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Abstract Global Pi2 pulsations have mainly been associated with either low/middle latitudes or middle/
high latitudes and, as a result, have been treated as two different types of Pi2 pulsations, either the
plasmaspheric cavity resonance or the transient response of the substorm current wedge, respectively. However,
in some reports, global Pi2 pulsations have a single period spanning low/middle/high latitudes. This “super”
global type has not yet been satisfactorily explained. In particular, it has been a major challenge to identify
the coupling between the source region and the ground. Here we report two consecutive super global Pi2
events which were observed over a wide latitudinal and longitudinal range. Using four spacecraft that were
azimuthally spread out in the nightside and one spacecraft in the tail lobe, it was possible to follow the Pi2
signal along various paths with time delays from the magnetotail to the ground. Furthermore, it was found
that the global pulsations were a combination of various modes including the transient Alfvén and fast modes,
field line resonance, and possibly a forced cavity-type resonance. As for the source of the Pi2 periodicity,
oscillatory plasma flow inside the plasma sheet during flow braking (e.g., interchange oscillations) is a likely
candidate. Such flow modulations, resembling the ground Pi2 pulsations, were recorded for both events.

1. Introduction

The search for the source of geomagnetic pulsations on the ground dates back to the beginnings of space
physics. A particular type of pulsation is the Pi2. Defined as irregular pulsations in the period range from 40 s
to 150 s, Pi2 pulsations (hereafter, Pi2s) also show a range of variations in other properties. One striking
property is their spatial extent, which can range from being localized in magnetic local time (MLT) and/or
invariant latitude to globally occurring, spanningmany hours of MLT, and reaching from low to high latitudes.
This variability in the spatial extent is assumed to be a manifestation of different generation mechanisms [see
review by Keiling and Takahashi, 2011].

Global Pi2s have been attributed to the plasmaspheric cavity resonance (PCR), a system eigenmode of the
plasmasphere [e.g., Yeoman and Orr, 1989; Lin et al., 1991; Takahashi et al., 1995]. Theoretical and numerical
results of the PCR can be found in, for example, Southwood and Kivelson [1990], Allan et al. [1996], and Lee
[1998]. While the PCR is confined to plasmaspheric field lines (Figure 1a), in a modification of the PCR, wave
energy escapes the plasmasphere to appear in the plasma sheet (Figure 1b). Lee and Lysak [1999] referred
to this phenomenon as plasmaspheric virtual resonance (PVR). Observational evidence for the PVR model
was provided by Kim et al. [2005], who reported coherent Pi2 in the lobe and at low latitudes, and others
[Teramoto et al., 2008, 2011]. In the PVR model, the Pi2 amplitude is expected to decrease outside the
plasmasphere [Takahashi et al., 2003a; Teramoto et al., 2011]. Another type of global Pi2, spanning middle
and high latitudes, is caused by oscillations of the substorm current wedge (SCW) [e.g., see review by
Baumjohann and Glassmeier, 1984]. The associated oscillation periods are typically longer than those of the
PCR/PVR-Pi2s [e.g., Yumoto et al., 1994], and their largest amplitudes lie in the auroral zone, typically at high
latitudes [Samson, 1982].

In some reports, however, global Pi2 pulsations have a single period, while spanning low/middle/high
latitudes with their largest amplitude at high latitude [e.g., Samson and Harrold, 1983; Yumoto et al., 1990].
This suggests that the source of these Pi2s lies in the outer magnetosphere (i.e., beyond the plasmasphere).
Here in order to distinguish those from the global Pi2s that have been associated with the two global types
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mentioned above, we will call such Pi2
events super global. The source of super
global Pi2s has not yet been unambiguously
identified. It is important to distinguish
them from cases where Pi2s with different
periods occur simultaneously from low to
high latitudes. In such cases, it is assumed
that more than one Pi2 generation
mechanism operates. For example, Li et al.
[1998] reported Pi2 events that displayed
two periods at different latitudes and
argued that at low and middle latitudes,
the PCR operated, while at high latitude,
the transient responsemechanismoperated.
However, for super global Pi2s, it is assumed
that only one generation mechanism
operates, albeit with several different
propagation paths from their origin to the
ground [e.g., Uozumi et al., 2009].

While cavity resonance—an eigenmode of
the system—has initially been invoked to
explain low-latitude/midlatitude global
pulsations, it has been pointed out that
forced driving of the system could in
principle generate such Pi2s as well [Itonaga
et al., 1997; Takahashi et al., 1999]. Figure 1c
schematically shows the forcing by a
high-latitude source. Some observational

evidence for the forcing mechanism has been put forward [Kepko and Kivelson, 1999; Kepko et al., 2001],
where it was argued that the observed low-latitude flank Pi2, and midlatitude Pi2 were driven by
velocity modulations in fast plasma flows (bursty bulk flows (BBFs)) inside the plasma sheet, which
would subsequently couple to MHD waves in the inner magnetosphere. In addition, it was speculated
that low-latitude, nightside Pi2 could also be generated by this mechanism. An alternative scenario for
high-latitude forcing was proposed by Keiling et al. [2006, 2008], who showed evidence that some
ground Pi2s are directly controlled by the reconnection site (referred to as reconnection-driven Pi2s).
Although the source for the BBF-driven Pi2 of Kepko et al. [2001] could be tail reconnection as well, their
propagation model is different as compared to that of the reconnection-driven Pi2 model of Keiling et al.
[2006, 2008]. The latter suggested that in addition to the flow modulations in the plasma sheet, Alfvénic
variation on high-latitude flux tubes carried the Pi2 signal faster to high latitudes on the ground, where
Pi2s were first observed.

Field line resonance (FLR) is also a system eigenmode, not of the entire cavity but a flux tube, which can be
driven by either PCR/PVR or a broadband compressional source. Both drivers lead to two distinct Pi2s
associated with FLR. In the case of PCR/PVR, the monochromatic cavity oscillations excite FLR in a narrow,
latitudinal range, namely, where the eigenfrequency of the field linematches the frequency of the cavity [see,
e.g., Southwood, 1974 for theory and Keiling et al., 2001 and Collier et al., 2006 for observations]. When excited
by a broadband compressional pulse, L-dependent FLRs are established for which the period varies since the
field line eigenfrequency varies with L value [Takahashi et al., 1996; Kim et al., 2001; Keiling et al., 2003].
Whereas in the broadband-pulse scenario, the period of the FLR determines the period of the ground Pi2. In
the PCR scenario, the eigenfrequency of the cavity determines this period, and the FLR is only an
intermediate step along the propagation path.

While our understanding of the coupling of the Pi2 signal from the magnetospheric source to the ground has
greatly benefited from spacecraft observations over the past 15 years [e.g., Osaki et al., 1998], verifying
individual propagation legs in space is still a challenge. This is particularly true for the outer-magnetospheric

(a) Cavity resonance

(b) Plasmaspheric virtual resonance

(c) Forcing by a high-latitude source
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Figure 1. [Modified after Takahashi et al., 1999] (a–c) Three scenarios
for the generation of Pi2 pulsations. In each scenario, the Pi2 signal
is transmitted across field lines by the MHD fast mode.
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Pi2 models, which offer more propagation paths due to a larger space available. In fact, no observational
evidence yet exists for the global magnetosphere-ionosphere (M-I) coupling of the outer-magnetospheric
Pi2 models, even though several studies have proposed various propagation models (see section 7 for more
discussion and the review by Keiling and Takahashi [2011]). This coupling from the Pi2 source to the ground
is the main topic of this paper.

Here we report two consecutive super global Pi2 events for which we reveal different propagation
paths and speculate on their generation mechanism. The events were observed on the ground and in
space, covering more than 9 h MLT and from low to high latitudes, including the lobe field lines. In
addition to an extended ground network, data from four azimuthally separated spacecraft in the
nightside (two in the plasma sheet and two at geosynchronous orbit) and one spacecraft in the tail
lobe were used, allowing us to investigate the propagation of the Pi2 signal through space from the
magnetotail to the ground. From in situ data, it was determined that the pulsations were a
combination of various modes including field line resonance, cavity mode, and possibly transient
Alfvén waves. Furthermore, it is shown that the periodic source of the pulsations was located in the
outer magnetosphere, ruling out the global resonance mode (PCR) inside the plasmasphere mentioned
above. As shown later, we also rule out the PVR mechanism. While it is clear that the source was
located on high latitudes, it is still somewhat speculative to identify the actual driver mechanism.

The paper is organized as follows: Section 2 provides a brief description of the various satellites and
ground magnetometer networks utilized and a first comparison of ground and space data, illustrating
the widespread appearance of the pulsations. A closer comparison of ground and space data follows
in later sections. Sections 3 and 4 separately deal with the pulsation signatures on the ground and
in space, respectively. To infer a possible driver of the super global Pi2s, in section 5, we present
flow bursts, as observed in space, which might be related to the Pi2s. Section 6 shows some
auxiliary data for a separate Pi2, which is not necessarily required for this study, and the reader may
wish to skip this section. The paper finishes in sections 7 and 8 with a discussion and conclusion of
the observations and a possible Pi2 model, which includes both a generation mechanism and a
propagation model.

2. Overview

For this study, we utilized data from the Time History of Events andMacroscale Interactions during Substorms
(THEMIS) spacecraft [Angelopoulos, 2008], two Geostationary Operational Environmental Satellites (GOES)
spacecraft, the Geotail spacecraft [Nishida, 1994] and data from the ground magnetometer networks of
THEMIS [Russell et al., 2008; Mann et al., 2008] and the Midcontinent Magnetoseismic Chain (McMAC) [Chi
et al., 2013] to analyze the two Pi2 events, occurring on 25 February 2008. We incorporated magnetic field
[Auster et al., 2008] and particle data [McFadden et al., 2008] from THEMIS, magnetic field [Kokubun et al.,
1994] and particle data [Mukai et al., 1994] from Geotail, and magnetic field data from GOES. The reader is
referred to the relevant instrument papers.

Figure 2 shows the locations of the spacecraft together with the different spacecraft coordinate systems
(more description is provided later) used in this study. Figure 2a shows the magnetic field configuration
at two times, as derived from the adapted time-dependent magnetospheric model of Kubyshkina et al.
[2009]. A clear dipolarization of the magnetic field from 1003 UT to 1004 UT can be identified, a conclusion
which is confirmed in the data from, for example, TH-D (shown below). Figure 2b illustrates the wide
azimuthal spread of the spacecraft’s locations near the equatorial plane, a constellation that is
advantageous for analyzing the propagation of the Pi2 signals. At the time of the ground Pi2s, TH-A and
TH-D were in the plasma sheet, as determined from particle data, albeit on different L shells. They were
azimuthally separated by ~3 h MLT. GOES 11 and GOES 12 were located postmidnight and near the
dawn flank, respectively. Being on geosynchronous orbits, both GOES spacecraft were likely located
outside the plasmasphere at the times of the Pi2s, albeit no particle data were available to confirm it
(see justification below). While Geotail was in the tail lobe during the first Pi2, it was just entering the
plasma sheet boundary layer during the second Pi2, as confirmed from particle data (shown later).
Figure 2c shows the locations of the THEMIS ground magnetometer stations. Spacecraft footprints are
labeled, corresponding to the average location between 1003 and 1004 UT. For the mapping, we used
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the above-mentioned time-dependent magnetospheric model for THEMIS and Geotail and the T96
model [Tsyganenko, 1995] for both GOES spacecraft. The two dashed lines, labeled 1000 UT and 1030 UT,
mark the magnetic midnight meridian at those times. Both times are close to the times of the Pi2 events
investigated here. The locations of the McMac ground stations are shown in a separate map (see below).

As an overview, Figure 3 combines data from four spacecraft (TH-A, TH-D, GOES 12, and Geotail) and one
ground station (Fort Smith, FSMI). For each respective instrument, the time signal and its wavelet transform

(a)
(b)

(c)

Figure 2. Constellation of spacecraft and ground magnetometer stations on 25 February 2008. (a) Meridional (X-Z)
plane showing the magnetic field of the magnetotail at two times (1003 UT and 1004 UT), calculated using the
adapted time-dependent magnetic field model (see the text). The magnetic field lines threading TH-A, TH-D, and
Geotail are projected onto the plane. (b) Equatorial projections of TH-A, TH-D, Geotail, GOES 11, and GOES 12 onto
the X-Y plane. The coordinate systems used for each spacecraft are shown. The two dashed circles indicate the
geosynchronous orbit and the 10 RE geocentric distance. (c) The THEMIS array of ground stations. The footprints of
the various spacecraft are marked. The two dashed lines, labeled 10:00 UT and 10:30 UT, mark the magnetic midnight
meridian at those times.
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are shown. All wavelet transforms show
enhanced wave activity in the frequency
range between 8 and 10mHz during the
time intervals A and B (see the labels
above Figure 3a). This wave activity is
also visible in the waveforms. The two
large-amplitude Pi2 events, recorded
at the high-latitude (L= 6.8), auroral
zone ground station FSMI, were also
recorded at middle and low latitudes, as
will be shown in section 3. Both THEMIS
spacecraft (TH-A and TH-D) recorded
periodic plasma flow modulations
during the ground Pi2s. The waveforms
of the flow data were low-pass
filtered (30 s). The last four panels
show the magnetic field data from
GOES 12 and Geotail. Although the
Pi2s are not so clearly visible in the
waveforms (Figures 3g and 3i) with the
chosen ordinate scale here, in section 4,
the data are shown again in more detail.
However, in the wavelet transforms, the
first Pi2 clearly stands out for both GOES
12 and Geotail. While the second Pi2 is
also easily discernable for GOES 12,
there are significant other frequency
components present for Geotail, making
an identification more difficult (see more
discussion in section 4).

3. Global Mode on the Ground

To illustrate the spatial extent of the
ground Pi2s, waveform comparisons of
magnetometer data from the two ground
networks (THEMIS and McMAC) are
shown in this section. The propagation

characteristics of the Pi2s are inferred from time delays to the ground stations. Furthermore, we
determined the polarization pattern of the ground Pi2s, which could help with identifying the
generation mechanism and the source location.

Both ground Pi2s were recorded over a wide range of latitude and longitude. Figure 4 shows a selection
of magnetograms from the THEMIS ground network, spanning much of North America (cf. Figure 2c).
The first two panels show the data from high-latitude, auroral zone stations (Fort Simpson, FSIM; Fort
Smith, FSMI); the remaining panels show the data from midlatitude stations (2< L< 5). Whereas the
amplitudes of the Pi2s at high latitude reached values up to 40 nT, they were less than 4 nT at middle
latitudes (note the different y scales in each panel). Using the data from the McMAC network (Figure 5),
we confirmed that both Pi2 events were present at low latitude (L< 2) as well, albeit with amplitudes
less than 2 nT.

From Figures 4 and 5, it can also be concluded that the ground Pi2s at L< 5 (i.e., low and middle latitudes)
were in phase (see the green dashed lines), while the high-latitude Pi2s at FSMI and FSIM started
before the low-latitude and midlatitude Pi2s. Important to note is that these high-latitude stations also
showed time delays with other high-latitude stations, such as GILL (Gillam) and SNKQ (Sanikiluaq).

a

c

e

g

i

b

d

f

h

j

Figure 3. Overview of selected ground and spacecraft data in waveform
and wavelet (Morlet) format for 25 February 2008: (a and b) H component
(pointing north) of the ground magnetometer data of the high-latitude
station FSMI; (c and d) flow velocity of ions from TH-A, data were low-pass
filtered (30 s); (e and f) flow velocity of ions from TH-D, data were low-
pass filtered (30 s); (g and h) E component (radial) from GOES 12; and
(i and j) Bx component from Geotail. The wavelet format is split in two
halves (separated by a white bar), using different color bar scales. The
right half uses the exponent in parentheses. The two Pi2 events (A and B)
of interest for this study are marked above the first panel. PK is the
Kolmogorov’s power.
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Figure 6 demonstrates these
relationships in more detail. First, the
two high-latitude, auroral zone stations,
SNKQ and FSMI, are separated by more
than 3 h MLT. The best correlation of
their waveforms for both Pi2 events
(A and B) is achieved by shifting the
SNKQ signal by approximately �80 s.
Similarly, the midlatitude stations
(Prince George, PGEO; Pine Ridge, PINE;
and Ukiah, UKIA) require a time shift of
�60 s to achieve the best correlation for
both Pi2 events. These variable time
shifts suggest propagation effects of
the Pi2 signal from a common source,
as further discussed in section 7.

One additional comment should be
made with regard to this waveform
comparison. A casual look at Figure 4
could suggest that there may be a
phase reversal (180° phase shift)
between the high-latitude Pi2 and the
midlatitude Pi2 (e.g., FSMI and PGEO)
rather than a time delay. However,
various high-latitude stations have
different time delays with respect to the
midlatitude stations, thus suggesting a
propagation effect (i.e., a time delay).
Further, the amplitude variations (i.e.,
the envelope) among the individual
pulses align better with a true time shift,
especially for event B. We thus conclude
that a time delay is in fact present.

An analysis of the polarization axes of
the midlatitude Pi2s revealed some
rotation (Figure 7). For the first Pi2
(event A), the rotation was “classical”
in that the polarization axis pointed
northeast, west of a center meridian
(at or near Athabasca (ATHA), in this
case) and northwest, east of this center
meridian. Such a signature has been

associated with the transient response Pi2, which is caused by the oscillating substorm current wedge
[e.g., Lester et al., 1983]. However, it has also been argued that this rotation pattern exists for PCR-Pi2s [e.
g., Allan et al., 1996; Pekrides et al., 1997]. For the second Pi2 (event B), one finds a similar pattern
around ATHA, but additionally, a second center meridian appeared between Kapuskasing (KAPU) and
Chibougamau (CHBG). The significance of the various polarizations is discussed in section 7.

Returning to Figure 6 for an analysis of the larger-scale, horizontal current signatures (ionospheric
electrojets), the first two panels show unfiltered ground magnetometer data from two ground stations
for comparison. Inuvik (INUV) recorded two H bays (starting at lines 3 and 4) around the times of the
two Pi2 events. However, the superposed oscillations have a different period compared to events A and
B. Furthermore, for event A, it is clear that the Pi2 started (line 2) before the H-bay onset, ruling out a
causal connection. We concluded that this current system did not cause the Pi2s of events A and B.

Figure 4. Magnetometer data from various THEMIS ground stations for
25 February 2008. Their respective L values are 6.8 Fort Simpson
(FSIM), 7.1 Fort Smith (FSMI), 3.8 PrinceGeorge (PGEO), 3.0 Hot Springs (HOTS),
2.5 Ukiah (UKIA), 2.0 Carson City (CCNV), 4.1 Pinawa (PINA), 3.1 (Fort Yates),
2.7 Pine Ridge (PINE), 3.9 Kapuskasing (KAPU), 2.9 Remus (RMUS), and
4.1 Goose Bay (GBAY) [see Russell et al., 2008]. Data from the high-latitude
stations (FSIM and FSMI) were detrended (300 s). The H component
points to geomagnetic north. The two Pi2 events (A and B) are clearly
visible and are marked above the first panel with green bars. The vertical
dashed lines are centered on both Pi2 events.
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Additional data can be found in
section 6, where more details about
the currents and a separate, shorter-
period Pi2 are shown. However, we
emphasize that this shorter-period Pi2
is not the focus of this paper, and
the reader could skip this section. In
contrast to the larger-amplitude bay
at INUV, FSMI recorded a gradual H
deflection for the first event (starting at
line 1) with a peak drop of approximately
140 nT, which is less than for typical
substorms. This current was also
recorded at FSIM and farther east
(e.g., GILL and Rankin Inlet (RANK). In
section 5, we show that this current
might be associated with the onset
of plasma flow and the accumulation
of plasma in the plasma sheet. The
Pi2s (events A and B) were superposed
on the current signature (e.g., see
Figures 6b and 6c), suggesting a
causal relationship.

4. Wave Modes in Space

The ground Pi2 pulsations have their
counterpart in the magnetosphere.
Here we investigated data from five
spacecraft which were azimuthally
separated over nearly the entire
nightside while located in different
regions in the magnetotail, including
the plasma sheet, the plasma sheet
boundary layer (PSBL), the tail lobes,
and possibly also the plasma trough
(cf. Figures 2a and 2b). Four of them
recorded Pi2 pulsations in MHD waves,
illustrating the signal propagation
from the source near midnight to the
flanks and into the tail lobe, as shown
in this section. The fifth spacecraft
recorded flow modulations resembling
Pi2s which is discussed in section 5.

4.1. At THEMIS-A

Located in the dusk flank, TH-A recorded
both Pi2 events (A and B). In Figures 8a–8c, the ion flow velocity is compared with magnetometer data from two
ground stations, one high-latitude station (FSMI) and one midlatitude station (PINE). Even though TH-A was
not conjugate to either ground stations, a good correlation between ground and space waveforms
exists. The good correlation at widely separated observation points (cf. Figure 2c) illustrates the global
nature of the Pi2 events. In the following presentation of TH-A data, we focus on event A, but note that
the discussion can also be applied to event B.

A B

30

45

60

75°

300 330 0

Figure 5. Geographical map and magnetometer data (H component)
from McMAC ground stations for 25 February 2008. Their respective
L values are 2.86 Worthington (WRTH), 2.58 Bennington (BENN), 2.28
Americus (AMER), 1.99 Purcell (PCEL) , 1.87 Richardson (RICH), 1.66 San
Antonio (SATX), and 1.53 Lyford (LYFD) [see Chi et al., 2013]. Two Pi2
events (A and B), related to those shown in Figure 4, are marked with
green bars above the first time series panel. The vertical dashed lines
are centered on both Pi2 events.
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Figures 8d–8g show the toroidal and
poloidal components of v and B in a
field-aligned coordinate system, where
X_FAC points radially toward the Earth,
Y_FAC points azimuthally west, and
Z_FAC is the magnetic field-aligned
component. The Pi2 pulsations can
clearly be seen in the toroidal
components, δBy and δvy. A phase shift,
shown in more detail in Figure 9a,
between the magnetic (δBy) and flow
(δvy) perturbations of the Pi2 existed.
After applying a Hilbert transform to δvy,
both components are in phase (Figure 9b),
indicating that the phase shift was 90°.
Since for Alfvén waves B and v oscillate
in the same plane, the phase shift
indicates a standing Alfvén wave, likely
a field line resonance because the field
line is closed. The last two panels of
Figure 9 demonstrate that the wave was
linearly polarized in the azimuthal
direction for both the magnetic field
and the flow velocity.

The ion density and the total magnetic
field (Figures 8h and 8i, respectively)
oscillated out of phase during the Pi2
event. In a similar manner, the total
magnetic field and the ion pressure
oscillated out of phase. This pressure-
balanced structure displayed a period in
the spacecraft frame that was different
than the Pi2 period, and therefore, it
appears that it was not directly coupled
to the Alfvén mode. The role of this
structure is unclear in the context of
this Pi2 event. The energy-time
spectrograms of ions and electrons in

Figures 8k and 8l show energies that are greater than 1 keV, which is indicative of the plasma sheet. Therefore,
the Alfvénic oscillations occurred inside the plasma sheet.

4.2. At GOES 11 and GOES 12

Two GOES spacecraft were well positioned to capture the Pi2 signal propagation from near-midnight
toward the dawn flank (cf. Figures 2a and 2b). Figure 10 compares GOES data with the ground
magnetometer data from SNKQ, a near-conjugate station to GOES 12. The coordinate system used is
the GOES-specific ENP coordinate system (P, perpendicular to the satellite orbital plane; E, perpendicular
to P and directed earthward; and N, perpendicular to both P and E and directed eastward). Both
spacecraft recorded events A and B in the compressional (Figures 10c and 10e) and transverse (Figures 10b
and 10d) components. Note that the GOES 11 time series was time shifted by +95 s. While there is good
correlation among all the four GOES panels (Figures 10b through 10e) for event A, event B is not as
clear in some components (e.g., Figure 10c). It is characteristic that the amplitudes of the Pi2s were smaller
at GOES 12 compared to GOES 11, which is consistent with the scenario in which fast mode waves, launched
toward the Earth from the magnetotail, first reached GOES 11, then GOES 12, which was located farther away

a

b

c

d

e

f

g

Figure 6. Waveform comparison for both Pi2 events on 25 February 2008
using selected ground stations (see Figure 2c for a map and the caption
of Figure 4 for the L values of the stations): (a) unfiltered H component
of INUV, (b) unfiltered H component of FSMI, (c) filtered (30 s and 200 s)
and time-shifted H component of FSMI, (d) filtered (30 s and 200 s) and
time-shifted H component of SNKQ, (e) unfiltered H component of PGEO,
(f) unfiltered H component of PINE, and (g) unfiltered H component of
UKIA. The stations are ordered by decreasing L value. Several vertical lines
were drawn (see the text for explanations).
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in the dawn flank (cf. Figure 2b). The fast mode waves then coupled to the Alfvén mode along field lines [e.g.,
Itonaga and Yoshikawa, 1996]. Although we find that the data are consistent with propagation effects, we
point out that in the case of PCR/PVR, amplitude variations would also occur along a field line at different
magnetic latitudes due to the nodal structure (see last paragraph of this section for the magnetic latitude of
the GOES spacecraft).

Since the Alfvén mode propagates along field lines, one might expect that the pulsations also reached
the conjugate ground location. SNKQ was the closest station to the footprint of GOES 12, and the data
(Figure 10a) indeed indicate a high degree of similarity (cf. Figures 10a and 10b), allowing for a time delay
of 18 s, which is consistent with the Alfvén transit time from GOES 12 to the ground. It is noted that a
positive deflection in E at GOES 12 would correspond to a negative deflection in the top ionosphere above
SNKQ. Indeed, a better correlation is obtained when inverting the signal at SNKQ, as done in Figure 10a.
One complication is that the wave polarization undergoes a rotation as the waves propagate through the
ionosphere. While Hughes [1974] proposed a 90° rotation of the polarization ellipse, this number has been
lowered by others [e.g., Glassmeier, 1984; Sciffer et al., 2005], and, recently, it was argued for a specific
event to be 40° [Ponomarenko and Waters, 2013]. Here the Pi2 waves were circularly polarized (see the
next paragraph) such that it is not possible to identify the rotation angle.

In Figures 11a and 11b, magnetic field hodograms for SNKQ and GOES 12 are shown. Both show nearly
circular polarized waves. A counterclockwise rotation at GOES 12 in the equatorial plane (viewed from the
north) corresponds to a clockwise rotation at SNKQ (see also the cartoon in Figure 11c). This relationship is
consistent with the Alfvénic coupling scenario between both observation points.

As for TH-A, it is also desirable to determine whether the GOES spacecraft were inside or outside the
plasmasphere. GOES 11 and GOES 12 were located at L = 6.7 (4.7° magnetic latitude) and L = 6.8 (9.9°),
respectively. Although GOES spacecraft are typically outside the plasmasphere because the plasmapause

Figure 7. Hodograms for both Pi2 events (A and B) from midlatitude stations, as indicated by thicker circles, of the THEMIS
network. The position left to right corresponds to west to east. The dashed lines correspond to the polarization axes.
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moves rarely beyond L = 6, the
instrumentation onboard GOES does
not allow making this determination.
In the past, other studies have applied
plasmapause models to infer the
plasmapause location. Such models
often take the Kp index as an input -
parameter. The Kp was 1+ or less during
the preceding 24 h of the Pi2 events,
which would place GOES outside the
plasmasphere, applying two popular
models [Chappell, 1972; Carpenter and
Anderson, 1992]. However, the model
results only apply in an average sense,
and in individual cases, the L value of the
plasmapause can deviate significantly.
Alternatively, we can project to GOES
longitude from TH-A’s plasmapause
identification by using its measurements
of the spacecraft potential [Pederson,
1995]. TH-A traversed the plasmapause at
least twice during one full orbit. However,
neither the longitude nor the time of
crossings corresponded to those of the
GOES spacecraft. Considering the following
three crossings of the plasmapause on
inbound and outbound orbits at (1) L~5.5
(0300 UT) dusk side, (2) L~6.5 (0830 UT)
dawn side, and (3) L~8.0 (2030 UT) dusk
side, it appears as if the plasmapause
moved continuously outward. This could
place the GOES spacecraft inside the
plasmapause at 1000 UT and 1030 UT,
the approximate occurrence times of
both Pi2 events. However, we do not
know when the plasmapause moved
outward. For example, while Kp was
around 1+ before the Pi2 events, Kp
reduced to 0+ after 1200 UT until 20:30
UT, which might explain an unusually
large plasmasphere (L~8) and perhaps
an enhanced outward motion after the
second Pi2 event. Additional
complication is the MLT dependence
of the plasmapause location [O’Brien
and Moldwin, 2003]. Therefore, we
conclude that the TH-A’s plasmapause
locations cannot be reliably projected to
the longitudes of GOES 11 and GOES 12.

4.3. At Geotail

In recent years, the number of studies reporting Pi2 pulsations in the tail lobes has continuously increased
(see section 1 for references). Geotail was suitably located at approximately�10.9, 1.9, and 2.1 RE (cf. Figure 2)
to test this possibility for the events under investigation here, as well. From the electron and ion data
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Figure 8. Comparison of ground data at high and middle latitudes with
spacecraft data recorded in the dusk flank on 25 February 2008: (a–c)
Ground magnetometer data (H component of FSMI and PINE) and
spacecraft data (ion flow velocity of TH-A). To achieve maximum corre-
lation, the data from PINE and TH-A were time shifted. The vertical lines
emphasize the similarity of both Pi2s (A and B) for the different signals.
(d–l) Field and particle data from TH-A for event A. Magnetic field and
flow data (Figures 8d–8g) are presented in field-aligned coordinates (see
text for explanation).
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(Figures 12e and 12f), it can be inferred
that Geotail was inside the tail lobes
during event A and just entering the
PSBL as event B started (cf. Figure 12a).
The latter is likely due to the expansion
of the plasma sheet over Geotail as this
time coincides with a dipolarization. The
increase in Bz starting at approximately
10:02 UT and 10:26 UT is the lobe
signature of two dipolarizations, as
will be further shown in the next
section (section 5).

During event A, a Pi2-like disturbance
was recorded in Bx (Figure 12b), which
corresponds to compressional waves. In
Figures12i and 12j, the disturbance is
enlarged; the data of Figure 12j were
also band-pass (15 s and 300 s) filtered.
The comparison with the ground Pi2 at
FSMI clearly shows similarity (Figure 12h).
Moreover, the temporal coincidence
makes it highly likely that both signals
were caused by the same event. It is
noted that the stations Ft. Yukon (FYKN)
and Inuvik (INUV), which were closest to
the Geotail’s footprint (cf. Figure 2), show
much less similarity (Figure 12g). This
could possibly be explained with an
additional current wedge that was
observed over the Alaskan stations, as is
further described in section 6.

The ground-space comparison during the second Pi2 (event B) is not convincing enough as to unambiguously
argue for a relationship (Figures 12k–12n). Although we showed in Figure 3j that wave activity in the Pi2
range was present at Geotail, the direct comparison of waveforms is ambiguous. Figures 12m and 12n show
two components, Bx and By. While there is some similarity between FSMI and Bx, there is some similarity
between FYKN and By (note that the By perturbations are likely Alfvénic [e.g., Keiling et al., 2000]). It is clear that
the PSBL is an important transport region of waves and particles [Eastman et al., 1984], so that perhaps the
reduced similarity can be explained with additional, superposed activities. It is also noted that during the first
pulse of the ground Pi2 at FSMI, Geotail was not yet inside the PSBL.

5. Flow Bursts in Space

Located near magnetic midnight at approximately 11 RE geocentric distance in the magnetotail, TH-D
recorded enhanced flows during both ground Pi2 events, as was already shown in section 2. Here we
provide a more detailed comparison of the flows and the ground Pi2s (Figure 13). Figure 13a shows
unfiltered magnetometer data from FSMI followed by the same but band-pass filtered (30 s and 200 s)
data in Figures 13b and 13c. For the comparison with the flow (vx) in Figure 13d, which was low-pass
filtered at 30 s, the ground data time series were time shifted. While the 15 s shift yielded a better
correlation for event B, the correlation was better for event A with a 120 s shift. In both cases, there is a
significant (but not perfect) similarity for suggesting a causal relationship between flows and ground Pi2s. In
section 7, we further develop this idea, suggesting that flows located farther out in the magnetotail caused
both the flows at TH-D and the ground Pi2s. Additionally, we provide reasons why some difference between
both signals could occur.

a

b

c d

Figure 9. (a) Waveform comparison of the magnetic field (δBy) and flow
data (δvy) recorded at TH-A for the Pi2 event A on 25 February 2008. (b)
Comparison with the Hilbert transform of δvy. (c and d) The bottom two
panels show hodograms for both magnetic field data and flow data. Both
show nearly linearized polarization in the azimuthal (toroidal) direction.
The data are presented in field-aligned coordinates (see the illustration of
the coordinate system in Figure 2b).
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Figure 10. (a–e) Waveform comparison of both Pi2 events (A and B) of ground magnetic field data (SNKQ) and magnetic
field data from two spacecraft, GOES 12 and GOES 11, for 25 February 2008. E is the radial component, and “Tot B” is the
total magnetic field. The waveforms in Figures 10a, 10d, and 10e are time shifted. The time series for SNKQ is inverted (see
the text for an explanation). Vertical solid lines emphasize the similarity of the pulsations.
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Figure 11. Space-ground conjugacy near the dusk flank on 25 February 2008 for the Pi2 event A: (a and b) hodograms for
ground magnetometer data (SNKQ) and space magnetic field data (GOES 12). Both observation points are near-conjugate.
(c) Cartoon illustrating the possible coupling between GOES 12 and SNKQ. Both show circularly left-handed polarized waves.
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Figure 12. Comparison of ground data with Geotail data recorded on 25 February 2008: (a) H component of FSMI, (b–d) three
magnetic field components of Geotail, and (e and f) electron and ion energy-time spectrograms of Geotail. Figures 12g–12j
and Figures 12k–12n display data in more detail for both events (A and B). The ground data are from FYKN and FSMI. The
spacecraft data are the Bx and By components of the magnetic field. Bx in Figure 12j is band-pass filtered (15 s and 300 s).
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During both Pi2 events, TH-D was
located in the plasma sheet,
as inferred from the plasma beta
(Figure 13g) and from the energy-time
spectrograms (Figures 13e and 13f ).
Before ~0955 UT, TH-D was inside a low-
beta layer, presumably the outermost
layer of the plasma sheet. Starting at
~0955 UT, the spacecraft encountered
temporal (or spatial) energetic layers of
the plasma sheet with a significant fine
structure. As illustrated in Figure 2a,
TH-D was south of the neutral sheet
on stretched magnetic field lines at
1003 UT. The model shows a clear
dipolarization at 1004 UT, which can be
seen at ~1003 UT in the enhancement
of Bz of the magnetic field (Figure 13j,
second dashed line from the left) and in
the injection of energetic particles (not
shown here) above the energy range
of Figures 13e and 13f. A second
dipolarization occurred around 1028 UT
(Figure 13j, third dashed line).

It appears that both dipolarizations
started after the Pi2s (events A and B)
started. However, it is known that
dipolarizations expand azimuthally,
such that it cannot with certainty be
said where and when they started
in both cases. On the other hand, as for
event A, the dipolarization is associated
with the small substorm (or pseudo
breakup) at INUV, which generated a
separate smaller-period Pi2s (see
section 6). Hence, we find it plausible that
the Pi2 (event A) started independently

of and before the dipolarization. Instead, as already suggested above, the Pi2 event was associated with the
flow recorded by TH-D.

Due to the location of TH-D (i.e., closer to the outer boundary of the plasma sheet), the x component of the
flows, vx, not only contained perpendicular flow but also a significant field-aligned flow (see the tail magnetic
field at and after 1003 UT in Figure 2a). Field-aligned flow can be associated with perpendicular flow where
the field lines cross the equator, which occurs at a larger distance than TH-D’s location [Schindler and Birn,
1987]. The ambiguity between field-aligned and perpendicular flows is qualitatively suggested in Figure 4 of
Shiokawa et al. [1997], where flow braking can lead to both perpendicular and field-aligned flows. Further,
Zhou et al. [2012] have shown that flow bursts in the central plasma sheet (CPS) are associated with bursty ion
flows in the PSBL and that the PSBL flows move ahead of the CPS flows. Here we made the assumption that
both flows were indeed related.

The unfiltered H component in Figure 13a also shows current signatures (deflection of the H component)
associated with each Pi2 event, which was already mentioned in section 3. The first onset (first dashed line
from the left) coincided with the first flow enhancement in Figure 13d for the case of a 120 s time shift. It is
reasonable to assume that a flow as it slows down generates a current, and that subsequent flows further

Figure 13. Waveform comparison of ground magnetic field data (FSMI)
and ion flow data (TH-D) on 25 February 2008: (a–c) The same data
(H component) of the ground station FSMI are shown; however, the
data are differently filtered and time shifted. The time shifts are labeled
inside the panels. The second and third panels display band-pass-filtered
data for 30 s and 200 s. The remaining panels show TH-D data: (d) low-pass
filtered (30 s) ion flow velocity, (e and f) ion and electron energy-time
spectrograms, (g) plasma beta, (h–j) three components of the magnetic
field (in GSM coordinates). See the text for an explanation of the dashed lines.
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build up this current [e.g., Birn et al.,
2011]. This interpretation would also
imply that the first increase in beta was
due to a temporal rather than spatial
structure in the plasma sheet. At
approximately 1015 UT, the current
weakened, as indicated by the positive
slope of H. At approximately 1025 UT,
when the next larger flow at TH-D
occurred, the current again intensified.

For completeness, an inspection of Bx
and By in Figures 13h and 13i shows the
following: The waveform of Bx is similar
to that of vx. This expresses the fact that
an increase in flow (in particular, particle
energy) corresponds to a reduction of
the total magnetic field, which is
approximately aligned with Bx. By shows
a positive slope (for ~2min) shortly
before the first dipolarization. It is
coincident with the first larger flow at
vx, suggesting that the buildup of a
field-aligned current was associated
with the flow.

6. Auxiliary Data

In section 3, we pointed out that
substorm-like H bays were recorded at
INUV and further suggested that they
were caused by magnetospheric
current wedges that were not responsible
for the Pi2s of interest here (events A
and B). Instead, these H bays were
associated with separate, shorter-
period Pi2s, as demonstrated in this
subsection by using the first H bay as
the example. The readers can skip this
section, if they wish so, since the focus of
this paper lies on the two longer-period
Pi2s (events A and B).

The Pi2 had a period of about 50 s and
can easily be seen in the H component of
the ground magnetometer data from
the ATHA station, as also seen at several
other stations in Alaska (Figure 14). In
addition to the Pi2 signature, the Alaskan

stations show the typical variations (i.e., positive and negative deflections) of the H-current and D-current
signatures associated with a wedge current. In this scenario, White Horse (WHIT) was approximately located
in the center of the wedge. Hence, the short-period Pi2 could be associated with the transient response
model for the generation of Pi2s [Baumjohann and Glassmeier, 1984].

Alternatively, we note that some stations in Figure 14 (e.g., UKIA and PGEO) recorded both the 50 s Pi2 and
the Pi2 of interest (event A) in this study. Furthermore, this superposition is found in stations farther east
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Figure 14. Ground magnetometer data (H and D components) from
several ground stations on 25 February 2008. The various bay signatures
are evidence of a small magnetospheric current wedge that is associated
with a 50 s period Pi2, superposed on the magnetic bays.
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(not shown in Figure 14; cf. Figure 2c). Since 50 s is nearly half of 110 s, the period of the event A Pi2, it is
suggestive to consider whether the 50 s Pi2 is a harmonic cavity resonance [e.g., Takahashi et al., 2003b].
This is in light of the fact that in section 7, we propose that event A is a forced cavity resonance at low
latitude and midlatitudes. However, its clarification will be left for a study elsewhere.

7. Summary and Discussion

In this work, we investigated the M-I coupling from the outer magnetosphere via various inner regions and
the tail lobe to the ground for two consecutive Pi2 events with periods of ~110 s and ~120 s. The following
additional characteristics were determined:

1. The spatial extent of the ground Pi2s was super global, spanning an area of at least 9 h MLT and from low
to high latitudes.

2. The low-latitude and midlatitude stations recorded no time delays for the Pi2s, neither with latitude nor
longitude. In contrast, the high-latitude Pi2s showed time delays with longitude of up to tens of seconds.

3. The Pi2 signal was first recorded at high latitude, where the amplitudes were the largest.
4. Magnetic hodograms from midlatitude stations showed a rotation of the polarization axis with longitude.
5. In space, the Pi2s were recorded in both dusk and dawn flanks, near midnight, and in the tail lobe with

various time delays, indicative of wave propagation in space.
6. Different wave modes of the space Pi2s could be identified. At TH-A, a FLR (standing Alfvén wave) was

linearly polarized in the azimuthal (toroidal) direction. At GOES 11 and GOES 12, the Pi2s were present
in the compressional and the transverse components. At Geotail, the first Pi2 was recorded in the com-
pressional component in the tail lobe.

7. The Pi2 recorded at GOES 12 was also recorded (time delayed by 18 s) at the conjugate ground station,
SNKQ, with the same circular polarization.

8. Pi2-like oscillations were identified in the plasma flows recorded by TH-D in the near-Earth plasma sheet
(~11 RE). The correlation with the ground data was reasonably good, allowing for a time delay. Lack of a
perfect correlation may have several causes (see below).

9. The first ground Pi2 pulsation began before the magnetic field reconfiguration (i.e., dipolarization) of
the magnetotail.

To our knowledge, this study is the most complete observational description, including both ground and
space observations, of super global Pi2s. To distinguish such Pi2s from the global PCR/PVR-type Pi2, we
introduced the term “super global” in section 1. We note that super global Pi2 events have been reported
previously (e.g., [Yumoto et al., 1990; Tokunaga et al., 2007; Uozumi et al., 2009], although these studies did not
use this term); however, the M-I coupling was not observationally characterized. Here it is important to again
emphasize that the period was the same over the extended latitude range, and thus, one and only one source
controlled the Pi2 period on 25 February 2008. This is in contrast to the observations of simultaneous Pi2s
occurring at low and high latitudes that have two different periods [e.g., Li et al., 1998]. For such cases, two Pi2
sources (i.e., two separate generation mechanisms) operating simultaneously were invoked.

While the generation mechanism is of great importance, it is also necessary to determine the signal
propagation from the source to the ground. Below, we present a propagation model that can explain the
space and ground observations of the super global Pi2 signatures on 25 February 2008. We then speculate
on the Pi2 source (i.e., the single mechanism that generated the period of the pulsations).

7.1. Propagation Model

From the first three characteristics, we concluded that the Pi2 ground signals at low/middle latitudes
and high latitudes were fundamentally different. Since there was only one Pi2 source in each event
(events A and B), the difference must have originated from different propagation paths and different
mode conversions along the way. Since the high-latitude Pi2 at FSMI was observed (~60 s) before the
lower latitude Pi2s and with much larger amplitude, a field-aligned mode driving the ground Pi2 at
FSMI was likely the cause. On the other hand, the lower latitude Pi2s were likely driven by fast mode
waves, requiring longer travel times through the plasmasphere, and resulting in smaller amplitudes on
the ground. Since the low-latitude/midlatitude Pi2s showed no time delays (on the order of seconds)
over a wide range of longitude, a fast-mode cavity resonance (PCR/PVR) as their source mechanism is
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plausible, rather than a periodic driving by freely traveling fast mode waves. Such a cavity resonance
(PCR/PVR) however cannot drive the large-amplitude, high-latitude Pi2 [e.g., Takahashi et al., 2003a].
Since it would be a great coincidence if the period of a freely oscillating low-latitude/midlatitude
PCR/PVR matches that of a periodic, field-aligned mode on high latitude, we conclude that the source
located at the outer magnetosphere must have driven both in a forced manner (see section 7.2 for
more details).

The observed polarization pattern at middle latitudes (characteristic 4) is somewhat ambiguous since it has
been argued that such a pattern can occur under both situations, the PCR-Pi2 and the transient response
Pi2 [Lester et al., 1983; Pekrides et al., 1997; Allan et al., 1996]. However, in the PCR model the center meridian
of the polarization pattern coincides with the meridian of the fast mode source, which excites the cavity,
while in the transient response model, the center meridian is closer to the upward current of the SCW
[Gelpi et al., 1985]. The observed polarization pattern of both Pi2s (events A and B) suggests that the
center meridian was close to ATHA, as was approximately the location of the downward (not upward)
current of the current wedge that was associated with the smaller-period Pi2 (cf. section 6). For the Pi2
events of interest, a current wedge could not be identified. Instead, it was inferred that the initiating flow
in space was east of the observed flow at TH-D. This location could coincide with the center meridian of
the polarization pattern, and hence, it appears more likely that the polarization pattern is associated with
a PCR-type Pi2 (see also section 8.2).

In contrast to the low-latitude/midlatitude Pi2s, the high-latitude Pi2s showed time delays, a clear
indication of propagation effects in azimuthal direction, as is known to occur for some Pi2 pulsations [e.g.,
Samson, 1985; Webster et al., 1989]. One possible scenario is the azimuthal propagation of fast mode
waves in the magnetosphere [e.g., Webster et al., 1989; Uozumi et al., 2004]. These fast mode waves can
excite the field-aligned wave mode (Alfvén waves) on field lines located away from the source region of
the fast mode waves. Propagating toward the Earth, they are then recorded as ground Pi2s. Such a chain
of events was directly observed at TH-A, GOES 11, GOES 12, and SNKQ (characteristic 5). A fast mode Pi2
wave, most likely originating from the magnetotail, was recorded at GOES 11 followed by observations of
Alfvénic Pi2 waves at TH-A and compressional and Alfvénic Pi2 waves at GOES 12. While GOES 11 was
near midnight (postmidnight), TH-A and GOES 12 were located at opposite flanks. For the case of TH-A, it
could be shown that the Alfvén mode was standing (i.e., FLR). It could not be determined if the Alfvén
waves at GOES 12 also established FLR since neither plasma flow data nor electric field data were
measured by GOES 12. It could further be shown that the wave mode at GOES 12 was coupled to the
near-conjugate, high-latitude station SNKQ with a time delay of approximately 18 s, consistent with the
Alfvénic travel time (characteristic 7). The pulsations in space and on the ground were circularly polarized
with the same sense of rotation, supporting this coupling scenario. In contrast, the pulsation at TH-A was
linearly (toroidal) polarized (characteristic 6). The reason for circular polarization at GOES 12 could be the
location farther out in the flank. In simulation studies, it has been suggested that poloidal and toroidal
modes become increasingly mixed with local time [e.g., Kabin et al., 2007] and can also change with
time [e.g., Mann et al., 1995].

We reported Pi2-like perturbations in the tail lobe magnetic field associated with the first Pi2 event
(characteristics 5 and 6). This occurrence can also be explained via fast mode propagation. It has been shown
that Pi2 fast mode waves can travel into the lobe [e.g., Kim et al., 2005; Teramoto et al., 2008, 2011]. In these
studies, the PVR was invoked, which also shows wave power outside the plasmasphere, and both the ground
Pi2 and the lobe Pi2 showed no time delay but an out-of-phase relationship. In the event reported here,
the lobe Pi2 occurred approximately 30 s before the ground Pi2s, which suggest that the Pi2 source was
closer to the lobe Pi2. Above we already invoked Pi2 fast mode waves traveling from a source in the
magnetotail toward the Earth. It is possible that such waves also traveled from near the equatorial plane
outward to the outer boundary of the plasma sheet and then penetrated into the lobes. For the second
Pi2 event, it was suggestive, but not conclusive, that the Pi2 traveled inside the PSBL. In addition to the
compressional component, the Alfvén mode showed wave activity in the Pi2 frequency range. In fact,
Alfvén waves have been shown to occur in the PSBL during substorm and to have a possible relationship
to ground Pi2s [Keiling et al., 2005]. One scenario is that they are generated by a mode conversion from
the fast mode to Alfvén mode at the sharp density gradient of the PSBL. It is however not conclusive
whether this conversion indeed occurred here.
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In addition to MHD waves, plasma flow modulations at TH-D that resembled the waveforms of the ground
and space Pi2s were reported (characteristic 8). TH-D was located near the outer boundary of the plasma
sheet and thus mostly recorded field-aligned flows. However, these flows must have been associated
with perpendicular flows farther downtail, where field lines cross the neutral sheet, as argued in section 7.2.
There, we also suggest that the perpendicular flows could have been the drivers of the MHD waves,
forming the initial magnetic Pi2 signal. These MHD Pi2 waves then traveled toward the other spacecraft,
as described above.

In summary, as a result of the observed single period, a single driver (discussed in the next subsection)
must have generated both the high-/middle/low-latitude Pi2s, albeit via separate propagation paths.
Using a unique constellation of spacecraft, several propagation paths could be identified. Figure 15
summarizes the various modes for the Pi2 events presented here. Initially, (1) a plasma flow reached
the near-Earth plasma sheet from the magnetotail and (2) was decelerated and rebounded, as one
possibility. (3) Remnant or deflected flow variations were recorded by TH-D. (4) Oscillatory motion
of the flows launched periodic fast mode waves, which traveled toward the center and the flanks.
Concurrently, (5) periodic field-aligned waves (field-aligned current) directly traveled toward the
ionosphere, causing high-latitude ground Pi2s, which were the first ground Pi2 signatures (e.g., FSMI).
(6) The periodic fast mode waves that traveled toward the dusk flank excited FLR at TH-A. In addition,
(7) dawnward traveling fast mode waves caused Pi2 oscillations at GOES 11 and GOES 12, which
coupled to (8) toroidal/poloidal waves, as recorded at GOES 12. (Note that in this cartoon, we placed
both GOES spacecraft outside the plasmasphere, even though their locations, with respect to the
plasmapause, could not conclusively be determined.) (9) A time delayed, high-latitude Pi2 was
generated on the ground (at SNKQ) with the same polarization as that at GOES 12. (10) Inside the
plasmasphere, the periodic fast mode waves caused the forced driving of a cavity resonance resulting
in global low-latitude/midlatitude Pi2 on the ground. Note that in the cartoon, we did not include
Geotail, because it was located in the northern tail lobe which would be above the page. Nevertheless,
Geotail also recorded the Pi2 during the first event, and it can be explained with fast mode waves
traveling from the plasma sheet into the lobe region. The entire scenario described here is qualitatively
supported by the observed time delays, which order the events. We refrained from an in-depth timing
analysis since it requires numerical modeling using accurate values for the plasma properties over a
large region of space, and knowledge of the exact location of the mode conversion region; neither of
them is known, however.

This propagation scenario combines several elements that have been proposed by Kepko et al. [2001], but it
also suggests new features, such as driving by braking currents of high-latitude Pi2s and forced driving of a
cavity resonance. Furthermore, the event presented here provides evidence that various propagation paths
can exist simultaneously. In a series of papers, Uozumi et al. [2004, 2007, 2009, 2011] developed a propagation
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Figure 15. Propagation model for the super global Pi2 events (see the text for a description). All quantities are projected
onto the equatorial plane. Geotail, located much farther away from the equatorial plane, is not shown.
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model for global (or super global in our terminology) Pi2s that have been observed at both low and high
latitudes. The main feature of their model is the forced driving of Alfvén wave along field lines by fast mode
waves. Careful analysis of the ground data of global Pi2 pulsations (low and high latitudes), combined
with numerical calculations of travel times, indicated a Pi2 source located in the premidnight region. The
mechanism of the periodicity was not specified, but it was suggested that fast mode waves radiate away
from this hypothetical source. As the fast mode waves propagate in all directions, they perturb field lines
along the way. In turn, as Alfvén waves, the perturbation then travel to the ground. This coupling of fast
mode and Alfvén mode is a significant part of our model as well, since it explains time delays among
space and ground Pi2s. In addition, a characteristic signature in our events was that there was a localized
region, which showed the largest Pi2 pulsations, and at the same time, these pulsations occurred significantly
earlier than the low-latitude/midlatitude Pi2s. We suggested that there might have been a direct coupling
from the source to the conjugate, high-latitude stations via currents (Alfvén waves) generated via flow
braking (as advocated in Kepko et al.’s [2001] model for midlatitude Pi2). We suggest this path because it
appears unfeasible that the coupling of fast mode waves to Alfvén waves could generate such large-amplitude
ground Pi2s. Furthermore, we suggest that a forced cavity was required to explain the low-latitude/midlatitude
Pi2s. In summary, our study complements the works of Kepko et al. [2001] and Uozumi et al. [2004, 2007,
2009, 2011] by incorporating spacecraft data from the inner magnetosphere and one tail lobe that
provided evidence for several MHD waves.

7.2. Pi2 Source

The source responsible for the Pi2 periodicity is discussed in this subsection. Note that by source, we refer to
both the location and the mechanism that establish the period of the Pi2 oscillations. The observations
suggest that there was one source that controlled the super global ground Pi2 pulsations on 25 February
2008. This source was located in the outer magnetosphere. The earliest signal, associated with the Pi2s, was
the enhanced flow variations at TH-D, located at approximately 11 RE geocentric distance in the magnetotail.
In section 7.1, we outlined the various mode conversion processes and propagation paths toward the
ground from a hypothetical source, located in the magnetotail and beyond TH-D, which generated periodic
currents and periodic fast mode waves. We now discuss possible mechanisms for generating the periodicity
of the Pi2 signal.

From the descriptions provided in section 7.1, it is reasonable to assume that TH-D was closest to the Pi2
source. The first Pi2-like signal was recorded by TH-D in the modulations of the ion flow velocity. If a time
delay is taken into account, individual flow bursts were approximately correlated with individual magnetic
wave pulses on the ground. Further, the first flow bursts coincided with the onset of the Pi2s. Although we
suggest that these flows were indeed related to the source of the Pi2 pulsations, they were not directly the
drivers. TH-D was located south of the neutral sheet, closer to the outer boundary of the plasma sheet,
such that field lines threading the spacecraft crossed the neutral sheet farther downtail where flow bursts
should have existed as well (but were not directly observed because of an absence of spacecraft in this
region). These equatorial flows likely triggered MHD waves as they encountered regions of enhanced
pressure, causing them to slow down. This would have caused mode conversion from kinetic energy into
electromagnetic energy in the form of both fast mode and Alfvén mode waves [e.g., Shiokawa et al., 1998].
Since TH-D was not located in the flow-braking region, it only recorded remnants of the initial flows in the
CPS. Moreover, TH-D recorded largely field-aligned flow, which was caused by the CPS flow. We believe
that under these conditions, small differences in the waveform of the flows at TH-D in comparison to the
ground Pi2s can occur.

Some evidence for the flow driving of ground Pi2 was provided by earlier studies [Kepko and Kivelson, 1999;
Kepko et al., 2001]. In their proposed scenario, the source of the periodicity is not the braking region but lies
farther down the tail. That is, each arriving flow burst drives one single pulse in the Pi2 train on the ground,
either via inertial current or fast mode wave. Hence, the source of the periodicity is not identified in these
studies. One criticism has been that the individual bursts travel with different speeds, and thus, their
inherent periodicity changes throughout their journey along the tail. Simulations by Birn et al. [2011],
following flow bursts from a reconnection site, show the change in flow pattern with distance, and thus,
these simulation results could be considered evidence against the flow-driven scenario. Hence, we looked
for an alternative explanation.
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The works of Birn et al. [2011] andWolf et al. [2012] provide another explanation for the Pi2 source of both
events described in this study. In the numerical simulations by Birn et al. [2011], a single-reconnection
event in the magnetotail can lead to oscillatory flow behavior at the braking region in the near-Earth
plasma sheet. At the braking region, the flow rebounds, and vortical structures occur with opposite
rotational sense [see also Panov et al., 2010]. In particular, the oscillations are not sinusoidal, showing
slightly varying periods. Moreover, the flows are more oscillatory the closer to Earth they occur. The
observed flows associated with the Pi2 events reported here resemble the flows shown in Birn et al.
[2011]. It is noted that oscillatory flow continued after the duration of the Pi2, a behavior seen in both
our events and the simulation. Wolf et al. [2012] described a similar scenario at the flow-braking region
and argued for interchange oscillations of an entropy-depleted flux tube. The oscillations were in the Pi2
range. Recently, Panov et al. [2013] investigated the ionospheric response to such oscillatory flows. One of
the signatures was oscillatory magnetospheric field-aligned currents that appeared to produce oscillatory
ionospheric currents, which in turn where recorded as Pi2 pulsations at ground stations. We suggest
that the high-latitude observations near FSMI and FSIM could have been of the same type. Two additional
features of the numerical calculations by Wolf et al. [2012] are of interest here. First, the wave pulses
showed sharper peaks (i.e., narrower width) in one direction, and the periods were not constant. Both
features were observed in our events.

Regarding the nonconstant period during the Pi2 events, we are not aware of any study which has
systematically investigated how the various Pi2 models affect the constancy of the period. Naively, onemight
assume that for resonances, such as cavity resonance and FLR, the period should remain constant. On the
other hand, one could also argue that changes of the system, such as plasmasphere and flux tubes, during
the Pi2 event might lead to a varying period. It is unclear, however, whether or not the short duration of a Pi2
train allows for changes significant enough to cause such variability in the period. Here we argued for both
Pi2 events (A and B) that a forced driving of the cavity occurred, and hence, it could be plausible that a
period change throughout the wave train is the result of a nonperiodic, external driver. We also reported the
signature of standing Alfvén waves and suggested that they formed an FLR, because they occurred on
closed field lines. Again, one might question how this is compatible with a nonconstant period. However, we
note that the FLR appeared to slightly deviate from the ground Pi2 for later wave pulses while showing a
constant period. We believe that numerical simulations are required to investigate whether such behavior is
consistent with a forced driving of FLR.

In the interchange-oscillation scenario, the Pi2 source location is the braking region, and its oscillatory
behavior is the Pi2 generation mechanism. It is important to note that the period is not due to the bouncing
of Alfvén waves, as it is for the transient response model of Pi2 pulsations [Wolf et al., 2012]. The interchange-
oscillation scenario is also different from the drift-ballooning Pi2 scenario [Keiling, 2012], where the Pi2 period,
T, is determined by T= λ┴/Vph, where λ┴ is the perpendicular wavelength of the ballooning mode wave and
Vph is its phase velocity. In the drift-ballooning model, the resulting Pi2s are rather localized in latitude and
longitude on the ground, whereas the interchange oscillations might have global effects as shown and
discussed here. Moreover, the drift speed of the ballooning mode leads to westward Pi2 propagation on the
ground, a signature which was not observed for the Pi2 events discussed here.

In contrast to thework presented here, Kim et al. [2010] investigated (super) global Pi2s and concluded that flow
variations did not cause the ground Pi2 and instead favored the transient responsemechanism. Tokunaga et al.
[2007] reported (super) global Pi2 and speculated that either a cavity larger than the plasmasphere or BBFs
could have caused them. A statistical study that investigated flow periodicity in the plasma sheet versus PCR
as the Pi2 source concluded that the PCR is the more likely source of low-latitude Pi2s [Nosé, 2010]. Such
recent results demonstrate how controversial it still is to identify the source of (super) global Pi2s. We believe
that the solution lies in recognizing that a multitude of Pi2mechanism exists, depending on the geomagnetic
conditions and phases. Hence, identifying the various geomagnetic conditions is of key importance when
investigating the nature of Pi2s.

8. Conclusion

Super global Pi2s are not well understood and have largely been investigated using only ground observations.
In this work, we investigated two consecutive super global Pi2s and found that an outer-magnetospheric Pi2
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source best describes the observations. We provided comprehensive evidence, including both ground and
space observations, for the coupling from the magnetotail to the ground.

It has been a major challenge in the last decade—since the emergence of new outer-magnetospheric Pi2
models—to identify the coupling mechanisms of Pi2 signals generated in the outer magnetosphere
(magnetotail) to the ionosphere/ground. In this study, we made advances in this direction. For the first time,
several propagation paths were confirmed in situ for the same event. However, there are also propagation
legs in this scenario that still require confirmation.

Whether interchange oscillations of decelerating plasma or separately arriving flow bursts generated
both super global Pi2s remains to be determined, albeit some evidence was presented for the former.
This uncertainty is due to the fact that no spacecraft was located inside the flow-braking region or just
outside of it in the inflow region. While it has been suggested previously that interchange oscillations
may drive field-aligned currents that generate Pi2s, here we extended the ground range of the Pi2
pulsations to cover a wide range of latitude and longitude, if confirmed that interchange oscillations were
indeed the Pi2 source.

While this study had good spacecraft coverage in the inner magnetosphere, additional simultaneous
observations in the outer magnetosphere are required to test some of the proposed ideas. It is also an
outstanding problem to show via numerical modeling if indeed forced driving can generate a PCR-type
mode in the nightside magnetosphere, as proposed here. How the flows (either via rebounding or as
separate flow activations) generate fast mode waves that can drive the inner magnetosphere should
also be investigated.
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