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Abstract we use the Cluster data from 2001 to 2009 to investigate the occurrence of Pi2-band waves in the
plasma sheet. To study the generation mechanisms of these waves, we examine the association between
Pi2-band waves and dynamic processes in the plasma sheet (fast flows and substorm activity) and the direction
of the solar wind velocity. For a total of 80 large-amplitude Pi2-band waves in the plasma sheet, we find that
Cluster records fast flows during 62 events, 11 waves without fast flows occur during substorm time, 3 events
occur when the solar wind velocity significantly changes its direction, and 4 events are not associated with any
of the above activities. Most of the observed Pi2-band waves are predominantly compressional, while 2 events
are transverse. Based on this statistical study, we suggest that fast flows maybe the main driver of Pi2-band
waves/oscillations in the plasma sheet, especially considering that most of these waves are compressional. The
relatively small number of other events indicates that other mechanisms also play a role in creating Pi2-band
waves/oscillations in the plasma sheet but are relatively rare. In all wave events of this study, the plasma
pressure and magnetic pressure vary in antiphase, suggesting that these waves have the slow-mode feature.

1. Introduction

Pi2 pulsations (periods of 40 to 150s) on the ground have been widely investigated [e.g., Baumjohann and
Glassmeier, 1984; Olson, 1999; Keiling and Takahashi, 2011]. They are often associated with some dynamic
magnetospheric processes, such as substorms [e.g., Olson, 1999; McPherron et al., 2008]. Ground Pi2 pulsations
are an important transient response of the coupling between the magnetosphere and the ionosphere [Keiling
and Takahashi, 2011]. Our understanding of the generation mechanism of Pi2 pulsations has been greatly
improved with more conjunctive observations on the ground and in space. It has been found that ground Pi2
waves can be driven by dynamic processes in the plasma sheet, such as bursty bulk flows (BBFs) [Angelopoulos
et al., 1992, 1994; Kepko and Kivelson, 1999; Kepko et al., 2001; Cao et al.,, 2008, 2010] and ballooning instability
[Keiling, 2012].

Recently, some Pi2 waves in the magnetotail were found to be related to the Pi2 waves observed on the ground
[Volwerk et al., 2008]. Large-amplitude waves in the Pi2 frequency range in the plasma sheet are often found
accompanied with fast flows [Bauer et al.,, 1995; Sigsbee et al.,, 2001, 2002]. Using the Active Magnetospheric
Particle Tracer Explorers/lon Release Module satellite data, Bauer et al. [1995] found three strong Pi2-band waves
(Pi2s) in the plasma sheet at radial distances between 12 and 15 R during substorms, which were accompanied
with fast flows. A common feature of these waves is the antiphase between plasma pressure and the
magnetic pressure.

While studying the compressional waves in the current sheet by using Cluster data, Volwerk et al. [2003] found
that the total power of waves in the Pi2-band frequency range increased with the plasma flow velocity and
saturated at the velocity of about 400 km/s. Using Time History of Events and Macroscale Interactions during
Substorms (THEMIS) data, Du et al. [2011] studied a strong wave with a period of ~1005s in the plasma sheet at
X~—11 Re. However, they found that this wave was not accompanied with any fast flow and had both slow
and Alfvén mode features. Previous studies have shown that the ballooning instability can drive ballooning
mode waves within the Pi2-band frequency range in the near-Earth plasma sheet (NEPS) before substorm onset
[Roux et al., 1991; Pu et al., 1997; Saito et al.,, 2008]. Panov et al. [2012] studied a strong wave within the Pi2-band
frequency range in the NEPS. They found that this wave exhibited signatures of kinetic ballooning/interchange
instability fingers that developed in a bent current sheet. The observed current sheet bending was found to
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be driven by the change of the solar wind velocity direction. Thus, without fast flows, Pi2s may also be driven by
instabilities in the plasma sheet, such as the kinetic ballooning/interchange instability in a bent current sheet due
to the variations of solar wind velocity direction. Sergeev et al. [2008] have shown that the change of the solar
wind velocity, even small variations, could cause significant changes in the near and middle plasma sheet.

In this paper, we use Cluster and OMNI data to give an overview of the internal and external conditions of
large-amplitude Pi2s in the plasma sheet. We first check the relationship between Pi2s and fast flows. Then,
we check how many Pi2s accompanied with no fast flows are observed during substroms. And finally, we
check how many waves in the rest are observed while the solar wind velocity direction has a significant
change in the noon meridian GSM plane.

2. Observation

In this study, we use the magnetic field data with 4 s resolution recorded by the Fluxgate Magnetometer
(FGM) [Balogh et al., 2001] and the 4 s ion data recorded by the Cluster lon Spectrometer (CIS) [Réme et al.,
20011 from Cluster 1 (C1) during their tail seasons from 2001 to 2009 [e.g., Fu et al., 2012a, 2012b]. The data are
selected when C1 is located in the plasma sheet beyond a geocentric solar magnetospheric (GSM; this
coordinate system is used throughout the paper without mentioned) distance of Xgsp = —10 R and inside of
|Yesm| < 12 Re. The solar wind and interplanetary magnetic field (IMF) data from the OMNI database used in
this study are 1 min resolution and have been shifted to the bow shock nose.

In order to find the Pi2s in the central plasma sheet, we define a neutral sheet crossing event as a 1 h interval,
centered around a reversal of the B, component of magnetic field. The beginning and ending time of these
intervals mark the neutral sheet crossing events. Two adjacent B, reversals within half an hour are considered
to be the same neutral sheet crossing event. This leads to a total of 650 neutral sheet crossing events.

For all these neutral sheet crossing events in the studied data set, we search for Pi2s with the following
criteria: (i) The wave period is within the Pi2 period range (40-1505). (ii) The waves are located in the plasma
sheet where B,, = B+ Byz)”2 < 15nT [Baumjohann et al., 1989]. (iii) The maximum amplitude (peak to
trough) of the waves is greater than 5nT. (iv) There are at least three full wave cycles in order to accurately
determine the wave properties. This leads to a total of 92 events, where for 80 events, the CIS ion data and
solar wind/IMF data are available.

2.1. Event 1: 27 September 2006

On 27 September 2006, we identify a Pi2 wave starting at ~15:15 UT while C1 is located near —14.5, 1.9, and
0.7 Re. As shown in Figure 1, the three components of the magnetic field in GSM and mean field-aligned
(MFA) coordinate system, the dynamic wavelet power spectrum of the B, component (in GSM), the ion
density, the ion velocity, the ion thermal pressure and magnetic pressure and their band-pass filter, the AL
index, the V, and V, components of the solar wind velocity (in GSM), and the angle of the solar wind velocity
direction in the x-z plane (in GSM) are plotted from top to bottom. Figure 1a shows that the B, and B,
components of the magnetic field are near zero and B, reverses its sign during this interval, which indicate
that C1 is located near the neutral sheet. A clear wave signal is seen in the B, component with a maximum
amplitude of ~20 nT between 15:15 and 15:23 UT, while the B, and B, components have only

small fluctuations.

In order to get the feature of the wave on compressional, we have transformed the magnetic field data from
GSM to MFA coordinate system. The MFA system is defined with its z axis parallel to the low-pass-filtered
magnetic field with a shortest period of 300 s, its y axis parallel to the vector product of the mean magnetic field
vector and x axis in GSM, and its x axis completes the right-handed coordinated system. We calculate the mean
wave amplitude (MWA) in each component of the magnetic field in MFA system as the square root of the
sum of the power spectrum density through fast Fourier transform over the Pi2-band frequency range during
the Pi2-band wave events. If the ratio (marked as Rc) of the compressional MWA to the transverse MWA (square
root of the sum of the two transverse MWA value’s square) is larger (less) than 1.5 (0.67), we regard the
compressional (transverse) component magnetic field as the dominant component. The compressional and
transverse components are thought to be comparable while the Rc is between 0.67 and 1.5. The Rc of this wave
between two vertical lines is ~0.86. So the compressional and transverse components of this wave are
comparable by using above criteria.
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Figure 1. Data from Cluster 1 (C1) and OMNI on 20 August 2003 between  flow magnitude V; above 100 km/s in the
14:55 UT and 15:35 UT. (a) The three components of the magnetic field in plasma sheet, during which V; exceeds
GSM and (b) in mean field-aligned coordinate system, (c) the spectrogram
of B, component, (d) the ion density, (e) the ion bulk velocity which has
been converted into components that are parallel and perpendicular to the
background magnetic field, (f) the amplitude of the ion bulk velocity, samples of V; > 400 km/s that are less
(9) the ion thermal and magnetic pressure and (h) their band-pass-filtered ~ than 10 min apart are considered to
variations within periods of 20 and 50, (i) the AL index, (j) the V, and V, belong to the same BBF, even if the
components of the solar wind velocity in GSM, and (k) the angle of the solar
wind velocity direction changing in the noon meridian GSM plane. Two
white horizontal lines in spectrogram indicate the time period 40 and 150s.
The vertical lines correspond to the onset and the end of Pi2-band wave.  the time interval of this wave can be
regarded as a BBF by using the criteria of

Angelopoulos et al. [1994].

400 km/s at least for one sample period
in the inner plasma sheet (8 > 0.5);

velocity drops below 100 km/s between
these samples. The fast flow during

Figure 1g shows that the ion thermal pressure and the magnetic pressure vary with a distinct period of about
30s. The dominant frequency of the ion thermal pressure and the magnetic pressure is not in Pi2-band
frequency range, which may be affected by the compressional component of the magnetic field. Band-pass
filtering with a period band of 20 to 50 s is performed on the ion thermal pressure and the magnetic pressure.
Figure 1h clearly shows that the ion thermal pressure and the magnetic pressure vary in antiphase.

In order to investigate whether these Pi2s are associated with substorms, we use an AL index criterion to
determine the presence of substorms [Hsu and McPherron, 2002, 2007]. A substorm onset timing procedure has
been proposed by Hsu and McPherron [2002]. The procedure scans the AL index for any possible enhancement
of the westward electrojet, which is related with the auroral expansion. The criteria used for determining the
substorm onset from AL index by Hsu and McPherron [2007] are as follows: (1) A negative bay and a sudden
change in slope in the AL index are necessary for selecting an event. (A negative bay means a negative
perturbation in the AL index, and a sudden change means an enhancement in the rate of decrease of AL.) The
duration of the negative bay must be longer than 20 min. (2) For a negative bay event to be selected, the
minimum AL must be lower than 100 nT. (3) If the time duration of a disturbed interval is longer than 3 h,
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solar wind from probe to the bow shock
Figure 2. Data from C1 and OMNI on 28 September 2005 between

14:40 UT and 15:20 UT. The format is the same as in Figure 1 except that nose has s.onlﬂe error: and error of most
the thermal pressure and magnetic pressure are band-pass filtered with ~ Cas€s IS within 10 min. Therefore, we
a period of 40 and 150s. only consider the solar wind velocity

variation between 10 min prior and

after the Pi2s onset as the solar wind
conditions. We use a 10 min window sliding during this 20 min interval to calculate the change of the solar
wind direction in the noon meridian GSM plane. Then the maximum change angle during this 10 min
window is regarded as the change of the solar wind direction in the noon meridian corresponding to the Pi2s.
The solar wind speed is near 500 km/s, and V, is near 0 with a change no more than 20 km/s. The solar wind
velocity direction changes no more than 1.5° in the GSM x-z plane in 10 min window.

2.2, Event 2: 28 September 2005

The second example of a wave event, measured on 28 September 2005, is shown in Figure 2. A Pi2 wave is
mainly seen in the B, component with largest amplitude ~20 nT from 14:59 to 15:07 UT while C1 is located
near —14.4, 3.1, and 1.9 Re. From Figure 2b, we can find that the amplitude of the transverse component
of the magnetic field in Pi2-band is larger than or comparable with that of the compressional component
between 15:00 UT and 15:02 UT, and then the amplitude of the compressional component is larger than that
of the transversal compressional. The value of the Rc is ~1.1, which indicates that the compressional and
transverse components of the magnetic field of this wave are comparable. Identified from the B, spectrogram
(Figure 2c), the dominant frequency of the Pi2 waves is around 10 mHz. The parallel and perpendicular
components of the ion velocity are less than ~100 km/s during this interval. One spacecraft may miss some
fast flows [Cao et al., 2006], so we check the other three Cluster spacecraft and find that no fast flow is
observed during this interval. The ion density is near or below 0.2 cm ™~ with small fluctuations. As shown in
the Figure 2g, the ion thermal pressure is larger than the magnetic pressure, while the amplitude of the ion
thermal pressure variations is smaller than that of the magnetic pressure. The variations of the ion thermal
pressure and the magnetic pressure in the Pi2-band frequency are shown in Figure 2h, and they also appear
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component of the magnetic field of
Figure 3. Data from C1 and OMNI on 24 September 2001 between 08:10UT  this wave is dominant. The dominant
and 08:50 UT. The format is the same as in Figure 2. frequency of the wave is ~10 MHz,

which can be identified from the B,
spectrogram. The ion density is about 0.3 cm ™, and the ion velocity is less than 100 km/s. Other Cluster
spacecraft also observe no fast flow during this interval. The fluctuations of the ion thermal pressure and
the magnetic pressure vary in antiphase. AL index shows that there is no clear substorm activity during
this time. From Figure 3k, we find that the solar wind velocity direction changes ~2° in the GSM x-z plane in
10 min window.

2.4. Event 4: 22 September 2001

Figure 4 shows a Pi2 wave occurring between 04:59 UT and 05:12 UT on 22 September 2001 when C1 is
located near —18.3, 5.5, and —1.5 Re. The wave power in the B, component is also predominant with maximum
amplitude of about 10 nT, and the dominant frequency of the wave is ~10 mHz. The amplitude of the
compressional component of the magnetic field is clearly larger than the transverse component (see in Figure 4b).
However, there is also strong transverse component of the magnetic field between 05:05 UT and 05:09 UT.
The Rc is ~1.3, which indicates that the compressional and transverse components of the magnetic field are
comparable. The ion density gradually increases from ~0.3 to ~0.4cm™> with small fluctuations. No fast flows
are observed by the C1 and other Cluster spacecraft. From Figure 4g, the fluctuations of the magnetic pressure
are clearly greater than those of the ion thermal pressure. They vary in antiphase in the Pi2-band frequency
range during the wave interval. The V, and V, components of the solar wind velocity are almost constant (V, is
also almost constant but not shown here), and the direction of the velocity has no significant change during this
time interval.

3. Statistical Study of the Pi2 Events

Figure 5 displays the spatial distribution of all 80 Pi2s in the Earth’s magnetotail plasma sheet. The distribution in
x-y plane is in accordance with the characteristic of the C1 spacecraft orbit. The distribution in y-z plane, which
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Figure 4. Data from C1 and OMNI on 22 September 2001 between 04:42 UT

and 05:22 UT. The format is the same as in Figure 2.

represents the location of the plasma
sheet, shows the effect of the magnetic
dipole tilt. We find that 50 out of 80 Pi2s
are in the premidnight sector, which
indicates that the premidnight sector is
more active than the postmidnight
sector and agrees with the findings of
Volwerk et al. [2003] but also Nagai and
Machida [1998]. The mean duration of
80 Pi2s, which is determined by visual
inspection (scan all three components
of the magnetic field and their wavelet
spectrogram), is about 15 min (the
minimum duration is ~5 min, and the
maximum duration is ~42 min).

Table 1 shows the classification of the
magnetospheric drivers and some
features of the Pi2s. We find that 62 out
of 80 Pi2s are accompanied with the
fast flows (38 with BBFs determined by
the criteria from Angelopoulos et al.
[1994]). The variations of the ion
thermal pressure and the magnetic
pressure of all these 62 events are in
antiphase. Out of these 62 events, 42
waves have dominant compressional
component, while the other 19 have
comparable compressional and
transverse components and 1 has
dominant transverse components.

Other mechanisms, such as substorm current wedge and ballooning instability, have also been proposed to
drive the Pi2s in the plasma sheet. We analyze the rest 18 events by examining the AL index to determine the
presence of the substorms, following the AL index criterion used by Hsu and McPherron [2007]. Eleven out
of 18 events occur during AL substorms. In these 11 events, 8 are mainly the compressional waves, 1 has
dominant transverse component, and 2 have comparable compressional and transverse components. The
ion thermal pressure and the magnetic pressure also vary in antiphase.

By using OMNI data and AM-03 mode, Panov et al. [2012] found that about 2° change of the solar wind
direction in 10 min window corresponds to about 8° change of the plasma sheet orientation tailward of 15 R
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Figure 5. The spatial distribution of the 80 Pi2-band waves observed by C1 in x-y (GSM) and y-z (GSM) plane.
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Table 1. Statistical Study of the Magnetospheric Drivers and Features of  jn the noon meridian GSM plane. We

the Pi2-Band Waves use a 10 min window to examine the

e e SR Others  change of the solar wind velocity
Event number 62 (42)° 1P 7 (3)¢ direction in the noon meridian GSM
Compressional 42 8 6 plane. In these 7 events that are
UChSTEES ! ! Y observed without fast flows during
Comparable 19 2 1

nonsubstorm, 3 events occur when
3Sixty two Pi2s are acc.ompanied with fast flows. Forty two out of these the solar wind velocity significantly
waves are observed during substorms. . . .
b . . . . changes its direction, and the
Eleven Pi2s are observed during substorms and accompanied with no . .
fast flows. maximum changes of solar wind
“Seven Pi2s are observed during nonsubstorm and accompanied with velocity direction are ~2.0°, ~2.1°, and
no fast flows (three observed while the solar wind velocity direction
changes larger than 2° in 10 min in the noon meridian in GSM plane).

~3°, respectively. All these 3 events
are compressional waves.

There are 4 Pi2s in our studied events that are not accompanied by fast flows, occur during nonsubstorm
times, and have no significant change in the solar wind velocity direction. Among these events, three Pi2s are
compressional waves, and the other one has comparable compressional and transverse components. All
these waves, the ion thermal pressure, and the magnetic pressure vary in antiphase.

4, Summary and Discussions

In this paper, we have studied the occurrence of the large-amplitude Pi2-band waves in the plasma sheet and
their relation to fast flows, substorms, and the solar wind velocity direction during the Cluster tail season from
2001 to 2009. Eighty Pi2s are selected for our statistical study. The average duration of the large-amplitude
Pi2-band waves is about 15 min. Sixty-two Pi2s are accompanied with fast flows, 11 events without fast flows
occur during substorms, 3 Pi2s occur when the solar wind velocity direction significantly changes (>2° in the
noon meridian GSM plane), and 4 are not associated with any fast flows, substorms, or significant change

of the solar wind velocity direction. The ion thermal pressure and the magnetic pressure vary in antiphase
during all 80 events. Most of the events (56 Pi2s) are compressional waves, while 22 events have comparable
transverse and compressional components. There are 2 Pi2s that have dominant transverse components.

Some strong magnetic field fluctuations in the plasma sheet are found to be accompanied with fast flows
[Bauer et al., 1995; Sigsbee et al., 2002; Fu et al., 2011]. In our study, the majority of the Pi2s in the plasma sheet
are accompanied with fast flows. This result suggests that in most of the cases, fast flows are the main driver
of these waves, which agrees with the results of Volwerk et al. [2003]. Volwerk et al. [2003] found that the
spectral power of the compressional waves in the tail current with Pi2-band frequencies increased with the
plasma flow velocity up to a perpendicular flow velocity of ~400 km/s and saturates at higher velocities.
They concluded that fast flows can drive turbulence in the Earth'’s tail current sheet. It is also worthy to note
that fast flows have been found to be associated with the current sheet flapping [Sergeev et al., 2006], which
may also produce perturbations in the magnetic field with quasiperiods in Pi2 frequency band. It is not
excluded in our current study that some Pi2 waves are associated with the flapping in the thin and wavy
current sheet [Fairfield et al., 1981; Nakagawa and Nishida, 1989].

Besides fast flows, other dynamic processes in the plasma sheet, such as substorm current wedge (SCW) and
ballooning instability, are also proposed to drive Pi2s [Bauer et al., 1995; Saito et al., 2008]. Bauer et al. [1995]
reported three events with strong magnetic oscillations in the plasma sheet during substorms, which had
dominant compressional component and anticorrelated proton pressure and magnetic pressure variations.
They suggested that the transient response of the plasma sheet to the formation of the SCW drives these
magnetic oscillations. In our survey, 8 compressional wave events that are not associated with fast flows that
occur during substorms can be explained by the plasma sheet oscillations excited by the formation of the
SCW at substorm onsets [Bauer et al., 1995]. However, there is one substorm time Pi2-band wave that appears
transverse, which could be the result of mode conversion to become Alfvénic fluctuations [Du et al., 2011].

Recent studies also suggested that the Pi2s in the plasma sheet might be associated with plasma sheet

instabilities [Panov et al., 2012]. The Pi2-band oscillations of the magnetic field reported by Panov et al. [2012]
are attributed to the kinetic ballooning/interchange instability that developed in a bend current sheet driven
by the change of the solar wind velocity direction. Our survey shows that the solar wind direction significantly
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changes during several Pi2s, suggesting that some Pi2s in the plasma sheet can be driven purely by the
plasma instabilities while this mechanism may happen in relatively rare cases. There are 4 events in our study
that are not associated with fast flows, substorms, and the significant change of the solar wind velocity
direction. In these cases, other mechanisms, such as impulsive reconnection [Fu et al., 2013a, 2013b], can
drive Pi2s, although the current observations in this study may not confirmiit. It is also worthy to note that out
of 62 fast flow-driven Pi2s, 42 events also occur during substorms and 22 during the expansion phase of
substorms. Considering the strong association between BBFs and substorms, it is not surprising that some
Pi2s in the plasma sheet may be the combined effect of fast flows and the formation of the SCW.
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