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Abstract There is a debate as to whether magnetic Pi2 pulsations (0.006–0.025Hz) observed in the plasma
sheet and on the ground are triggered by the earthward moving bursty bulk flows (BBFs) from midtail or
distant tail or are caused by the substorm plasma instabilities initiated in the near-Earth plasma sheet. To
resolve this debate, we conducted case and statistical studies of enhanced plasma sheet Pi2 pulsations using
Time History of Events and Macroscale Interactions during Substorms (THEMIS) observations from X~!30 RE
to X~!8 RE. The case studies show that for both substorm-related and quiet time BBFs, enhanced Pi2
oscillations are observed in front of BBFs from midtail to the near-Earth plasma sheet. The oscillations
intensify 1–4min prior to the substantial flow enhancement, and usually initiate within several narrow
discrete frequency bands, with lower frequencies intensifying earlier. We further examined the wave
properties using low-frequency MHD fitting method and found that one or more discrete waves for each
event are magnetosonic waves. Our statistical study of 364 BBFs shows that Pi2 pulsations are commonly
associated with BBFs throughout the plasma sheet. The lowest-frequency oscillations usually appear
below 0.01 Hz, and the strongest power oscillations appear at ~0.01 Hz or higher frequencies. We found
that over 75% of the discrete oscillations are magnetosonic waves, and that 70%–75% of them are slow
mode. These suggest that plasma sheet Pi2 pulsations are likely triggered by BBFs in the entire plasma
sheet regardless of substorm onsets.

1. Introduction

Low-frequency magnetic oscillations within the Pi2 range observed on the ground have been generally
accepted as a common feature associated with substorm onset [Saito et al., 1976; Yoeman et al., 1994; Holter
et al., 1995]. Plasma sheet in situ observations captured Pi2 pulsations (0.006–0.025Hz) emerging 1–3min prior
to the substorm expansion onset in the near-Earth plasma sheet [Lui and Najmi, 1997; Sigsbee et al., 2002;
Shiokawa et al., 2005; Saito et al., 2008; Liang et al., 2009; Park et al., 2010], which is consistent with the ground
signatures. Ground optical observations showed that oscillations within the Pi2 range can be observed along
the growth phase arc before the auroral expansion occurs [Uritsky et al., 2009; Nishimura et al., 2014], and
conjugate spacecraft have observed low-frequency magnetic oscillations correspondingly [Uritsky et al.,
2009], indicating the optical oscillations are amanifestation of the plasma sheet waves. The consistent sequence
in both the plasma sheet and ionosphere suggest that the Pi2 pulsations prior to substorm onset are important
transitional stage for the plasma sheet to develop from undisturbed to highly disturbed status. Thus, identifying
the trigger of Pi2 pulsations in the plasma sheet may help reveal the key process for substorm onset initiation.

Observations have shown that the midlatitude ground Pi2 pulsations are closely related to the bursty bulk
flows (BBFs) [e.g., Angelopoulos et al., 1992] observed in the plasma sheet with oscillatory variations in the
speed [Kepko and Kivelson, 1999]. The compressional pulse and the braking of flowsmay lead to these ground
pulsations [Kepko et al., 2001]. A similar relation was found for nonsubstorm period. Sutcliffe and Lyons [2002]
and Kim et al. [2005] have found that high-latitude ground Pi2 pulsations during very quiet conditions can be
observed in good correlation with auroral poleward boundary intensifications (PBIs), which are suggested to
be associated with BBFs. From MHD wave analysis,Wolf et al. [2012] suggested that the oscillatory braking of
the flows may cause the pulsations in Pi2 range, and this was supported by observations of Panov et al. [2013,
2014] in the plasma sheet.Wang et al. [2015] conducted a statistical study of large-amplitude Pi2 waves in the
plasma sheet and found that nearly 80% of their events are associated with BBFs. Given the observations by
Runov et al. [2014] that compressional oscillations can propagate farther earthward after the fast flow stops,
the correlation between Pi2 waves and BBFs could be higher due to the spacecraft orbit’s limitation in

XING ET AL. PLASMA SHEET PI2 ASSOCIATED WITH BBFS 8692

PUBLICATIONS
Journal of Geophysical Research: Space Physics

RESEARCH ARTICLE
10.1002/2015JA021668

Key Points:
• Pi2 pulsations are associated with
BBFs at various radial distances in the
plasma sheet

• The Pi2 pulsations ahead of BBFs are
usually in several discrete wave bands

• The majority of Pi2 waves ahead of
BBFs are in slow-mode magnetosonic
waves

Correspondence to:
X. Xing,
xyxingchen@gmail.com

Citation:
Xing, X., C.-P. Wang, J. Liang, and L. R. Lyons
(2015), Plasma sheet Pi2 pulsations
associated with bursty bulk flows,
J. Geophys. Res. Space Physics, 120,
8692–8706, doi:10.1002/2015JA021668.

Received 10 JUL 2015
Accepted 21 SEP 2015
Accepted article online 28 SEP 2015
Published online 27 OCT 2015

©2015. American Geophysical Union.
All Rights Reserved.

http://publications.agu.org/journals/


http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-9402
http://dx.doi.org/10.1002/2015JA021668
http://dx.doi.org/10.1002/2015JA021668


capturing BBFs. This correlation has also been validated by auroral observations. Auroral streamers, which are
ionospheric manifestation of plasma sheet BBFs, show one-to-one correlation with the ground Pi2 pulsations
[Nishimura et al., 2012], indicating plausible triggering of the pulsations by BBFs.

On the other hand, theoretical studies have suggested that plasma sheet Pi2 pulsations can be a manifestation
of ballooning mode instability, which is one of the candidate instabilities for leading to substorm onset and is
likely initiated in the transition region between dipolar and tail-like field [Erickson et al., 2000; Cheng and Zaharia,
2004]. Many observations of magnetic oscillations within the Pi2 range near the transition region have used the
ballooning instability theory for interpreting their observed pulsations [e.g., Saito et al., 2008; Park et al., 2010;
Panov et al., 2012] but without other direct evidence for instability occurrence. This connection was directly vali-
dated by observations of Xing et al. [2013] through one case study, where Pi2 pulsations were found to intensify
exactly when the MHD ballooning unstable criterion was satisfied prior to a small substorm. However, Xing et al.
[2013] also observed an earthward flow burst slightly tailward of the unstable region prior to the instability
initiation, which may have stopped before reaching the transition region, indicating that the BBF may have
played some role in leading to the Pi2 pulsations and the instability. These observations have brought forward
the question of whether plasma sheet Pi2 pulsations associated with substorm onset in fact result from
earthward penetrating BBFs from the midtail or distant tail, which are commonly associated with substorms,
or result from instabilities initiated in the transition region.

To resolve this problem, it is necessary to examine whether the Pi2 pulsations are, in general, correlated with
BBFs or with ballooning instabilities in the plasma sheet. It is difficult to find direct evidence for instability
initiation in the plasma sheet. However, BBFs signatures are straightforward to identify. Thus, in this study,
we examine the magnetic oscillations associated with BBFs in the plasma sheet and identify whether
pulsations within the Pi2 range are common features. For comparison to those Pi2 pulsations found in the
transition region, BBFs at all radial distances from the midtail to the near-Earth region are employed, and
the characteristics of the waves are examined. We use observations from five Time History of Events and
Macroscale Interactions during Substorms (THEMIS) [Angelopoulos, 2008] probes with orbits covering from
X~!30 RE to X~!8 RE during the 2008–2009 tail seasons. Magnetic field data are obtained from the
Fluxgate Magnetometer [Auster et al., 2008]; particles data are obtained from both electrostatic analyzer
[McFadden et al., 2008] and solid state telescope particle detectors, which cover the particle energy range
from 5 eV to 6MeV for ions and 5 eV to 1MeV for electrons.

In section 2, three case studies are presented for details of BBFs and Pi2 pulsations at several different radial
distances between !30 RE and !8 RE, with one quiet time event and two substorm-related events.
Multispacecraft observations of the same BBF are shown. Section 3 shows statistical results of the correlations
between Pi2 pulsations and BBFs and wave properties for 364 BBFs. The conclusions are summarized in
section 4.

2. Pi2 Pulsations Associated With BBFs in the Plasma Sheet

First, we introduce the selection criteria for BBFs used in this study. We have selected events having substantial
flow enhancement with peak value larger than 150 km/s and associated with dipolarization, which is defined as
abrupt Bz enhancement of at least 5 nT within less than 10 s, and plasma β> 0.5 (ratio between plasma and
magnetic pressures).

2.1. Pi2 Pulsations Associated With BBF in Midtail Plasma Sheet During Quite Time

In order to examine the correlations between Pi2 pulsations and BBFs during nonsubstorm periods, we have
selected an isolated BBF event observed in the midtail plasma sheet on 3 February 2009. “Isolated” is defined
as single flow peak associated with dipolarization without other abrupt disturbances within a 1 h time win-
dow. The AE index was lower than 50 for nearly 20 h before the selected time interval of BBF and over 10 h
afterward. The aurora images in Figure 1 show a localized brightening (identified by the blue arrows)
observed by THEMIS ground imager at Rankin Inlet (RANK) at around 72° magnetic latitude near 0.5magnetic
local time (MLT) at ~07:26 UT without further expansion, which indicates a poleward boundary intensification
(PBI) [Zesta et al., 2002]. The THEMIS probe THB has its footprint mapped to the vicinity of the PBI, as shown by
the red squares in Figure 1, and observed the signatures of a BBF.
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Figure 2 shows the observations of magnetic field, bulk flow velocity in geocentric solar magnetospheric
(GSM) coordinates, magnetic, thermal and total pressures, and plasma β and magnetic wavelet power
spectrogram (in log(nT2)) in two perpendicular and parallel directions (δB⊥ y points toward dusk, and δB⊥ x

completes the right-hand system), respectively, from THB located at X~!30 RE. In the spectrogram analyses,
continuous wavelet transform has been employed [Torrence and Compo, 1998]. This multiresolution techni-
que uses varied spectra window for every single spectra component, thus well balances the trade-off of
time-frequency resolution, which allows us to obtain desired resolution of both time and frequency in
spectral features of a fluctuated data set. The scale factor, which is defined as 1/frequency and indicates
the frequency resolution, is set to 2δt in our study (δt is the time spacing of the data series). The sampling rate
within frequency range of [0.005, 0.02]Hz is 610, which gives us an extremely smooth picture of wavelet power.

The magnetic field shown in Figure 2 was steady prior to 07:27UT, and a dipolarization is observed at
~07:27:15 UT (We identify this time to be at the most sharp increase of Bz). A moderate earthward bulk flow
enhancement is found to be associated with the dipolarization. The spacecraft was located near the central
plasma sheet during the entire time interval. The magnetic spectrograms show enhanced oscillations
initiated at ~07:24 UT, nearly 3min before the dipolarization. The oscillations initiate at several discrete fre-
quency ranges between 0.006 and 0.025Hz during the first 2–3min with lower frequency appearing earlier
and become more continuous and extend to higher frequencies after the dipolarization. It is necessary to
point out that manual identification of timing of the enhanced oscillations is not accurate. There could be
several to over 10 s time error due to vision difference. However, it is more important to identify the associa-
tion between the enhanced oscillations with the dipolarizations than accurately determine the relative tim-
ing between them. Furthermore, 10 s time error does not essentially change the relative timing between the
oscillations and dipolarizations, which are usually apart in the order of minutes. Thus, visual identification is
adequate enough for our purpose. The results shown above are consistent with the observations of
low-frequency magnetic oscillations initiation in the near-Earth region at X~!11 RE by Park et al. [2010]
and support the theoretical analysis of Seboldt [1990] and Lee and Hau [2008] that oscillations within the

Figure 1. Auroral all-sky image from station of Rankin Inlet at six times on 3 February 2009.
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MHD regime triggered in a Harris-type field configuration are likely to be in discrete frequencies. This case is
found during very quiet time, indicating that plasma sheet Pi2 pulsations are not necessarily associated with a
substorm onset but can be directly driven by BBFs and provide a possible source mechanism for high-latitude
ground Pi2 pulsations as observed by Sutcliffe and Lyons [2002].

To further examine the wave properties, we employed the low-frequency wave fitting method developed by
Saito et al. [2008] and analyzed the wave types of the enhanced oscillations. This method fits the observed
magnetic field and bulk flow velocity using MHDmomentum and induction equations. It defines the correla-

tions between (δB∥, k⊥δv⊥/ω), (δB⊥ x, δv⊥ x), and (δB⊥ y, δv⊥ y) through relations of δB∥
B0

¼ k⊥δv⊥
ω and δB⊥j

B0
¼ ! k∥δv⊥j

ω ,

where j represents either x or y direction. Good correlations of the first two pairs of data sets represent mag-
netosonic waves, and that of the third pair represents Alfvenic wave. The magnetosonic wave phase velocity
ω
k⊥

can be obtained from the least squares fitting of observed data set δB∥
B0

and δv⊥. Saito et al. [2008] applied

the fitting analysis over the entire frequency band of 0.006–0.025Hz (named f0 in our work). They identified

Figure 2. THB observations of (first panel) magnetic field in GSM, (second panel) bulk flow velocities in GSM, (third panel)
thermal, magnetic, and total pressures, (fourth panel) plasma β, (fifth to seventh panels) magnetic field spectrograms in
perpendicular directions x (earthward) and y (duskward) and parallel direction, respectively, on 3 February 2009.
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slow-mode and fast-mode compressional waves ~3min and ~1.5min, respectively, prior to a magnetic dipo-
larization. However, the coexisting of the oscillations at different discrete frequency bands within the entire
Pi2 range may mix different type of waves together and wipe out the properties of each discrete wave in
MHD analysis. Thus, we apply the fitting method to each frequency band to obtain specific properties for
each discrete wave. Figures 3a–3c show line plots of oscillation wave powers sliced at six different times from
the three magnetic component δB⊥ x, δB⊥ y, and δB//. The yellow shaded strips identify the enhanced
discrete oscillation bands within 0.006–0.025Hz. For each component, there are one or two discrete frequency
bands identified within the f0 range with fx1 = 0.008–0.012 Hz; fx2 = 0.017–0.023 Hz; fy = 0.008–0.011 Hz;
f//1 = 0.006–0.008 Hz, and f//2 = 0.0105–0.015 Hz (f//2 can be identified at 07:25:30 UT and 07:26:00 UT
but quickly became overwhelmed by the wave expansion in f//1 band).

The results for MHD low-frequency analysis are shown in Figure 4. The first column shows the correlation
between (δB∥/B0, k⊥δv⊥/ω) with k⊥/ω obtained from the least squares fitting method [Saito et al., 2008].
Figure 4 (middle and right columns) show the scatterplots of (δB⊥ x/B0, δv⊥ x) and (δB⊥ y/B0, δv⊥ y), respectively.
The oscillations in Figure 4 (top row) are calculated within the f0 range, which is the entire frequency domain
examined in our study. Figure 4 (middle and bottom rows) is obtained within each frequency band as labeled
above the plot. The correlation coefficients, which are defined as the measure of linear correlation between
two sets of variables, are given at the upper left corner in each plot. To include at least one full wave period in
each calculation, we only examined the oscillations that intensify at least 1/fmin prior to the dipolarization,
where fmin is the minimum value of each frequency band. Thus, the correlation of (δB⊥ y/B0, δv⊥ y) for fy range
is omitted because the δB⊥ y oscillation within this frequency range intensified at ~07:26:00 UT, which is only
~70 s prior to the dipolarization; however, 1/fy is within 91–125 s. Figure 4 (top row) shows that the correlation
of each pair of variables is not strong, indicating that neither magnetosonic nor Alfvenic waves are found for
frequency range f0. However, as the fitted frequency confined to each discrete band, (δB∥/B0, k⊥δv⊥/ω) within
f//1 and f//2 bands and (δB⊥ x/B0, δv⊥ x) within fx1 band show perfect correlations with coefficients around 0.99.
This suggests that for the parallel component within both discrete frequency bands f//1 and f//2, the parallel
magnetic fluctuations fit to the equation of magnetosonic waves. For δB⊥ xwhich is perpendicular oscillations
in the roughly earthward component, the wave within fx1 band fits perfectly to magnetosonic mode as well.
The second frequency band fx2 in this component does not show good correlation, indicating some other
type of waves that cannot be explained by the MHD equations. These fitting results show evidence that mag-
netosonic waves were present ahead of the dipolarization associated with the earthward moving flow at
X~!30 RE, which is similar to those seen before substorm-related dipolarizations observed near the transition
region [Saito et al., 2008].

To further identify the mode of the three magnetosonic waves found above, we examined the phase relation
of thermal and magnetic pressures for each frequency band. Figure 5 shows the waveforms of thermal pres-
sure (dPi in red) andmagnetic pressure (dPb in blue) filtered in the f//1, f//2, and fx1 frequency bands in the first
three panels, and Alfvenic speed (Va) in red and sound speed (Vs) in black in the fourth panel. The three black
rectangles identify the time interval during which the data were used in the fitting analysis. dPi and dPb are
nearly antiphase within the f//1 range, and the fitted wave phase velocity is ~96 km/s, which is much lower

Figure 3. Line plots of magnetic field spectrograms at six selected times (identified in different colors) before dipolarization
for perpendicular directions (a) x, (b) y, and (c) parallel direction.
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than both Alfvenic and acoustic velocities, suggesting a slow-mode magnetosonic wave. dPi and dPb within
f//2 and fx1 range are neither in phase nor antiphase. The fitted wave phase velocities are 345 km/s, larger than
Va and bounded by Vs, and 198.85 km/s, lower than Vs and slightly lower than Va. We suspect that both fast
mode and slowmode exist for these two waves, so that the velocity reaches or approaches the fast mode but
the phase relation between dPi and dPb is mixed by the two modes.

2.2. Pi2 Pulsation Associated With an Earthward Moving BBF at Two Radial Distances

After identifying that a BBF associated Pi2 pulsation event in midtail has the same properties as the substorm-
related waves observed in the near-Earth region, we examine whether these enhanced waves appear ahead of
more BBF events and how the waves evolve as BBFs move toward the Earth. We selected a BBF event observed
by multispacecraft (THB and THC) aligned radially on 27 February 2009. Runov et al. [2009] analyzed this event
as an expansion phase earthward propagating BBF. Lyons et al., [2012] examined the detailed auroral images
associated with this event and verified that the observed flows at these two different spacecraft locations are
associated with one auroral streamer caused by the same earthward moving BBF. Thus, the Pi2 waves observed
at these two spacecraft locations reveal the wave change as the plasma penetrates earthward.

Figure 6 shows the magnetic field, bulk flow velocity, and three components of magnetic spectrograms
observed by THB at X~!20.1 RE on the left and THC at X~!16.7 RE on the right. Both spacecraft observed
strong flows associated with dipolarizations. The vertical magenta lines identify the dipolarization time

Figure 4. Low-frequency fitting results obtained from THB. (left column) Correlation between (δB∥/B0, (k⊥/ω)δV⊥) for
frequencies (top row) f0, (middle row) f//1, and (bottom row) f//2. (middle column) Scatterplots of δB⊥ x/B0 versus δV⊥ x
for frequencies f0 in Figure 4 (top row), fx1 in Figure 4 (middle row), and fx2 in Figure 4 (bottom row). (right column)
Scatterplots of δB⊥ y/B0 versus δV⊥ y for f0.
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at each spacecraft location. The dipo-
larization front propagated from
X~!20.1 RE to X~!16.7 RE in about
60 s, indicating propagation speed of
~350 km/s. The magnetic spectrogram
shows pronounced background oscilla-
tions due to the fact that the plasma
sheet is highly disturbed during the sub-
storm expansion phase. The auroral
images show that the plasma sheet is
very active for this event. The expansion
onset that preceded this BBF occurred
at ~07:45UT, and expansions at other
MLTs can be found at even earlier times.
Themagnetic oscillations associated with
the BBF are substantially larger than the
background oscillations for all the com-
ponents at both spacecraft locations.
Each component shows that the oscilla-
tion enhancements started with discrete
frequency bands and then expanded in
frequency range as time evolves.

Figure 7 shows line plots of the oscillationwave power obtained from THB (a–c) and THC (d–f) for δB⊥ x (a and d),
δB⊥ y (b and e), and δB∥ (c and f). The yellow shaded strips identify the oscillations that enhance with timewithin
the Pi2 bandwith the name of each frequency band shown above the plot. The frequency range of all the bands
is listed in Table 1.

Figure 5. Pressure waveforms filtered at frequencies (first panel) f//1,
(second panel) f//2, and (third panel) fx1 in the first three panels.
(fourth panel) Alfvenic speed in red and sound speed in black.

Figure 6. Magnetic field, bulk flow velocity, and three component of magnetic field spectrograms observed by (left) THB
and (right) THC on 27 February 2009.
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The wave analysis in the entire Pi2 band show weak correlation for each oscillation component (not shown here),
similar to those found for 3 February 2009 event. Here we show the fitting results of every frequency band in
Figure 8 with THB data in the first row and THC data in the second and third rows. The correlation between
(δB∥/B0, k⊥δv⊥/ω) in Figure 8 (first column) for the frequency bands f//_b and f//1_c is nearly 1, indicating perfect
magnetosonic waves observed ahead of the BBF both at THB and THC locations. The correlation for f//2_c is
low, suggesting that the enhanced oscillation within 0.0115–0.0145 Hz cannot be interpreted by the
low-frequency wave fitting analysis within the MHD regime. The correlations of the perpendicular
magnetic disturbances with perpendicular flows are moderate or weak except for (δB⊥ y/B0, δv⊥ y) within
fy2_b frequency band and (δB⊥ x/B0, δv⊥ x) within fx2_c frequency band. The correlation coefficient of !0.9
between δB⊥ y/B0 and δv⊥ y in fy2_b band suggests that Alfven wave can be observed at the THB location
while the magnetosonic wave is present. The correlation coefficient of !0.86 between δB⊥ y/B0 and δv⊥ y

may indicate a magnetosonic wave effect on the oscillations in fx2_c frequency band. However, other
waves that cannot be explained by this fitting method should exist within this frequency band at the same
time, lowering the correlation coefficient.

In Figure 9, we show the waveforms of the plasma and magnetic pressures for the two perfect magnetosonic
waves (f//_b of THB and f//1_c of THC) and the two characteristic speeds (Alfvenic and sound) obtained from

Figure 7. Line plots of magnetic field spectrograms observed by (a–c) THB and (d–f) THC. Three columns represent two
perpendicular directions and parallel direction. The lines are sliced at five different times in different colors.

Table 1. List of Frequency Bands and Their Frequency Ranges Analyzed for the 27 February 2009 Event

THB THC

Frequency Label Frequency Range Frequency Label Frequency Range

fx_b(Hz) 0.018–0.025 fx1_c(Hz) 0.006–0.008
fy1_b(Hz) 0.0102–0.013 fx2_c(Hz) 0.01–0.014
fy2_b(Hz) 0.014–0.021 fy1_c(Hz) 0.0101–0.014
f//_b(Hz) 0.011–0.017 fy2_c(Hz) 0.018–0.023

f//1_c(Hz) 0.0075–0.0105
f//2_c(Hz) 0.0115–0.0145
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both spacecraft. The two black rectangles identify the time interval that the low-frequency fitting method
was applied. The waveforms of plasma and magnetic pressure are nearly antiphase with slight phase shift.
The wave phase velocities obtained from the fitting analysis are ~161 km/s for f//_b and ~76 km/s for f//1_c,
both smaller than the local characteristic velocities. This suggests that slow mode is the dominant mode
for the magnetosonic wave observed ahead of the BBF at both spacecraft locations. The similar wave proper-
ties observed at different locations indicates that these slow-mode magnetic waves within the Pi2 range are
confined within a certain spatial range ahead of the BBF and move earthward together with the BBF. So it is
reasonable that these magnetosonic waves are associated with the plasma compression [Wu and Shay, 2012]
in front of the fast flow. On the other hand, changes can be identified for Alfvenic waves, though those
observed at THB was not found at THC location as the BBF became closer to the Earth.

2.3. Pi2 Pulsation Associated With BBFs Moving From Midtail to the Transition Region

Next we examine the waves associated with BBFs when they approach the near-Earth region. We selected an
event on 13March 2009, when a strong auroral expansion onset was observed to the west of the THEMIS space-
craft THC and THD footprints and expanded to the footprints vicinity near ~06:52UT. Figure 10 shows the obser-
vations of a BBF event by these two spacecraft during 20min interval around onset in the same format as those
shown in Figure 6 with THC observations at X~!15.5RE on the left and THD at X~!11.5 RE on the right. Strong
bulk flows with peak velocities of nearly 800 km/s are observed by both probes near the same meridian plane.
The 60 s time lag for dipolarization allows a fast flowwith average velocity of ~530 km/s to propagate ~5RE, indi-
cating that the flows observed at the two spacecraft locations are reasonably the same BBF. The magnetic field

Figure 8. Low-frequency fitting results for (top row) THB and (middle and bottom rows) THC. (left column) Correlations
between (δB∥/B0, (k⊥/ω)δV⊥) for parallel oscillations. (middle column) Scatterplot of δB⊥ x/B0 versus δV⊥ x for perpendi-
cular oscillations in x. (right column) Scatterplot of δB⊥ y/B0 versus δV⊥ y for perpendicular oscillations in y.
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spectrograms show wave intensification
at discrete frequencies 2–4min prior to
dipolarizations for all the components
at both spacecraft locations.

These intensifications are analyzed
using low-frequency fitting method in
Figure 11. In the previous two events,
the parallel magnetic oscillations are
the component revealing the property
of magnetosonic wave. Thus, we focus
on the parallel oscillations in this event.
The line plots of wave power obtained
from the two spacecraft are stacked
in Figure 11 (left column). For each
spacecraft, two discrete frequency
bands are selected between 0.006 and
0.025Hz, with f//1_c=0.009–0.014Hz, f//
2_c=0.017–0.023Hz, f//1_d=0.006–0.01Hz,
and f//2_d = 0.012–0.018Hz. The correla-
tion between (δB∥/B0, k⊥δv⊥/ω) for each
frequency band in Figure 11 (middle
and right columns) all show nearly per-
fect linear correlation, indicating magne-

tosonic waves for all the frequency bands. The pressures waveforms and characteristic speeds from both
spacecraft in Figure 12 show nearly antiphase dPi and dPb for frequency band f//1_c, f//1_d, and f//2_d during
the time interval that the fitting was conducted. The fitted phase velocities are all smaller than the local
Alfvenic speed, indicating slow-mode wave. The dPi and dPb waveform for f//2_c frequency band is in phase
with fitted phase velocity larger than the local Alfvenic speed and bounded by sound speed, suggesting a
fast-mode magnetosonic wave for this frequency band.

Figure 9. Pressure waveforms filtered in frequency f//, Alfvenic, and
sound speeds observed by (first and second panels) THB and (third and
fourth panels) THC.

Figure 10. Magnetic field, bulk flow velocity, and three component of magnetic field spectrograms observed by (left) THC
and (right) THD on 13 March 2009.
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The three events shown above suggest that the low-frequency magnetic oscillations within the Pi2 band are
general features associated with earthward moving BBFs that can be observed frommidtail near X~!30 RE to
the near-Earth region. The waves are observed 2–4min before the substantial enhanced flow, and the

associated magnetic field dipolariza-
tion arrives at the spacecraft location.
This suggests that the waves are con-
fined within a localized region ahead
of dipolarization and do not propagate
very far away. The waves usually initi-
ate within several discrete frequency
bands and expand in frequency range
as they intensify. As BBFs move earth-
ward, the peaks of the intensified fre-
quency band may vary at different
locations possibly due to the ambient
plasma environment and BBF velocity
changes. For each case, one or more
intensified frequency band is found to
be magnetosonic waves. Fast mode,
slow mode, and coexisting modes are
all found for these magnetosonic
waves, which we believe result from
the plasma compression ahead of the
fast flows. Slow mode and a coexisting
mode are consistently observed. Pure
fast mode only appears at one location
for one of the three events.

Figure 11. (left column) Line plots ofmagnetic field parallel component spectrogram sliced at different times from (top row) THC
and (bottom row) THD. (middle and right columns) Low-frequency fitting results of correlation between (δB∥/B0, (k⊥/ω)δV⊥) for
each selected frequency range with THC in Figure 11 (top row) and THD in Figure 11 (bottom row).

Figure 12. Pressure waveforms filtered at frequencies f//1 and f//2,
Alfvenic, and sound speeds obtained from (first panel–third panels) THC
and (fourth–sixth panels) THD.
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3. Statistical Study of Pi2 Pulsations Associated With BBFs in the Entire
Plasma Sheet

In order to examine whether the discrete magnetic oscillations within the Pi2 range are common features
associated with BBFs in the entire plasma sheet, and what are their basic wave characteristics, we surveyed
the data during 2008–2009 THEMIS tail seasons when five spacecraft orbits cover from X~!30 RE to
X~!8 RE and Y between!5 and 5 RE. 364 BBF events were selected by the criteria that flow peak value larger
than 150 km/s with dipolarization more than 5 nT within 10 s, and plasma β> 0.5. We found that Pi2 pulsa-
tions at one or more discrete frequency bands are always observed 1–4min before a BBF dipolarization front
arrives for all the events we have selected. The frequency corresponding to the peak wave power of each dis-
crete pulsations in parallel direction (δB//) observed from all the events versus the spacecraft locations is
shown in Figure 13, where f1 corresponds to the pulsations at the lowest-frequency band for each event,
and f2, f3, and f4 correspond to the pulsations at higher frequencies for the events having more than one
intensified frequency bands. The f1 plot shows that for the majority of events the lowest-frequency oscilla-
tions are initiated at a frequency band below 0.01 Hz. Fewer events show discrete oscillations at higher-
frequency bands, and only very few cases show the fourth discrete frequency band in the f4 plot. As for
the previous three case studies, we found it common that the intensifications initiated at ~0.01 Hz or higher
frequencies are usually stronger than those below 0.01 Hz andmay expand toward higher frequencies, which
is consistent with Park et al.’s [2010] observations. Figure 13 also shows that all the frequencies have no iden-
tifiable radial dependence, suggesting that the Pi2 pulsations are commonly associated with BBFs at all radial
distances and not simply in the near-Earth transition region.

Figure 14 shows the scatterplot of the correlation coefficient between (δB∥/B0, k⊥δv⊥/ω) for every frequency

band shown in Figure 13 versus radial distance R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X2 þ Y2

p
. The coefficient is calculated during the time

interval of t ≥ 1/fmin prior to the magnetic dipolarization for each event, where fmin is the minimum frequency
of each frequency band. For each of the four frequency groups, the majority of events have the correlation
coefficients larger than 0.9, which we define to be the criterion for identifying magnetosonic waves. There
is no radial dependence found for the correlation coefficients. The left bar at the bottom right bar plot of each

Figure 13. The frequency corresponds to the peak wave power of each discrete pulsations for every event versus the
spacecraft locations. f1 corresponds to the pulsations within the lowest-frequency range for each event. f2, f3, and f4
correspond to oscillations intensified at higher-frequency bands.
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panel shows the proportion of the correlation coefficients larger than (light blue) and smaller than (red) 0.9.
For every frequency group, over 75% events have correlation coefficient higher than 0.9, indicating that mag-
netosonic waves are commonly observed associated with BBFs. We further studied the properties of all the
magnetosonic waves by examining the phase relation of dPi and dPb waveforms. The right bar of each bar
plot shows the proportion of different wave properties in each frequency group. F in blue denotes fast-mode
wave with in-phase dPi and dPb; S in magenta denotes slow-mode wave with antiphase dPi and dPb; and C in
black denotes coexisting mode with dPi and dPb neither in phase nor antiphase. In the first three frequency
groups, less than 10% of the magnetosonic waves are found to be in fast mode; around 70% are in slow
mode; and around 20% are in coexistingmode. In the fourth frequency group, no fast-mode waves are found,
the proportions of slow mode and coexisting mode are 74% and 26%. Thus, it can be concluded that slow-
mode magnetosonic wave is more likely to be generated ahead of the BBFs.

4. Summary and Discussion

We have examined the low-frequencymagnetic oscillations within Pi2 range associated with earthward mov-
ing BBFs in the plasma sheet at various radial distances from midtail to the near-Earth region. It was found
that Pi2 pulsations usually initiate 1–4min prior to the dipolarization and the substantial flow enhancement
at several discrete frequency bands with lower-frequency oscillations initiating earlier. These waves are
always confinedwithin a limited spatial range ahead of BBFs as theymove earthward. TheMHDwave analysis
of the oscillations in each discrete frequency band identifies one or more discrete waves to be magnetosonic
waves. Slow mode, fast mode, and coexisting of these two modes are all observed for these waves. The wave
properties are quite similar for BBFs observed in both the midtail and near-Earth regions, and no distinguish-
able wave property changes were found as BBFs move earthward. In our case studies, we have selected BBFs
during very quiet time, at substorm onset, and during substorm expansion phase. For various BBFs, their
associate Pi2 pulsations show similar characteristics and wave properties under different circumstances,
which indicate that the Pi2 pulsations in fact result from the plasma compression due to BBFs instead of
substorm onsets.

Figure 14. Correlation coefficients obtained from low-frequency fitting for each discrete frequency band shown in
Figure 12. The first bar plot in each panel shows the proportion of coefficients larger/smaller than 0.9. The second bar
shows the proportion of fast mode, slow mode, and coexisting mode for the identified magnetosonic waves (correlation
coefficients >0.9).
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We further conducted a statistical study of Pi2 pulsations associated with BBFs in the entire plasma sheet
within !30 RE< X<!8 RE and !5 RE< Y<!5 RE. The 364 BBFs with peak earthward bulk velocities larger
than 150 km/s and dipolarization over 5 nT were identified near the central plasma sheet (β> 0.5) regardless
of substorm onsets. We found that discrete Pi2 pulsations initiating 1–4min ahead of the dipolarization and
flow burst are common features for BBFs at any locations in the plasma sheet. Among the events we have
examined, up to four discrete frequency bands were found for each single BBF. For the majority of our events,
the lowest frequency for the discrete pulsation is below 0.01Hz. The pulsations at around 0.01 Hz or higher
frequency have the strongest wave power and expand to a higher-frequency range as time evolves. For all
the discrete oscillations, no radial dependence was found regarding frequencies. By applying the MHD
low-frequency fitting analysis, we examined the wave properties of each discrete pulsation. We found that
over 75% discrete waves are identified as magnetosonic waves, likely due to the plasma compression in front
of BBFs. The waveform of thermal and magnetic pressures filtered at each frequency band suggests that over
70% of the magnetosonic waves are in slowmode, less than 10% are in fast mode, and around 20% are coex-
isting mode. Thus, the slow-mode wave is more likely to be triggered ahead of the BBFs.

These observations strongly suggested that Pi2 pulsations are commonly associated with BBFs in the plasma
sheet. As BBFs move earthward, there are always Pi2 pulsations generated ahead of the dipolarization.
However, from another aspect, ballooning/interchange instability may not be excluded ahead of earthward
moving BBFs while Pi2 pulsations are observed. Pritchett and Coroniti [2010] have found using particle-in-cell
simulation that the ballooning mode instability can be generated where localized tailward Bz gradient is
formed, which is the characteristic feature across the dipolarization front associated with BBFs.
Furthermore, their instability mode does not require the conditions of near-Earth plasma sheet with β>
50, which are the necessary conditions for the kinetic ballooning mode to occur as suggested by Cheng
and Lui [1998]. Thus, for the compressional area ahead of BBFs, the instability that is still likely to occur though
the kinetic effects is not taken into account. Although this ballooning mode instability proposed by Pritchett
and Coroniti [2010] is suggested to be associated with lower hybrid drift wave at much higher frequency than
Pi2 range, and its relation with the Pi2 pulsations within MHD regime is not clear, these two types of waves
could have been both triggered ahead of the BBFs regardless of the locations in the plasma sheet. As for the
transition region in the near-Earth plasma sheet, we are not able to distinguish whether the flow enhance-
ments we identified as BBFs in this region are flows penetrating from the more distant tail as suggested by
Runov et al. [2014] and Wang et al. [2015] or flows resulting from the ballooning instability initiated locally
in the transition region as suggested by Saito et al. [2008]. Regardless of how the fast flows are formed, the
Pi2 pulsations associated with the flows in the near-Earth region show wave characteristics very similar to
the characteristics seen further out in the tail.

Our results have shown that BBFs are common sources for plasma sheet Pi2 pulsations. However, it is not
clear whether these pulsations provide a direct source for the ground Pi2 pulsations. For the majority of
BBF events shown above, where slow-mode waves are identified, the plasma sheet Pi2 pulsations do not pro-
pagate earthward as the fast-mode waves predicted by Kepko et al. [2001] do. For those with Alfven waves
present, ground Pi2 pulsations may be triggered at the stations conjugate to the spacecraft locations, but
we did not evaluate this possibility.
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