high-coherence events (coherence between
Swarm A and BOH > 0.7). Out of 621 low-latitude Pi2 events identified at BOH, 155 (~ 25%) events exhib-
ited high 6B,—6H coherence, 40 (~ 6%) exhibited high 6B,—6H coherence, and 15 (~ 2%) exhibited high
6B,—3H coherence. This statistical result indicates that most of low-latitude Pi2 events do not have a direct
relation with the 6B, oscillations at Swarm A. Figure 4 shows the occurrence distribution of ground satellite
high-coherence events in the MLAT-MLT plot. The high-coherence events occurred when the spacecraft
was located within a magnetic latitude range of +50°. There are no high 6B,—6H and 6B,—6H coherence
events near the equator.
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Figure 6. The latitudinal amplitude variation of the power ratios (a) 6B,/6H, (b) 5By/ 6H, and (c) 6B,/6H for
high-coherence events. The slope of the fitted line and the linear correlation coefficient (CC) between the latitude and
the power ratio are given in each plot.

Figure 5 shows the occurrence rate of the ground satellite high-coherence events in the —50° < MLAT <
50° region. The occurrence rate was obtained by dividing the number of high-coherence events by the total
number of events in the MLAT range of —50° to 50° for each 1-hr MLT bin. The occurrence rate of 6B,—6H
high-coherence events (Figure 5) is strongly peaked in the 2200-0100 MLT sector. About 72% (62 out of
86 events) of 6B, oscillations at Swarm A in this local time sector have high coherence with low-latitude
Pi2 events at BOH. This local time dependence, which is slightly asymmetric with respect to midnight,
may be due to a similarly asymmetric distribution of Pi2 energy source (Takahashi & Liou, 2004). In the
2000-2200 MLT and 0100-0400 MLT sectors, the occurrence rate of 6B,—6H high-coherence events is above
40%. This indicates that well-defined Pi2-associated 6B, oscillations are distributed in the nightside iono-
sphere. The occurrence rate of the 6B,—6H high-coherence events is about 10-20% within 4 hr of midnight.
The occurrence rate of the 6B,~6H high-coherence events is less than 10% in the 1800-0600 MLT sector
without a peak near midnight.

In order to examine the latitudinal amplitude variation of high-coherence events, the power of 6B, (P,),
6B, (P,), and 6B, (P,) normalized to the power of 6H (Py;) as a function of the absolute magnetic latitude
(IMLAT|) of Swarm A are plotted in Figure 6 with the slope determined by least squares fitting and the lin-
ear correlation coefficient. As shown in Figure 4, there are no 6B,—6H and 6B,—6H high-coherence events
near the equator. The 6B, and 6B, oscillations having high coherence with low-latitude Pi2 events were
observed when Swarm A was away from the equator (IMLAT| > 15°). The normalized 6B, and 5B, pow-
ers in logarithmic scale exhibit a clear increasing function of [MLAT]|. A linear regression analysis yields a
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Figure 7. The (2) 6B,—6H, (b) 6B,—6H, and (c) 6B,—5H cross phase for high-coherence events as a function of MLAT.

correlation coefficient of 0.56 for P, /Py and 0.83 for P, /Py, respectively. The normalized compressional 6B,
power shows an opposite trend. That is, P,/P,; decreases as [MLAT]| increases. The correlation coefficient is
—0.46. These latitudinal variations of the normalized power of 6B,, 0B, and 6B, oscillations observed in the
ionosphere are similar to those of Pi2 waves observed in the nightside inner magnetosphere (L < 4) (Ohtani
& Anderson, 1995) and Pc3 waves observed in the dayside inner magnetosphere(L < 3) (Kim & Takahashi,
1999), having a north-south standing mode structure: 6B, and 6B, have a node, and 6B, has an antinode at
the magnetic equator because of a symmetric field line displacement about the equator.

Figure 7 shows the 6B,—6H, 6B,—6H, and 6B,—H cross phase for high-coherence events as a function of
MLAT. The 6B, —6H cross phase is distributed near 0° in the Northern Hemisphere and 180° in the Southern
Hemisphere. However, the data points of the 6B,—6H cross phase are clustered at ~ 0° without a clear latitu-
dinal dependence. The 6B,—6H and 6B,—6H cross phases are also similar to those obtained for Pi2 pulsations
observed in the nightside inner magnetosphere (Ohtani & Anderson, 1995) and Pc3 pulsations observed in
the dayside inner magnetosphere (Kim & Takahashi, 1999) by the CCE satellite at geomagnetic latitudes
from —16° to 16°. The previous CCE observations have been taken as evidence of a cavity mode oscillation
in the inner magnetosphere. The latitudinal phase structure of 6B,—H is significantly different from that of
6B,—6H and 6B,—6H. There are two groups for the 6B,—3H cross phase in the Southern Hemisphere. One is
distributed in the 0° to 90° range, and the other is in the 180° to 270°. In the Northern Hemisphere, there
are five data points. Three of them are distributed near 180°, and two of them are 0° and —90°.

Figure 8 shows the local time dependence of the 6B,—6H, 6B,—6H, and 6B,—5H cross phase. Most of the data
points of the 6B, —6H phase are distributed in a range of ~ 150-240° centered at about 180° in the Southern
Hemisphere and of ~—60° to 60° centered at about 0° in the Northern Hemisphere. They do not show a clear
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Figure 8. The local time dependence of the (a) 6B,—6H, (b) 6B,—6H, and (c) 6B,—6H cross phase. The solid (open)
circles indicate observations in the Southern (Northern) Hemisphere.

local time dependence. The data points of the 6B,—6H phase in Figure 8c are scattered around 0° without
a dependence on the latitude of the satellite relative to the magnetic equator. Unlike 6B,—6H and 6B,—6H
phases, the 6B,—6H phase shows a clear local time dependence. When the satellite was in the Southern
Hemisphere, the data points of the 6B,—6H phase are distributed in the 180° to 270° region in the premid-
night sector and in the 0° to 90° region in the postmidnight sector. Although there are small data points
in the Northern Hemisphere, they show an opposite trend. That is, the 6B,—6H phase is in the —90° to 0°
region in the premidnight sector and ~ 180° in the postmidnight sector.

5. Discussion

It has been reported that Pi2 pulsations observed in the inner magnetosphere are generated by plasmas-
pheric cavity mode resonances. If a cavity mode is excited in the plasmasphere, the transverse radial 6B,
and compressional 6B, components should exhibit a standing wave structure in the radial and north-south
directions in the meridional plane of the plasmasphere. A simulation study of fundamental plasmaspheric
cavity mode shows that the radial mode structure of 6B, has a node at a point very close to the plasma-
pause and that 6B, gives a 180° phase shift across the nodal point along the radial direction (Lee & Lysak,
1999; Takahashi et al., 2003). Many satellite observations in the inner magnetosphere provide evidence in
support of plasmaspheric cavity mode as the source of low-latitude Pi2 pulsations. (Ohtani & Anderson,
1995) reported that the coherence between Pi2 pulsations observed in the H component at the low-latitude
Kakioka station (L =~ 1.25) and magnetic field perturbations detected by the AMPTE CCE spacecraft is
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high when the spacecraft is on the nightside and at L < 4. In that region, Pi2-associated magnetic field
pulsations are excited primarily in the 6B, and 6B, components. The authors indicated that the radial varia-
tions of the amplitude and phase of 6B, and 6B, oscillations are consistent with the eigenmode structure of
acompressional cavity-mode-type resonances excited between two reflecting boundaries. The Pi2-associated
electric and magnetic field oscillations observed from CRRES (Takahashi et al., 2003), THEMIS probes (Kim
et al., 2010; Kwon et al., 2012), and Van Allen Probes (Ghamry et al., 2015) in the inner magnetosphere pro-
vide a clear evidence for a radially standing fastmode signature. These spacecraft observations show that the
low-latitude Pi2 pulsations are related to fastmode waves trapped inside the plasmasphere.

A standing structure in the north-south direction is also expected when an ideal cavity mode is excited in
the plasmasphere. Previous observations suggest that Pi2 pulsations observed in the nightside inner mag-
netosphere (Ohtani & Anderson, 1995) and Pc3 pulsations observed in the dayside magnetosphere (Kim &
Takahashi, 1999) have a symmetric field line displacement pattern about the magnetic equator. This means
that 6B, (6B,) has a node (an antinode) at the magnetic equator, and thus the power of 6B, (6B,) increases
(decreases) with latitude. Such latitudinal amplitude variations of 6B, and 6B, have been confirmed in
the numerical study of plasmaspheric resonances (Lee, 1996; Teramoto et al., 2011). For the north-south
standing mode structures of 6B, and 6B,, the cross phase between 6B, and 6B, depends on the location about
the magnetic equator. That is, the cross phase is 0° in the Northern Hemisphere and 180° in the Southern
Hemisphere inside the nodal point of 6B, along the radial direction (e.g., Sutcliffe & Liihr, 2003). Using
the magnetic field data obtained from CCE spacecraft covering a dipole magnetic latitude rage from —16°
to +16°, Takahashi et al. (1995) statistically examined the latitudinal amplitude and cross phase variations
of Pi2-associated magnetic field variations in 6B, and 6B,. In their study, they showed that the latitudinal
structure of 6B, and 6B, observed in a radial distance of L = 2-4 is consistent with the north-south standing
mode structure of 6B, and 6B, in an ideal cavity model.

In order to examine whether the north-south mode structure of cavity-type magnetospheric Pi2 pulsations
reported by the AMPTE CCE study at L > 2 and at |[MLAT| < 16° extends down to the upper ionosphere
(L < 2), we have studied the statistical properties of ionospheric Pi2 pulsations using magnetic field data
simultaneously acquired by the Swarm A spacecraft, covering all MLAT, in the nightside (MLT = 18-06 hr)
upper ionosphere and at the low-latitude BOH station (L =~ 1.3) near midnight (MLT = 21-03 hr) for
ground satellite high-coherence events. We found that the 6B,—5H high-coherence events are ~ 25% (155
out of 621 events) of the low-latitude BOH Pi2 events. These high-coherent events are observed when
Swarm A is located at [MLAT]| < 50°. It should be noted that there are coherent 6B, oscillations in the region
of [IMLAT| > 50°. However, the coherent signature of 6B, oscillations did not last for the low-latitude Pi2
interval (~ 10 min) because the spacecraft enters the auroral region in which there are strong non-Pi2 sig-
nals masking Pi2 waves and destroying coherence. There are 6B, and 6B, oscillations highly coherent with
low-latitude Pi2 waves. However, only ~ 6% 6B, and ~ 2% éBy oscillations are associated with low-latitude
Pi2 waves.

For the high-coherence events we examined the latitudinal amplitude variation. We found that the 6B,
power is a decreasing function of latitude, whereas 6B, and 6B, powers are increasing functions. The lati-
tudinal structures of 6B, and 6B, wave powers are consistent with the north-south eigenmode structure of
cavity-type plasmaspheric resonances. The cross phases between 6B, and 6H are distributed near 0° with-
out depending on the latitude of the satellite, whereas the 6B, —6H cross phases are near 0° in the Northern
Hemisphere and about 180° in the Southern Hemisphere. Since the low-latitude Pi2 wave is used as a ref-
erence signal, the latitudinal phase structures of 6B,—6H and 6B,—6H imply that the 6B,—6B, cross phase
is 0° in the Northern Hemisphere and 180° in the Southern Hemisphere. These latitudinal phase variations
can be taken as evidence for the north-south mode structure of a plasmaspheric resonances. In Figure 6, we
found the absence of the high-coherence 6B,—&H events near the equator. It should be noted that the rel-
ative phase and amplitude of 6B, and 6H need to be constant for high coherence (Takahashi et al., 2001).
As the LEO satellite is approaching and crossing the equator, the power and phase of 6B, change relatively
to 6H. Such relative phase and amplitude changes destroy coherence. According to numerical studies of
plasmaspheric resonances (Lysak et al., 2015; Teramoto et al., 2011), the compressional wave trapped in the
plasmasphere is confined in a dipole latitude rage of —40° < MLAT < 40°. The Swarm A spacecraft's orbital
speed is ~3.8°/min, and thus the spacecraft covers ~38° MLAT in a 10-min interval, indicating that the
10-min segments of the Swarm A data obtained near the equator include the equatorial crossing. This is the
reason why we have the small number of the high-coherence 6B,—6H events.
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Recently, Thomas et al. (2019) have proposed that Pi2 oscillations observed in the nightside low to mid-
dle latitude ionosphere are associated with FACs flowing on substorm current wedge and mapping to the
auroral zone ionosphere. If the ionospheric Pi2 pulsations originate from oscillating FACs, the negative
(positive) 6B, perturbation is expected in a region located east (west) of the center of substorm current
wedge in the Northern Hemisphere due to a downward (upward) FAC and vice versa in the Southern
Hemisphere (see Figure 9 in Thomas et al., 2019). Consequently, the cross phase between 6B, and 6H is 0°
in the premidnight sector and 180° in the postmidnight sector in the Northern Hemisphere and 180° in the
premidnight sector and 0° in the postmidnight sector in the Southern Hemisphere. We observed that the
6B,—6H high-coherence events are ~ 2%. The local time variation of their cross phases shown in Figure 8
is similar to the phase change of 6B, expected from the FACs model. Thus, all high-coherence events in our
study do not fit the cavity-type model.

6. Conclusions

We have studied the properties of Pi2 pulsations observed simultaneously by the Swarm A spacecraft in
the nightside ionosphere and at low-latitude Bohyun station (L = 1.3). High coherence between the
horizontal H component on the ground and the B, (radial), B, (azimuthal), or B, (compressional) com-
ponents at Swarm A are examined. We found that the 6B,—6H high-coherence events are ~25%, 6B,—6H
high-coherence events are ~ 6%, and 6B,—6H high-coherence events are ~ 2%. The high-coherence events
were observed when the Swarm A was in [MLAT| < 50°. The latitudinal variations of the relative amplitude
and phase of the ionospheric 6B, abd 6B, oscillations are consistent with previous results of magnetospheric
Pi2 pulsations observed in the inner magnetosphere, which are favoring a cavity mode-type oscillation. This
indicates that cavity-type magnetospheric Pi2 pulsations extend down to the upper ionosphere.
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