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Abstract In one model, Pi2 pulsations are driven pulse by pulse by fast mode pulses that are launched
as periodic bursty bulk flows brake when they approach the Earth. We have examined this model by
analyzing data from multiple spacecraft and ground magnetometers for a Pi2 pulsation event. During the
event, which started at ∼2226 UT on 8 November 2014, Time History of Events and Macroscale Interactions
during Substorms (THEMIS)-D detected an ∼2-min-period plasma bulk flow oscillation in the near-Earth
magnetotail, while THEMIS-E and Van Allen Probes-B, both located on the nightside just earthward of the
electron plasmapause, detected a Pi2 pulsation consisting of a 10-mHz oscillation in the azimuthal
component of the electric field and a 19-mHz oscillation in the compressional component of the magnetic
field. On the ground, magnetic field oscillations containing both frequencies were observed both on
the nightside and on the dayside. The nightside observations indicated that the pulsation had a radially
standing structure, which is consistent with plasmaspheric virtual resonances (PVRs) excited in a
magnetohydrodynamic simulation assuming an impulsive energy source. Cross-spectral analysis of the
magnetotail flow oscillation and the Pi2 pulsation indicated low coherence between them. These results
suggest that the flow oscillation contributed to the Pi2 pulsation as a broadband energy source and that
only the spectral components matching the PVR frequencies were detected with well-defined frequencies.
Ionospheric currents connected to the PVRs may be responsible for the appearance of the pulsation on the
dayside.

1. Introduction

Pi2 pulsations (period = 40–150 s) occur in association with magnetospheric substorms (Saito et al., 1976),
pseudo substorm onsets (Kim et al., 2010), and poleward boundary intensifications (Lyons et al., 1999).
Although the pulsations are firmly established as an essential element of the substorm phenomenology,
there still remain questions as to their source mechanism and propagation mode (e.g., Keiling & Takahashi,
2011). Here the term source mechanism refers to a physical process that determines the dominant frequency
or frequencies of Pi2 pulsations observed in the magnetosphere and on the ground. Note also that, unless
otherwise stated, we use the term Pi2 for pulsations that are detected over a wide range of latitudes and local
times either on the ground or in the magnetosphere. Such pulsations are usually detected at L < 5 and need
to be distinguished from auroral-zone Pi2 pulsations, which exhibit different spatial and spectral properties
(Olson & Rostoker, 1975; Samson, 1982).

There is little question that Pi2 pulsations are generated by sudden changes in the state of the magnetotail
including generation of bursty bulk flows (BBFs; Angelopoulos et al., 1994) and dipolarizing flux bundles (Liu
et al., 2017; Ohtani et al., 2004). A causal relationship between BBFs and Pi2 pulsations was first suggested by
Shiokawa et al. (1998), who noted that each Pi2 wave packet detected on the ground followed a compressional
magnetic field pulse in the magnetosphere that is attributed to braking of a BBF. Kepko and Kivelson (1999)
and Kepko et al. (2001) found waveform similarity between Pi2 pulsations and oscillatory BBFs and proposed
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that the former is driven by the latter pulse by pulse. Kepko et al. (2001) attributed Pi2 pulsations in the inner
magnetosphere to periodic fast mode pulses that result from braking of periodic BBFs.

While evidence is strong that a Pi2 pulsation is associated with a BBF event occurring somewhere in the mag-
netotail (Hsu et al., 2012; Kim et al., 2007), it is not clear whether a flow oscillation drives a Pi2 pulsation with
the same period. For example, a case study using Geotail and ground magnetometers found little evidence
of direct driving of ground Pi2 pulsations by tail flow oscillations (Yamaguchi et al., 2002). More recently, fre-
quency mismatch has been reported between DFB oscillations and Pi2 pulsations (Panov et al., 2014). Also, a
statistical analysis indicated that the dominant period of BBF oscillations is ∼150 s (Wu et al., 2017), which is
longer than the period of Pi2 pulsations except for those occurring during periods of very low Kp (Kwon et al.,
2013).

A Pi2 source mechanism alternative to pulse-by-pulse driving by BBFs is magnetohydrodynamic (MHD) cav-
ity mode resonance (Saito & Matsushita, 1968; Takahashi et al., 1995; Yeoman & Orr, 1989) or plasmaspheric
virtual resonance (PVR; Lee, 1998; Lee & Lysak, 1999). The resonance is driven by external stimuli such as BBFs.
The resonance selectively amplifies the external disturbances at frequencies matching those of the MHD fast
mode eigenmodes of the inner magnetosphere. Therefore, sinusoidal Pi2 pulsations are excited even when
the external disturbance is irregular. Pi2 pulsations often exhibit a sinusoidal waveform lasting many wave
periods, and such cases can be better explained by PVRs than BBFs. Many observations in support of PVRs
have been presented (Ghamry et al., 2015; Liu et al., 2017; Luo et al., 2011, 2014; Shi et al., 2017; Takahashi
et al., 2001, Takahashi, Lee, et al., 2003, Takahashi, Anderson, et al., 2003), but each observation has limited
number of measurement points and spatial coverage. Therefore, more observational studies are necessary to
quantitatively understand the Pi2-BBF relationship.

Propagation of Pi2 to the dayside also remains to be understood. The PVR mechanism explains the very small
phase delay between nighttime and daytime Pi2 pulsations (Nosé et al., 2006; Sutcliffe & Yumoto, 1989). How-
ever, absence of dayside magnetic Pi2 signals above the ionosphere led Sutcliffe and Lühr (2010) to propose
that toroidal currents flowing between the ionosphere and ground generate dayside Pi2 pulsations on the
ground. The role of ionospheric currents in generating low-latitude ground Pi2 was also discussed by Imajo
et al. (2017). None of the existing ionospheric Pi2 current models describes how the PVR oscillations are
connected to the currents.

In this paper, we examine a Pi2 pulsation event to address generation and propagation of Pi2 pulsations.
The event started at ∼2226 UT on 8 November 2014 when spacecraft were located both in the flow-braking
region and in the inner magnetosphere. Ground magnetometers with a large latitudinal span were located
near the local time of the nightside spacecraft. The Pi2 pulsation contained peak spectral power at ∼10 and
∼19 mHz both in space and on the ground. We compare the observations with multiharmonic PVRs excited
in a numerical simulation and find a good match.

The remainder of the paper is organized as follows. Section 2 describes the experiments. Section 3 presents
an overview of the event. Section 4 describes magnetospheric observations. Section 5 describes ground
observations. Section 6 presents numerical simulation. Section 7 presents discussion, and section 8 concludes
the study.

2. Experiments

Data used in this study were acquired with multiple spacecraft and ground magnetometers. The space-
craft experiments include: fluxgate magnetometers on Van Allen Probes, also known as Radiation Belt Storm
Probes (RBSP; Kletzing et al., 2013), Time History of Events and Macroscale Interactions during Substorms
(THEMIS; Auster et al., 2008), Geostationary Operational Environmental Satellite (GOES; Singer et al., 1996),
and Geotail (Kokubun et al., 1994); electric field experiments on RBSP (Wygant et al., 2013) and THEMIS (Bon-
nell et al., 2008); and plasma experiments on THEMIS (McFadden et al., 2008). The field vectors are expressed
using a right-handed magnetic field aligned (MFA) 𝜈-𝜙-𝜇 coordinate system that uses the spacecraft geo-
centric position vector R and the measured (for wave electric fields) or a model (for wave magnetic fields)
magnetic field vector B0 as the reference (Takahashi et al., 2018). In this system, the parallel or compressional
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Figure 1. (a) Locations of spacecraft (green) and ground magnetometers (black) in L-MLT coordinates at 2225–2240 UT on 8 November 2014. (b) Auroral
electrojet indices showing a substorm onset at 2226 UT. The shading indicates the time interval selected for detailed analysis. (c) Magnetic field variations at the
Tartu station (TAR, L = 3.05) of the EMMA. In the map, the station is highlighted by a red oval. (d–f ) Magnetic field components in geocentric solar
magnetospheric (GSM) coordinates at THEMIS-D. The shading indicates the same time interval as that highlighted in Figure 1c. (g) Magnetic field elevation angle
from the GSM X-Y plane at THEMIS-D. (h–j) Ion density, pressure, and the GSM x component of the bulk velocity at THEMIS-D. GOES = Geostationary Operational
Environmental Satellite; RBSP = Radiation Belt Storm Probes; THEMIS = Time History of Events and Macroscale Interactions during Substorms; EMMA = European
quasi-Meridional Magnetometer Array; MLT = magnetic local time; MLAT = magnetic latitude; KAK = Kakioka; HON = Honolulu; SJG = San Juan; GSM = geocentric
solar magnetospheric.

component e𝜇 is parallel to B0, the azimuthal component e𝜙 is parallel to B0× R and directed eastward, and
the radial component e𝜈 is given by e𝜈 = e𝜙× e𝜇 .

The electric fields from both THEMIS and RBSP were measured using sensors attached to the ends of two pairs
of wire booms and processed into spin-fit products with a time resolution of ∼3 s for THEMIS and ∼11 s for
RBSP. The third component of the electric field, which is required to obtain the E𝜈 and E𝜙 components in MFA
coordinates, is obtained using the E⋅B = 0 assumption, where E and B are the electric and magnetic field vec-
tors, respectively. This technique produces reliable results when B makes a large angle from the spin plane.
This condition was not satisfied at RBSP-B during the Pi2 event. Fortunately, RBSP-B was located near mid-
night, where the duskward component of E in modified geocentric solar ecliptic coordinates (denoted EyMGSE;
Rowland & Wygant, 1998) is a good proxy to the westward component−E𝜙 in MFA coordinates. Therefore, we
use E∗

𝜙
(= −EyMGSE) to represent the azimuthal (eastward) component of the electric field at RBSP-B.

The ground magnetometers belong to the European quasi-Meridional Magnetometer Array (EMMA) network
(Lichtenberger et al., 2013), the U.S. Geological Survey network (Love & Finn, 2011), and the Kakioka obser-
vatory (Tsunomura et al., 1994). Data from these sources are provided in 1-s time resolution. We use the
horizontal H (northward) and D (eastward) components of the magnetic field.

3. Event Overview
3.1. Locations of Observations and Geomagnetic Activity
Figure 1 provides background information on the selected Pi2 event, which occurred between 2225 and
2240 UT on 8 November 2014. Observations of this event were made by multiple spacecraft and ground
magnetometers at locations shown in Figure 1a using L and magnetic local time (MLT) coordinates. The L val-
ues of the EMMA ground magnetometers were calculated using the corrected geomagnetic latitude based
on the International Geomagnetic Reference Field model. The L values of the other ground magnetometers
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Figure 2. (a) Electron density at RBSP-B. (b) Magnetic field components at RBSP-B expressed in MFA coordinates. The
magnitude of the model field has been subtracted from the B𝜇 component. (c) Electron density plotted as a function of
L. The shading indicates where the Pi2 pulsation was detected. The black vertical dashed line labeled “PP” indicates the
plasmapause, which is the midpoint of the steep density gradient. The gray vertical dashed line indicates the similarly
defined plasmapause using THEMIS-E data. THEMIS-E was moving inward and encountered the plasmapause at 2145 UT.
RBSP = Radiation Belt Storm Probes; THEMIS = Time History of Events and Macroscale Interactions during Substorms;
MLT = magnetic local time; MLAT = magnetic latitude.

and spacecraft were calculated using a centered dipole. The 0000–0200 MLT sector was well covered by
the THEMIS-D, THEMIS-E, and RBSP-B spacecraft and by the EMMA ground magnetometer array. Twenty-five
EMMA magnetometers spanning L = 1.57–6.48 were operational at the time of the Pi2 event. Elsewhere, we
have GOES-13 and THEMIS-A at dawn and RBSP-A and GOES-15 near noon. We have low-latitude ground
magnetometers at Kakioka (KAK), Honolulu (HON), and San Juan (SJG) to monitor Pi2s away from midnight.

A substorm started at 2226 UT. At this time, the AL index began to decrease (Figure 1b) and the H component
at Tartu (TAR) started a midlatitude positive bay with a Pi2 pulsation superposed on it (Figure 1c). Located in
the near-Earth magnetotail at XGSM ∼ −7.5RE, THEMIS-D observed dipolarization of the magnetic field and
oscillatory flow braking (Figures 1d–1j). THEMIS-D was close to the plasmasheet midplane with ZGSM∼−1.3RE

and to the magnetic equator with magnetic latitude (MLAT) ∼6∘.

3.2. Plasmapause Location
Plasma mass density affects propagation and mode structures of MHD waves, and it is important to have infor-
mation on the density in studying Pi2 pulsations. For our event, the electron density (ne) can be inferred at
RBSP-B from plasma wave spectra (Kurth et al., 2015) as shown in Figure 2a. The density is a good proxy to the
mass density (𝜌) when there is little change of the ion composition with L. If that is not the case, ne and 𝜌 have
different L profiles (Fraser et al., 2005). When the Pi2 pulsation was detected (2226–2235 UT), the spacecraft
was located at L = 4.78–4.92, and ne was in the range 30–80 cm−3 (Figure 2b). This places the spacecraft just
inward of the plasmapause (Figure 2c), which is defined to be the middle of the steep inward density gradi-
ent at L = 5.1 (∼2243 UT). Although we do not know where the mass density plasmapause was, we are certain
that the spacecraft was located within the mass density plasmasphere because mass density enhancement
(oxygen torus) occurs just outside the electron plasmapause (Nosé et al., 2015). THEMIS-E, which was mov-
ing inward, encountered the plasmapause (inferred from the spacecraft potential data) at 2145 UT at L ∼ 6.
Therefore, this spacecraft was also in the plasmasphere when the Pi2 pulsation occurred.

Figure 2b shows that B𝜇 oscillated with amplitudes up to ∼4 nT peak to peak, much larger than those of the
B𝜈 and B𝜙 components. The absence of strong transverse wave magnetic field components near the mag-
netic equator (MLAT ∼ 2∘) implies that the field line displacement had a mode structure symmetric about the
magnetic equator (Sugiura & Wilson, 1964). In the following sections, we present a detailed examination of
observations made in the 2225–2240 UT interval.

4. Observations in the Magnetosphere
4.1. Position Dependence
Figure 3 compares the sunward component of the ion bulk velocity (Vix) observed at THEMIS-D (Figures 3a and
3f) with the E𝜙 (E∗

𝜙
at RBSP-B; Figures 3b–3e) and B𝜇 (Figure 3g–3l) components observed closer to the Earth

at other spacecraft. The magnitude of the T89c model field (Tsyganenko, 1989) has been subtracted from
B𝜇 . The panels are ordered according to the local time and radial distance of the spacecraft, with nightside
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Figure 3. Comparison of the sunward component of the ion bulk velocity (Vix ) at THEMIS-D (a, f ) and the electric (b–e) and magnetic (g–l) fields of
compressional poloidal oscillations at other spacecraft. The linear trend versus UT has been removed from the E𝜙 data from THEMIS-A and RBSP-A. The T89c
model field has been subtracted from the magnetic field. Steps seen in the B𝜇 data from THEMIS-A and RBSP-A are instrumental. GOES = Geostationary
Operational Environmental Satellite; RBSP = Radiation Belt Storm Probes; THEMIS = Time History of Events and Macroscale Interactions during Substorms; EMMA
= European quasi-Meridional Magnetometer Array; MLT = magnetic local time; MLAT = magnetic latitude.

spacecraft at the top and dayside spacecraft at the bottom. The magnetic coordinates of each spacecraft are
shown on the right.

Electric field oscillations are present at RBSP-B and THEMIS-E with very similar waveforms. The oscillations
have an amplitude of 2–3 mV/m peak to peak and an average period of ∼100 s, not very different from that
(∼120 s) of the Vix oscillation at THEMIS-D. The similarity between RBSP-B and THEMIS-E is not surprising,
because these spacecraft were close to each other with an L separation of ∼0.2 and an MLT separation of
∼0.9 hr. Nevertheless, the similarity demonstrates that the oscillations are not very localized. An electric field
oscillation with a much smaller amplitude (note the different amplitude scale) is visible at THEMIS-A (L = 2.8,
MLT = 18 hr). Before 2230 UT, the E𝜙 oscillation at THEMIS-A is out of phase with those seen at RBSP-B and
THEMIS-E. After 2230 UT, the period of the E𝜙 oscillation at THEMIS-A becomes ∼70 s, which is shorter than
that (∼100 s) at RBSP-B. There is no indication of such an oscillation at RBSP-A (L = 2.1, MLT = 8.8 hr).

The B𝜇 plots also show clear oscillations at RBSP-B and THEMIS-E. These spacecraft see nearly identical reg-
ular oscillations with a period of ∼50 s. The period is approximately half of that of the E𝜙 oscillations. There
is no regular ∼50 s Vix oscillation at THEMIS-D, which implies that the 50-s oscillation was generated in the
inner magnetosphere. The period ratio between the E𝜙 and B𝜇 oscillations suggests that they are different
harmonics (fundamental and second) of standing compressional waves.

Figure 4. (a) Electric and magnetic field time series at RBSP-B. (b) Power spectral densities computed from the time
series. RBSP = Radiation Belt Storm Probes.
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Figure 5. Comparison of bulk flow oscillation at THEMIS-D and ultralow frequency oscillations at RBSP-B. (a) Vix at THEMIS-D. (b) E∗
𝜙

at RBSP-B. (c) PSD of Vix and
E∗
𝜙

. (d) Coherence between Vix and E∗
𝜙

. (e) Cross phase between Vix and E∗
𝜙

. (f–j) Same as (a–e) but for 2226–2236 UT and B𝜇 at RBSP-B. RBSP = Radiation Belt
Storm Probes; THEMIS = Time History of Events and Macroscale Interactions during Substorms; PSD = power spectral density.

4.2. Wave Mode at RBSP-B
Figure 4 shows the time series and power spectral density (PSD) of four field components at RBSP-B for a
10-min interval covering the main part of the Pi2 event. Throughout this paper, computation of spectral
parameters is done using the Fourier transform method (e.g., Bendat & Piersol, 1971; Green, 1976), and the
input time series for the transform (e.g., Figure 4a) is detrended by removing a quadratic function fitted to
the time series by the least squares method. The E∗

𝜙
PSD exhibits peaks at 10 and 29 mHz, and the B𝜇 PSD

exhibits a peak at 19 mHz (Figure 4b). The transverse magnetic field components B𝜈 and B𝜙 oscillate at inter-
mediate frequencies of 17 and 15 mHz, respectively. Our interpretation of these frequency characteristics is
that the E∗

𝜙
and B𝜇 oscillations are caused by fast mode waves spanning many L shells, whereas the B𝜈 and B𝜙

oscillations are caused by standing Alfvén waves localized in L. We do not consider that the 2-mHz frequency
difference between the B𝜈 and B𝜙 spectral peaks is significant given the short duration of the oscillations and
the broadness of the spectral peaks.

We have two reasons to believe that the standing Alfvén waves were excited at the second harmonic. The
first reason is that the RBSP-B was very close to the magnetic equator, where the fundamental wave has a
node of the B𝜈 and B𝜙 components. The second reason is that the observed frequencies (15–17 mHz) are
higher, by a factor of ∼2, than that of the estimated fundamental toroidal wave frequency ∼8 mHz. Here the
estimation was done using the toroidal wave equation of Cummings et al. (1969) assuming that the mass
density is constant all along the magnetic field line and that H+ is the only ion constituent. The mass density
is specified using the observed electron density (ne), which was ∼70 cm−3 during the observation shown in
Figure 2c. In the presence of heavy ions, the toroidal wave frequency becomes lower. This brings the ratio
between the fundamental and second harmonic frequencies to >2, as shown by Cummings et al. (1969).
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4.3. Relation to Flow Oscillation
Figure 5 compares the Vix oscillation at THEMIS-D with the E∗

𝜙
and B𝜇 oscillations at RBSP-B. The left column

(Figures 5a–5e) shows the Vix and E∗
𝜙

time series and corresponding spectral parameters. The Vix oscillation
produces a spectral peak at 9 mHz, which is close to the 10-mHz peak in the E∗

𝜙
spectrum (Figure 5c). However,

the Vix-E∗
𝜙

coherence at 9–10 mHz is only ∼0.5 (Figure 5d), too low to define reliable cross phase (Figure 5e).
The same can be said of the B𝜇 versus Vix results at 19 mHz (Figures 5f–5j). We conclude that there is little
evidence that the Vix oscillation determined the frequency of the E∗

𝜙
and B𝜇 oscillations observed at RBSP-B.

5. Observations on the Ground

In this section, we examine the relationship between oscillations observed in the inner magnetosphere and
on the ground.

5.1. Nightside Observations
We first examine the relationship between the E∗

𝜙
and B𝜇 oscillations detected at RBSP-B and oscillations

detected on the nightside by the EMMA in the 2226- to 2236-UT interval. Figure 6a shows the geographic
coordinates of the 25 EMMA magnetometers along with the footprint of RBSP-B given by the T89c model. The
EMMA stations cover an L range of 1.57–6.48, and their longitudinal distances from the RBSP-B footprint are
< 25∘. Recalling that the plasmapause was located at L ∼ 5 according to Figure 2c, we mark stations located
at L < 5 using black circles and stations located at L> 5 using red circles. The E∗

𝜙
and B𝜇 time series from

RBSP-B (Figure 6b) and the corresponding power spectra (Figure 6e), repeated from Figure 4, are included for
comparison with the EMMA data.

On the ground, oscillations appear both in the H and D components, and their properties change across L ∼
5. Figures 6c and 6d show that in both H and D the oscillation amplitude is of the order of 1–10 nT and
the waveform changes little from one station to another at L < 5, whereas the amplitude is of the order of
10–100 nT and the waveform changes from one station to another at L> 5. At L < 5, the D component ampli-
tude decreases toward lower L, a behavior not seen in the H component. This component dependence has
been reported in previous studies (Li et al., 1998; Yumoto et al., 1994), and Allan et al. (1996) have provided a
theoretical explanation to it.

In addition, Figure 6f reveals that the H oscillations at L < 5 contain spectral power peaking at 10, 19, and 29
mHz, matching the spectral peaks found at RBSP-B in the E𝜙 (10 and 29 mHz) or the B𝜇 (19 mHz) component.
No such spectral peaks occur at EMMA stations located at L> 5, confirming the previously reported differ-
ence between Pi2-band ground pulsations at low and high latitudes (Olson & Rostoker, 1975; Samson, 1982).
The ground D components at L < 5 also exhibit spectral peaks at or near the three frequencies (Figure 6g).
However, the peaks in the D spectra are less prominent and tend to become weak as L decreases.

Figure 7 illustrates the L dependence of spectral parameters computed for the H and D oscillations observed
at EMMA at 2226–2236 UT. Figure 7a is the electron density L profile from RBSP-B (repeated from Figure 2c),
which facilitates visual understanding of where the ground magnetometers are relative to the plasmapause.
The green vertical shading indicates the location of RBSP-B at the time of the Pi2 pulsation. Figure 7b shows
the H and D PSD evaluated at 9.9 mHz. Figures 7c and 7d show the coherence and phase of H and D with
respect to E∗

𝜙
at RBSP-B, also evaluated at 9.9 mHz. Figures 7e–7h are the same as Figures 7a–7d except that

the B𝜇 component at RBSP-B is used as the reference for the coherence and cross phase, and the spectral
parameters are evaluated at 19.8 mHz.

We consider the H component first. At both frequencies, the H-component PSD is nearly constant from L =
1.6 to L = 4, and it increases with L at L> 4 (Figures 7b and 7f). Also at both frequencies, the space-ground
coherence is high (>0.9) at 1.6–3.8 and stays low (<0.7) at higher Ls except for the highest L, 6.48 (Figures 7c
and 7g). The E∗

𝜙
-H cross phase is nearly constant at ∼90∘ for L < 4 (Figure 7d). Similarly, the B𝜇-H cross phase is

nearly constant at∼180∘ for L < 3.5 (Figure 7h). The L profile of the E∗
𝜙

-H cross phase is consistent with previous
studies, including a statistical study using Kakioka ground magnetometer data and electric field data from
the Combined Release and Radiation Effects Satellite (Takahashi, Lee, et al., 2003), a multispacecraft study of a
single event (Luo et al., 2011), and a THEMIS and Super Dual Auroral Radar Network study of a single event (Shi
et al., 2017). The L profile of the B𝜇-H cross phase 19.8 mHz (second harmonic) is new. In a study that examined
Pi2 signals in E∗

𝜙
and B𝜇 (Takahashi, Lee, et al., 2003), the authors focused on events that both components
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Figure 6. (a) Geographic coordinates of the EMMA stations (open circles) and the RBSP-B footprint (blue dots) for
2226–2236 UT. Stations located at L < 5 are shown in black, and stations located at L> 5 are shown in red. (b–d) Time
series plots of selected field components from RBSP-B and EMMA. Each time series has been detrended by removing the
quadratic function fitted to the original. The L value of the EMMA stations increases from bottom to top. The amplitude
scale for the EMMA data changes across L = 5. (e–g) PSD calculated from the time series data. For EMMA, the baseline
for the PSD traces is shifted by a factor of 5 from one station to the next to avoid overlap. Arrows point to spectral peaks
at 10, 19, and 29 mHz. EMMA = European quasi-Meridional Magnetometer Array; RBSP = Radiation Belt Storm Probes;
PSD = power spectral density.
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Figure 7. (a) Electron density at RBSP-B repeated from Figure 2c. (b–d) L dependence of the spectral parameters of H
and D oscillations at EMMA detected at 2226–2236 UT and evaluated at 9.9 mHz. The coherence and cross phase are
computed using the E∗

𝜙
component at RBSP-B as the reference. The cross phase is shown at frequencies with coherence

>0.8. Positive cross phase means that the ground signal leads the spacecraft signal. (e–h) Same as (a–d) except the
spectral parameters are evaluated at 19.8 mHz and the B𝜇 component at RBSP-B is used as the reference for the
coherence and cross phase. EMMA = European quasi-Meridional Magnetometer Array; RBSP = Radiation Belt Storm
Probes; PSD = power spectral density.

exhibited a common frequency. In a study (Luo et al., 2011) that examined multifrequency Pi2 events that are
similar to the event reported here, only one ground station was used and no L profile of the phase of ground
pulsations was presented. We will discuss the L dependence of the B𝜇-H relationship in section 6.

The spectral parameters for the D component show differences from the H component. Consider the 9.9-mHz
results first. The D-component PSD increases more or less linearly with L in logarithmic scale at all L, in contrast
to the H-component PSD, which varies little at L < 4 (Figure 7b). In addition, the E∗

𝜙
-D coherence is lower than

the E∗
𝜙

-H coherence except at L = 3.9, L = 4.4, and L = 6.2 (Figure 7c). We find qualitatively the same features
in the 19.8-mHz results (Figures 7f–7g).

5.2. Observations on the Dayside
The Pi2 pulsation was detected on the dayside with low-latitude ground magnetometers. Detection of the
dayside pulsation was possible because of the absence of strong compressional ultralow frequency (ULF)
waves propagating from the solar wind. Figure 8a shows that the pulsation occurred when Geotail was located
in the solar wind and GOES-15 was located in the postnoon sector approximately over HON. During the∼1-hr
interval centered on the Pi2 event marked by a vertical arrow at the bottom of Figure 8e, the interplane-
tary magnetic field (IMF) magnitude Bt was ∼6 nT (Figure 8b), and the IMF cone angle 𝜃xB (=cos−1(∣Bx∣∕Bt),
Figure 8c) was mostly >60∘, where Bx is the component along the Sun-Earth line. The high-frequency fluctu-
ations seen in Bt and 𝜃xB indicate entries of the spacecraft into the ion foreshock. When 𝜃xB is large, the ion

TAKAHASHI ET AL. 9



Journal of Geophysical Research: Space Physics 10.1029/2018JA025664

Figure 8. (a) Location of spacecraft and ground station in the Solar Magnetospheric coordinate X-Y plane. (b, c)
Magnitude and cone angle of the IMF measured by Geotail. (d) Dynamic spectra of the B𝜇 component at GOES-15.
(e) Dynamic spectra of the H component at HON. GOES = Geostationary Operational Environmental Satellite; HON =
Honolulu; MLT = magnetic local time.

foreshock upstream of the subsolar magnetopause is generally free of strong upstream ULF waves (Fairfield,
1969), and compressional Pc3–Pc4 (7–100 mHz) magnetic field oscillations are suppressed in the dayside
magnetosphere (Yumoto et al., 1985). This IMF effect explains the low level of the B𝜇 spectral power at
GOES-15 at 2200–2300 UT (Figure 8d). The Pi2 pulsation that is seen in the H component power at HON
(Figure 8e) is absent at GOES-15. These observations indicate that the Pi2 pulsation did not propagate to
GOES-15.

Figures 9a–9e compare the B𝜇 component at RBSP-B and the H components at low-latitude (L < 2) ground
stations located at midnight (L’Aquila, AQU), dusk (SJG), dawn (KAK), and noon (HON). The midnight sta-
tion (AQU) detected oscillations with a more complex waveform than at RBSP-B. However, by following the

Figure 9. (a) B𝜇 component at THEMIS-B with the magnitude of the T89c model field subtracted. (b–e) Detrended H
components at four low-latitude stations. The L value calculated from the corrected geomagnetic latitude and the
dipole MLT at 2230 UT are shown in parentheses below the station code. Vertical dashed lines are drawn through the
frequencies of the peaks found in the E∗

𝜙
and B𝜇 PSDs shown in Figure 4b. (f–h) Spectral parameters computed from the

B𝜇 component at RBSP-B and the H component at HON. RBSP = Radiation Belt Storm Probes; MLT = magnetic local time;
PSD = power spectral density; AQU = LŠAquila; SJG = San Juan; KAK = Kakioka; HON = Honolulu.
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Figure 10. Numerical simulation of magnetohydrodynamic waves in a dipole magnetic field. (a). Grid points on selected
dipole field lines (gray dots) and grid points at which power spectral density (PSD) is calculated (red dots). (b) L profile of
the equatorial Alfvén velocity. (c–e) PSD of field components associated with compressional poloidal waves. Arrows
point to the fundamental and second harmonic frequencies.

vertical dashed lines drawn through the peaks of B𝜇 , we confirm the presence of an H oscillation that is ∼180∘

out of phase with B𝜇 . This phase delay is seen at the other three stations as well, including the noon station
HON (Figures 9c–9e). Apparently, low-latitude Pi2 pulsation propagated from midnight to noon with very lit-
tle phase delay similar to Pi2 events reported by Nosé et al. (2006). The power spectrum of HON H exhibits
a peak at 19 mHz, matching the strong peak in the B𝜇 spectral peak (Figure 9f ). At this frequency, the B𝜇-H
coherence is high and the cross phase is∼180∘, consistent with the phase delay noted in the time series plots.
The H spectrum exhibits another peak at 10 mHz. This peak is absent in the B𝜇 spectrum but is present in the
E∗
𝜙

spectrum shown in Figure 4b. To summarize, the ground Pi2 pulsation observed at noon contained the two
spectral components that appeared separately in B𝜇 and E∗

𝜙
at RBSP-B. A qualitatively identical space-ground

relationship has been reported by Takahashi, Anderson, et al. (2003) and Luo et al. (2011), but in their stud-
ies both the spacecraft and the ground magnetometers were located in the midnight sector. These authors
attributed the observations to simultaneous excitation of the fundamental and second harmonic cavity mode
oscillations.

6. Numerical Simulation

We compare the observed Pi2 pulsation with numerically simulated MHD oscillations. The simulation was
run using the code described by Lee and Lysak (1999). The simulation uses 98 × 98 × 98 grid points in the
L-MLT-MLAT space. Figure 10a shows selected grid points. The model mass density has a realistic plasmas-
phere structure, which produces the radial profile of the equatorial Alvén velocity shown in Figure 10b. The
profile shows a positive slope from L = 5 to L = 6 corresponding to the plasmapause density gradient. The
plasmapause location is close to the observation shown in Figure 2c. The outer boundary conditions and
the spatial and temporal specification of the source disturbance are the same as Lee and Lysak (1999). We
show results obtained by imposing the ionospheric boundary condition (𝜇0VAΣP)−1 = 0.3, where 𝜇0 is the
permeability of free space, VA is the Alfvén velocity, and ΣP is the height-integrated ionospheric Pedersen
conductivity.

Figures 10c–10d show the spectral power of the simulated E𝜙, B𝜇 , and B𝜈 oscillations as a function of L and
frequency. The selected field components were sampled in the midnight meridian plane slightly above the
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Figure 11. L profiles of variables from the magnetohydrodynamic simulation shown in Figure 10. The vertical dashed
lines indicate the center of the plasmapause density gradient. The green shading at L ∼ 4.1 (B𝜇 node of the 16-mHz
mode) indicates the location that can explain the observations at RBSP-B and THEMIS-E. The L domains shaded in blue
and orange correspond to the EMMA stations at which H-component pulsations have high coherence with oscillations
detected at the spacecraft, as shown in Figure 7. (a) Equatorial Alfvén velocity. (b–g) Amplitude and phase of the
poloidal components evaluated at 8 mHz. The amplitude is normalized to the maximum value. The phase is defined
relative to the B𝜇 oscillation at the inner edge (L = 2.0) of the simulation domain. (h) Phase of B𝜈 relative to that of E𝜙 at
the spacecraft (black dot in panel c) . (i–o) Same as (a–g) but for 16 mHz. (p) Phase of B𝜈 relative to that of B𝜇 at the
spacecraft (black dot in panel m). RBSP = Radiation Belt Storm Probes; THEMIS = Time History of Events and Macroscale
Interactions during Substorms; EMMA = European quasi-Meridional Magnetometer Array.

magnetic equator at the red grid points shown in Figure 10a. The discrete horizontally extended structures
visible in the spectra correspond to harmonics of the PVR. The lowest mode occurs at 8 mHz, and the next
lowest mode occurs at 16 mHz. These are identified to be the fundamental and second harmonic PVR modes,
respectively. The frequencies, referred to as “f1” and “f2,” are only slightly lower than the observed frequencies
10 and 19 mHz and provide a first piece of evidence for PVR oscillations in the real magnetosphere.

The radial mode structure of the simulated PVRs is also consistent with the observations. Figure 11 shows
the radial mode structures of E𝜙, B𝜇 , and B𝜈 . The Alfvén velocity profile (Figures 11a and 11i) is repeated from
Figure 10b as a reference. For each field component, the amplitude is obtained by taking the square root of
its PSD shown in Figure 10 at the selected frequencies. The amplitude is normalized to the maximum value
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across the L domain of the simulation. The phase is defined relative to the B𝜇 oscillation at the inner boundary
L = 2. At L < 3, B𝜇 and ground H oscillate in phase during Pi2 pulsation events (e.g., Takahashi et al., 1992), so
the phase of H can be used as proxy for the phase of B𝜇 in the low-L region.

The left column of Figure 11 shows the mode structure at the fundamental frequency f1 (= 8 mHz). The E𝜙
component has a peak (antinode) at L = 4.8 (Figure 11b), which is colocated with the minimum (node) of the
B𝜇 component (Figure 11d). The phase of E𝜙 stays close to −90∘ from L = 2 to L = 8. The phase of B𝜇 is ∼0
at L < 3.5, rapidly changes across the node, and stays near −180∘ at L> 5 (Figure 11e). As a consequence,
the relative phase between E𝜙 and B𝜇 is ∼ ±90∘, except near the B𝜇 node, as expected for radially standing
fast mode waves. B𝜈 exhibits an amplitude structure (Figure 11f ) similar to that of E𝜙, and, at L < 4, a phase
structure (Figure 11g) similar to that of B𝜇 . However, at higher L, the phase of B𝜈 differs from that of B𝜇 .

We include Figure 11h to facilitate a comparison of the simulation and the observation shown in Figure 7d. To
generate Figure 7d, we determined the phase of H at multiple ground stations relative to the phase of E∗

𝜙
at a

single point in space. For Figure 11h, we do the same using B𝜈 at multiple grid points and E𝜙 at a single grid
point. The choice of B𝜈 in this case is based on the theoretical prediction that, in the northern hemisphere,
the B𝜈 oscillation associated with a fast mode wave produces a ground H oscillation without phase delay
(Allan et al., 1996; Nishida, 1978). According to this prediction, the E𝜙-B𝜈 cross phase shown in Figure 11h is
equivalent to the E∗

𝜙
-H cross phase shown in Figure 7d. In both figures, the cross phase stays near 90∘ in a

low-L region (L < 4 in Figure 7d and L < 3 in Figure 11h, highlighted by shading in blue). The cross phase
changes as L increases, both in the simulation and observation. For example, at L∼ 8 (highlighted by shading
in orange), the cross phase from the simulation is close to −90∘, consistent with the cross phase ∼−90∘ found
in Figure 7d at the station located at L = 6.48. In the observation, we cannot determine the cross phase around
the plasmapause because of the low satellite-ground coherence.

The right column of Figure 11 shows the mode structure at the second harmonic frequency f2 (= 16 mHz). For
this mode, a node of E𝜙 and an antinode of B𝜇 appear at L∼ 4.1. We consider that RBSP-B and THEMIS-E were
very close to this location during the Pi2 wave event, because the E∗

𝜙
and E𝜙 spectra at these spacecraft exhibit

a peak at 10 mHz (fundamental frequency) but not at 19 mHz (second harmonic frequency), whereas the B𝜇

spectra exhibit the opposite. The B𝜈 component has a node at L = 3 (Figure 11n), which is colocated with an
antinode of E𝜙 (Figure 11j). Accordingly, the B𝜈 phase changes from ∼0 to ∼−180∘ across L = 3 (Figure 11o).

Figure 11p shows the phase of B𝜈 relative to the phase of B𝜇 at the spacecraft location. This phase profile can
be directly compared with the observational result shown in Figure 7h. Both the simulation and observation
show cross phase values close to 180∘ in the low-L region. In addition, the cross phase value of∼−30∘ obtained
in the observation at L = 6.48 (Figure 7h) is not far from the value of ∼30∘ that is obtained from the simulation
at L = 8 (Figure 11p).

There are observations that the PVR simulation does not explain. First, in the observation, the satellite-ground
coherence is low around the plasmapause, including the L shell of the spacecraft. Second, the amplitude of the
observed H oscillations increases with L outside the plasmapause, in contradiction to the decrease observed
in the simulated B𝜈 component. This discrepancy might be explained by an ionospheric effect. However, we
leave investigation of this problem to future studies.

7. Discussion
7.1. Interpretation of the 8 November 2014 Pi2 Event
Our interpretation of the Pi2 event on 8 November 2014 is schematically summarized in Figure 12. The figure
is a modified version of conceptual models presented previously on generation and propagation of Pi2 pulsa-
tions (Imajo et al., 2017; Kepko et al., 2001; Liu et al., 2017; Nishimura et al., 2012; Shiokawa et al., 1998; Sutcliffe
& Lühr, 2010). The first process that leads to excitation of a Pi2 pulsation in the inner magnetosphere (L < 5)
is generation of a bursty bulk (Angelopous et al., 1994). As the flow approaches the inner magnetosphere, it
brakes and generates an earthward propagating fast mode pulse (Liu et al., 2017; Shiokawa et al., 1998). This
pulse excites PVRs (Lee & Lysak, 1999). The spectrum of the incoming fast mode wave can have a peak away
from the PVR frequencies, but the peak needs to be broad enough to cover multiple PVR frequencies. Excita-
tion of standing fast mode waves by an impulsive source disturbance, which has a broad spectrum, has been
confirmed in both simulation and observation (e.g., Takahashi et al., 2018). The quasiperiodic flow oscillation
detected by THEMIS-D (Figure 1j) can be taken to be a series of impulses, with each impulse behaving like
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Figure 12. Illustration of Pi2 generation mechanisms proposed in the literature. See text for explanation.

a single pulse applied on the outer boundary in the numerical simulation. Both the propagating fast mode
pulse and the PVRs are attenuated on the dayside, so that they cannot be detected by spacecraft located near
noon in the inner magnetosphere.

To account for dayside Pi2 pulsations, we need an additional mechanism. Propagation of Pi2s to the dayside
is possible if the Pi2 signal is carried by a current system consisting of field-aligned currents (FACs) on the
nightside and ionospheric currents that are connected to the FACs and extend to the dayside (Imajo et al.,
2017; Sutcliffe & Lühr, 2010). Unlike in the model proposed by Imajo et al. (2017) and Sutcliffe and Lühr (2010),
the FACs in our model result from coupling of the Alfvén mode to the PVR. This coupling may or may not
be field line resonance (Kivelson & Southwood, 1986). Fast mode and Alfvén mode are always coupled in the
inhomogeneous magnetosphere when the modes have a finite azimuthal wave number (Chen & Hasegawa,
1974; Southwood, 1974).

7.2. Comparison With Previously Reported Flow-Driven Pi2 Pulsations
The main result of the present study is that the inner magnetosphere establishes radially standing fast mode
waves or PVRs and that the frequencies of the waves depend on the mass density structure (e.g., the plasma-
sphere). The PVRs are excited by external disturbances that propagate into the magnetosphere as fast mode
pulses. In this regard, we agree with existing Pi2 models that consider the pulses as the driver of inner mag-
netosphere Pi2s. However, as opposed to models in which the fast mode pulses are the cause of individual
peaks of the Pi2 time series (e.g., Kepko et al., 2001), we consider that the fast mode resonances (PVRs) play
a crucial role in determining the frequencies of Pi2 pulsations observed in the inner magnetosphere and at
low-latitude ground stations. Sunward propagation of fast mode waves maintaining the frequency contents
of BBFs or flow braking is certainly possible if there is no obstacle (the Earth) in the path of the waves. In fact,
Liu et al. (2017) reported such propagation using observations with spacecraft located near dawn. However,
the same authors also reported evidence of standing fast mode waves near midnight.

In our event, evidence for standing fast mode waves is strong. The evidence includes the spectral mismatch
between magnetotail flow oscillations at THEMIS-D and Pi2 pulsations in the inner magnetosphere observed
at RBSP-B (Figure 5) and the constant phase of ground H-component Pi2 pulsations over a range of L (Figure 7)
at both of the two dominant frequencies f1 and f2. If fast mode pulses are launched toward the Earth, it is
inevitable that at least part of the pulse energy is reflected back toward the tail, and if the inner magneto-
sphere has a density structure (the plasmapause) to reflect or trap fast mode waves, radially standing waves
should be established. Strong evidence that the inner magnetosphere can sustain radially standing fast mode
waves was recently presented from an RBSP study of dayside ULF waves excited by an interplanetary shock
(Takahashi et al., 2018).

If the BBF frequency matches the PVR frequency, there will be a high degree of coherence between BBF
and PVR waveforms. However, sinusoidal BBF oscillations are not required to drive sinusoidal Pi2 pulsations
because PVR is capable of enhancing externally applied broadband pulses at discrete frequencies. We recog-
nize that there are Pi2 pulsations with very irregular waveforms. In these cases, the pulsations could be directly
driven by fast mode pulses. It may be the case that directly driven Pi2 pulsations prevail if the spectrum of fast
mode pulses does not cover the PVR frequencies. This situation may occur when the rise time of the pulse is
much longer than the fundamental period of the PVR. Slow rise time means a power spectrum that has a low
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cutoff frequency. If the cutoff frequency is lower than the fundamental frequency of the PVR, the plasmas-
phere cannot find fast mode spectral components to resonate with. The fact that we found a strong PVR mode
at both fundamental and second harmonic frequencies implies that the fast mode impulse had a rise time
shorter than ∼50 s, which is the reciprocal of the frequency (∼20 mHz of the second harmonic of the PVR).

7.3. Ground Observations at L> 4
The high satellite-ground coherence at the highest L (on the ground) seen at both frequencies (Figures 7c and
7g) merits attention. A simple explanation for this result is that the high-L oscillations are directly driven by
a source located at high L (e.g., Nishimura et al., 2012). However, this is inconsistent with the low coherence
between Vix and E∗

𝜙
and between Vix and B𝜇 shown in Figure 5, although one could argue that there was

another channel of BBFs that drove the Pi2 pulsations in the inner magnetosphere. An alternative explanation
is that PVR extended beyond the plasmasphere to L∼ 6.5. According to numerical simulation, this is entirely
possible, as Figure 10 shows. Also, evidence of PVR outside the plasmasphere has been reported in a study
that used data from the polar-orbiting Dynamics Explorer 1 spacecraft (Teramoto et al., 2011).

Whether one adopts the PVR model or the BBF model, an important question to ask is why the space-ground
coherence is low at L = 4–6. RBSP-B, located at L ∼ 5, detected well-defined dual-frequency Pi2 oscillations,
whereas ground magnetometers located near the footprint of the spacecraft did not. A possible reason for this
observation is that ground magnetic field variations were affected by currents flowing in the ionosphere. Pre-
cipitation of auroral particles can time modulate the ionospheric conductivity, and the particles carry currents
into and out of the ionosphere. Another possibility is the influence of local FLRs. FLRs can be simultaneously
excited with fast mode Pi2 waves (Keiling et al., 2003; Takahashi et al., 1996), and if they propagate to the
ground, they can mask ground pulsations that originated from fast mode Pi2.

7.4. Current System for Dayside Pi2
Sutcliffe and Lühr (2010) suggested that dayside Pi2s are produced by currents flowing between the iono-
sphere and the ground and that the currents are connected to the substorm current wedge via FACs flowing
on the nightside. This mechanism could explain our dayside observations as well. To account for our observa-
tions, however, the current system needs to be connected to the region of PVRs, not to the auroral zone. In an
inhomogeneous magnetosphere, fast mode and Alfvén mode are always coupled and it is possible for PVRs
to drive FACs in the plasmasphere. A quantitative model thus needs to incorporate the coupling between
PVR and FAC using MHD equations, and then the FAC needs to be connected to the ionospheric currents
self-consistently. Existing models for the ionospheric Pi2 current system (Imajo et al., 2017; Sutcliffe & Lühr,
2010) do not include source mechanism of the Pi2 waves, so further modeling efforts are necessary.

8. Conclusions

We have studied the spatial and spectral properties of a Pi2 pulsation event using data from multiple space-
craft and ground magnetometers. The event was associated with a flow-braking oscillation detected in the
midnight sector by THEMIS-D just outside the geostationary orbit when RBSP-B and THEMIS-E were also in
the midnight sector within the plasmasphere and above the EMMA ground magnetometer array. Propagation
of the pulsation to other local times was confirmed by low-latitude ground magnetometers. This distribution
of measurement points in the midnight sector allowed us to discuss the relationship between the flow oscil-
lation and Pi2 pulsation and the spatial mode structure of the electric and magnetic fields of the pulsation.
The observations were compared with numerically simulated PVR oscillations. Our findings are summarized
as follows.

(1) There is little evidence of pulse-by-pulse driving of the Pi2 pulsation by the flow oscillation.
(2) The pulsation consisted of two frequencies, 10 and 19 mHz, with a weak third at 29 mHz.
(3) At RBSP-B and THEMIS-E, the 10-mHz oscillation was detected only in the azimuthal component of the

electric field, while the 19-mHz oscillation was detected only in the compressional component of the
magnetic field.

(4) On the ground, stations located at L < 5 detected both frequencies.
(5) The L profile of the phase of the ground Pi2 agrees with the result of the numerical simulation.
(6) Dayside Pi2 pulsation detected on the ground is not the result of direct propagation of the PVR mode to

the dayside.
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