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[1] Ultralow frequency (ULF) waves in the Pc4 and Pc5 bands are ubiquitous in the inner
magnetosphere and have significant influence on energetic particle transport. Investigating
the source and characteristics of ULF waves also helps us better understand the interaction
processes between the solar wind and the magnetosphere. However, owing to the
limitation in instrumentation and spatial coverage, the distribution of ULF waves in local
time and L shell in the inner magnetosphere has not been completely studied. The recent
Time History of Events and Macroscale Interactions During Substorms (THEMIS)
mission provides unique opportunities to investigate the spatial distribution of ULF
pulsations across different L shells with full local time coverage in the inner
magnetosphere during solar minimum, with both electric and magnetic field
measurements. Pc4 and Pc5 pulsations in the electric field observations are identified
throughout 13 months of measurements, covering 24 h in local time. The pulsations are
characterized as either toroidal or poloidal (including compressional) mode, depending on
the polarization of the electric field. Subsequently, the pulsations’ occurrence rate and
wave power distributions in radial distance and local time are recorded. While the
distributions of both Pc4 and Pc5 events vary greatly with radial distance and local time,
Pc4 events are more frequently observed in the inner region around 5–6 RE and Pc5
events are more frequently observed in the outer region around 7–9 RE, which suggests
that the field line resonance is an important source of the ULF waves. In the flank regions,
the wave power is dominated by the toroidal mode, likely associated with the Kelvin-
Helmholtz (KH) instability. In the noon sector, the Pc5 ULF wave power is dominated by
the poloidal mode, likely associated with the solar wind dynamic pressure disturbance.
The KH instability plays an important role, suggested by our observations, during the solar
minimum when the solar wind dynamic pressure is relatively weak. We also find that
the contributions to the Pc5 ULF wave power from the external sources are larger than
the contributions from the internal sources. These statistical results are important in
characterizing Pc4 and Pc5 waves and also important for any efforts to model the transport
of energetic particles in the magnetosphere.
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1. Introduction

[2] The frequency spectrum of ULF waves in the terres-
trial magnetosphere has been studied extensively in the past
using both ground-based and satellite measurements [e.g.,
Jacobs et al., 1964; Anderson et al., 1990; Mathie et al.,
1999; Mann et al., 2002] as well as models [e.g., Orr and
Matthew, 1971; Singer et al., 1981; Glassmeier et al., 1999].
Part of the great interest in these waves is that electric and
magnetic perturbations in the Pc4 and Pc5 range of ULF
frequencies, at 6.7–22 mHz and 1.7–6.7 mHz, respectively,
can have significant influence on energetic particles (100s
of keV to multiple MeV) in the magnetosphere, which have
drift frequencies comparable to this range [e.g., Fälthammar,
1968]. The effectiveness of the interaction between ener-
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getic particles and the ULF waves also depends on the
polarization of the waves. For example, poloidal and
compressional modes are much more effective in trans-
porting energetic particles in radial direction than toroidal
mode [e.g., Elkington et al., 2003]. However, studying the
polarization of ULF waves, that is, the identification and
separation of poloidal, toroidal, and compressional modes
of the pulsations, in contrast to their frequencies, is much
more difficult. This is because of the following (often
conflicting) reasons: (1) Measurements across different L
shells are required, as the characteristics of ULF waves vary
greatly with L shell (with field line length) [e.g., Zhu and
Kivelson, 1991]. (2) Spacecraft measurements are required,
as opposed to ground-based measurements, as some pulsa-
tions, particularly of high mode number [Hughes and
Southwood, 1976], are screened and/or their polarization
are altered by the ionosphere [e.g., Yumoto et al., 1983;
Glassmeier and Stellmacher, 2000]. (3) Measurements near
the equatorial plane, as opposed to measurements along a
polar orbit, are ideal in order to measure the waves at
similar latitudes, as polar orbits are entwined with the
difficulty of differentiating temporal effects from L shell
effects. (4) Measurements with both an electric field and
magnetic field are required, as the toroidal wave magnetic
field has a node at the magnetic equator [e.g., Hughes,
1994; Denton et al., 2001]. Thus, ideally a spacecraft in a
highly elliptical orbit, on the equatorial plane, with both an
electric and magnetic field instrument is needed to better
resolve features of ULF pulsations in the magnetosphere.
Furthermore, since magnetometers measure the magnetic
field at a single point, the definition of wave propagation
direction and wavelength is ambiguous unless multipoint
measurements are made [Takahashi et al., 1985; Glassmeier
et al., 2001] or electric field measurements are incorporated
[Clemmons et al., 2000]. We show in this paper that Time
History of Events and Macroscale Interactions During Sub-
storms (THEMIS) is ideal for ULF polarization studies, as it
meets all the above criteria.
[3] Several statistical studies of the distribution of ULF

waves in the inner magnetosphere have been performed
using measurements from spacecraft that satisfied some of
the above conditions. Zhu and Kivelson [1991] studied the
properties of the ULF waves of period 2–20 min by
investigating the amplitudes and polarizations based on
the magnetic field and plasma data observed by ISEE 1
and 2. They concluded that intense compressional waves
were a persistent feature near the two flanks of the
magnetosphere and transverse waves polarized in the
azimuthal direction were found to be mainly a nightside
phenomenon. Anderson et al. [1990] used AMPTE CCE
magnetic field data from L = 5 to 9 near the equatorial
plane to investigate the spatial occurrence distributions of
Pc3–Pc5 ULF pulsations in different categories classified
by polarization and spectral density. They concluded that
harmonic toroidal resonance was found to be the dominant
coherent activity on the dayside and fundamental toroidal
resonance was more observed in the dawn sector. Lessard
et al. [1999] used the AMPTE IRM magnetic field data
from L = 6 to 20 to investigate the occurrence rate of
several types of Pc3–Pc4 pulsations. They found that
fundamental resonances were observed to occur over a
limited range of L shells and were not well correlated with

harmonic resonances. Hudson et al. [2004] used CRRES
magnetic field data to study the occurrence rate of Pc5 ULF
oscillations in toroidal and poloidal modes. They found that
there was a comparable probability of occurrence of toroi-
dal mode oscillations on the dawn and dusk sides inside
geosynchronous orbit, while poloidal mode oscillations
occurred predominantly along the dusk side. Takahashi
and Ukhorskiy [2007] statistically studied the solar wind
control of the power of Pc5 magnetic pulsations at geo-
synchronous orbit on the basis of ACE solar wind param-
eters and GOES 8 magnetic field measurements. They
found that solar wind dynamic pressure had the highest
correlation with the magnetic pulsations at geosynchronous
orbit among the solar wind parameters. Several ground-
based observations were also used to investigate the statis-
tical behavior of certain ULF pulsations (with small mode
number) in the magnetosphere, such as the studies by
Glassmeier and Stellmacher [2000] and Mann et al.
[2002]. None of these works involved electric field observa-
tions, perhaps owing to the difficulties in the measurement of
electric field. However, as discussed later in section 2,
magnetic field observations alone cannot fully characterize
all features of the ULF pulsations and electric field measure-
ments are required to provide an unambiguous picture of
ULF activity in the inner magnetosphere.
[4] In a paper by Sarris et al. [2009], it was shown that

the THEMIS mission [Angelopoulos, 2008] provides an
ideal tool for characterizing ULF pulsations, and in partic-
ular for investigating their polarization characteristics in the
inner magnetosphere. The THEMIS constellation, consist-
ing of five microsatellites hereafter termed ‘‘probes’’ A
through E, was launched on 17 February 2007 in a low-
inclination and highly elliptical orbit. The THEMIS probes
were equipped with instruments that measure the electric
and magnetic fields, as well as thermal and superthermal
ions and electrons. For this study THEMIS measurements
are used to characterize the statistical distribution and
polarizations of Pc4 and Pc5 ULF waves across different
L shells in the inner magnetosphere. In particular, the
THEMIS electric field instruments perform measurements
in the XY plane (GSE coordinates), as opposed to previous
CRRES measurements which provided only one component
of the electric field in the equatorial plane. Thus, using
THEMIS measurements, we can calculate the radial and
azimuthal electric field components, based on which we can
further identify the mode of the ULF waves. Hudson et al.
[2004] confirmed that the poloidal and compressional
modes are usually mixed together. In our study, as has been
done in many studies before, we do not distinguish the
poloidal and compressional modes and use ‘‘poloidal mode’’
to represent both of them.
[5] Since the launch, the THEMIS probes traversed the

inner magnetosphere in a pedaling orbit of successively
larger local time of perigee. After the orbit replacement in
October 2007, THEMIS D maintained an average orbital
period of one day, an apogee of 12 RE and a precession
time that remained relatively constant. In this study we use
THEMIS D measurements to identify and statistically
analyze Pc4 and Pc5 ULF pulsations. Individual Pc4 and
Pc5 pulsation events during this period were selected by an
automated routine that identifies peaks in the power spec-
trum, using a method similar to the one used by Takahashi
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and Ukhorskiy [2008]. In their statistical study, Takahashi
and Ukhorskiy [2008] investigated the solar wind control of
Pc5 waves at geosynchronous orbit using GOES 8 magnetic
field measurements with a 1 min resolution. In this study
we investigate Pc4 and Pc5 waves across a wide range of
L, from the plasmapause to the magnetopause, for all local
times. We show that the combined use of electric and
magnetic field instruments, as provided by the THEMIS
probes, is ideal for the mode identification of ULF waves,
as compared to past magnetometer-only studies.
[6] In section 2 the data set used in this study is

presented, including electric and magnetic field measure-
ments from THEMIS and two examples from outbound
passes of THEMIS D. In section 3 the method of extracting
Pc4 and Pc5 events is described, together with the method
used to produce the statistical results. In section 4 the
statistical distributions of the Pc4 and Pc5 waves in the
inner magnetosphere are presented. The conclusions are
given in section 5.

2. Data

2.1. Orbit

[7] We use electric and magnetic field measurements
from THEMIS, from November 2007 to December 2008.
At each orbit, the probes were traversing the inner magne-
tosphere, crossing the plasmasphere, magnetosphere and
magnetosheath. The local time of perigee was successively
decreasing, providing within this 13 month period a com-
plete coverage of the inner magnetosphere. We statistically
characterize various features of Pc4 and Pc5 pulsations in
the magnetosphere. Three examples of the trajectory of
THEMIS D are shown in Figure 1 (left) for 20 July 2007
(black), 4 September 4 2007 (red), and 8 September 2008
(blue). Measurements of the electric and magnetic fields on
20 July 2007 and 8 September 2008 are discussed in
section 2.2. Measurements on 4 September 2007 were
presented by Sarris et al. [2009]. The coverage of the
equatorial plane by THEMIS from November 2007 to
December 2008 is shown in Figure 1 (right), where the

observation time is color-coded as a function of radial
distance and local time.

2.2. Electric and Magnetic Field Measurements

[8] The electric and magnetic field measurements are
provided by the Electric Field Instrument (EFI) [Bonnell
et al., 2008] and the Fluxgate Magnetometer (FGM) [Auster
et al., 2008], respectively. All THEMIS satellites are
equipped with identical instruments. EFIs contain two pairs
of long wire booms (�40 and 50 m, respectively) extended
in the spacecraft spin plane, which is approximately the
x � y plane in GSE, and one pair of short (�7 m) along-axis
booms. The short pair of booms is not used in this analysis.
[9] Components of the electric and magnetic field vector

were projected in a Mean-Field-Aligned (MFA) coordinate
system from the GSE coordinate system, in order to separate
the ULF field variations perpendicular to as well as along
the magnetic field direction. In this system, B// is obtained
from a 30 min running average of the magnetic field,
centered at the data point being processed. The azimuthal
direction,

_
ef, is determined by

_
e// � ~re, where

_
e// points

along the average background magnetic field direction and
~re is the radial position vector, positive outward. The radial
direction, with its unit director defined as

_
er. The vectors

(
_
er,

_
ef,

_
e//) complete the orthogonal system. The oscilla-

tions in the magnetic (electric) field components projected
to the

_
er (

_
ef) and

_
ef(

_
er) directions are referred to as poloidal

mode (including compressional mode, as the Bz component
is usually associated with the poloidal mode) and toroidal
mode, respectively. As discussed in section 1, we do not
distinguish poloidal and compressional modes. It is also
necessary to clarify that the terms ‘‘poloidal’’ and
‘‘toroidal’’ are usually used to classify magnetic field
oscillations [Dungey, 1954]. The oscillations in electric field
are associated with the oscillations in magnetic field. In this
paper, we use the electric field signatures to distinguish
these two modes. In rotating the field components into MFA
coordinates, the 30 min average acts as a high pass filter
removing frequencies below 0.55 mHz, so frequencies in
the Pc4 and Pc5 range are not affected.

Figure 1. (left) The orbits of THEMIS-D are shown for 20 July 2007 (black), 4 September 2007 (red),
and 8 September 2008 (blue). The magnetopause location (dashed line) is calculated on the basis of Shue
et al.’s [1997] model with Bz = 1 nT and Dp = 3 nPa, as a reference. (right) The observation time in the
equatorial plane is color-coded as a function of radial distance and local time.
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[10] The presence of significant densities of cold (<tens
of eV) plasma in the magnetosphere can have impact on
double-probe electric field measurements through electro-
static wake formation [Bonnell et al., 2008]. The contam-
ination in DC electric field measurements by local
electrostatic fields arising from cold plasma wakes can be
detected by comparing the electric field estimates from the
long (E12) and short (E34) spin plane booms. The signals
on the short boom antenna are larger in amplitude than that
on the long booms when the wake effects are significant.
The diagnostic analysis of the effects of cold plasma wakes
on the power spectra in the ULF wave range has been
performed in this study for several cases throughout the
inner magnetosphere. It is found that the wave power
spectra of the electric field estimates from the short and
long booms are very similar in the frequency ranges from 2
to 30 mHz, even during the time with significant increases
in the jE34j/jE12j ratio. It is thus suggested that the cold
plasma wakes do not seem to have a significant effect upon
the electric field power spectra in the Pc4 and Pc5 ranges
(J. W. Bonnell, private communication, 2009).

2.3. Case Study A: ULF Wave Event on 20 July 2007

[11] An example of electric and magnetic field measure-
ments from THEMIS D from 1130 to 1600 UT on 20 July
2007 is presented in Figure 2a. In Figure 2a, the radial and
azimuthal electric field components, Er and E8, and the
radial, azimuthal, and parallel magnetic field components,
Br, B8, and B// are plotted, as marked. Data points are
plotted with a �3 s resolution, corresponding to the spin
period of THEMIS D. The color plots below each of the
components give the corresponding dynamic power spectra
(DPS) for frequencies up to 16 mHz. The DPS calculations
were performed using a wavelet analysis with a Morlet
wavelet [Morlet et al., 1982].
[12] In this case, fluctuations at discrete frequencies in the

electric and magnetic field are seen mostly in the radial
component of the E field, Er, and the azimuthal component
of the magnetic field, B8, which suggests that ULF waves
during this time are in toroidal mode. Interestingly,
signatures of harmonics of these frequencies are also
observed in the power spectra, as discussed by Sarris et
al. [2009] for pulsations on 4 September 2007. For

Figure 2. Two examples of electric and magnetic field measurements from THEMIS-D (a) from 1150
to 1530 UT on 20 July 2007 and (b) from 0750 to 1230 UT on 8 September 2008.
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example, at 1318 UT, asmarked by the solid line in Figure 2a,
a clear harmonic can be distinguished in the Er component
(second panel) at a frequency of �8 mHz, which is
considered as the second harmonic of the fundamental mode
at �4 mHz. In the B8 component (tenth panel), the harmonic
is at a frequency of�12mHz, which is approximately 3 times
the frequency of the fundamental mode and is considered as
the third harmonic. In this case, the second harmonic is not
clearly observed in the B8 component.
[13] In Figure 3 (top and middle), the fluctuations of the

Hn (eastward) components of GOES 11 and GOES 12
during 1300–1400 UT are plotted. These satellites observed
fluctuations of different frequencies in different locations
across a broad range of radial distance (4–8 RE) and local
time (0400–1100). GOES 11was traveling at 0400–0500 LT
and GOES 12 was traveling at 0800–0900 LT. GOES 11
observed low-frequency oscillations below the Pc5 range.
GOES 12 observed oscillations at frequency of �5 mHz.
The radial electric field and azimuthal magnetic field
measured by THEMIS D are plotted in Figure 3 (bottom)
as red and black lines, respectively. The oscillations can be
seen in both components at a frequency of �3 mHz.
Furthermore, from THEMIS observation, a �90 degree
phase difference can be identified between Er and B8

fluctuations, which suggests that this ULF wave is a
standing Alfvén wave. However, such a conclusion cannot
be drawn from GOES data only, without electric field
measurement. This event demonstrates the advantage of
THEMIS observations for ULF wave studies.

2.4. Case Study B: ULF Wave Event on 8 September
2008

[14] Another example of electric and magnetic field
measurements from THEMIS D from 0800 to 1230 UT
on 8 September 2008 is presented in Figure 2b, in the same
format as that of Figure 2a.
[15] In this event, the discrete ULF wave activities are

observed throughout the outbound orbit of THEMIS D,
from the plasmapause (PP) to the magnetopause (MP), as
indicated by the two dashed lines. The signature of the
fundamental mode can be distinguished continuously in the
electric field observations throughout this time and is clearer
mostly in the Er component, suggesting the presence of a
toroidal mode of oscillation. At some time period, the
oscillation in the E8 component is comparable to, or even
stronger than that in the Er component, which perhaps
suggests the mixture of toroidal and poloidal modes, as
discussed by Sarris et al. [2009] about an event observed on
4 September 2007. In the magnetic field measurements, the
fundamental mode is not observed continuously and is not
as clear as it is in electric field measurements. However,
strong harmonic oscillations are observed in the B8

component at a frequency that is roughly twice the
frequency of the fundamental mode observed from the Er

component. For example, at 1005 UT as marked by a solid
line, the frequency of the fundamental mode is �8.5 mHz
observed from the Er component, and the frequency of the
second harmonic mode �19 mHz observed from the B8

component. Again, in this case, it is shown that magnetic
field observations alone cannot fully characterize all
features of the ULF pulsations and that electric field
measurements are required to provide an unambiguous
picture of ULF activity in the inner magnetosphere.

3. Statistical Analysis

3.1. Identification of Pc4 and Pc5 Events

[16] In the investigation performed, 13 months of electric
field measurements were spectrally analyzed in order to
detect spectral peaks in the Pc4 and Pc5 range, which would
signify the appearance of narrowband toroidal or poloidal
waves.
[17] In past spectral analyses of long-term data, similar

methods were adopted. For example, Glassmeier and
Stellmacher [2000] defined the ‘‘Pc5 index’’ as the ratio
of the spectral power integrated over the approximate Pc5
band (2–8 mHz) to the spectral power integrated over the
much wider 0.2–100 mHz band in order to identify the
dominance of a narrowband Pc5 pulsation in a given time
interval. In a different approach, Takahashi and Ukhorskiy
[2007] defined the ‘‘toroidal wave index’’ as the ratio of the
wave power in the toroidal component of the Pc5 waves for
spectral peaks that have a full width at half maximum of less
than 2 mHz, over the integrated wave power in the
azimuthal component over the fixed Pc5 band, from 1.7 to
6.7 mHz. The advantage of the latter approach is that the

Figure 3. The fluctuations in the Hn components of (top)
GOES 11 and (middle) 12 and (bottom) the azimuthal
magnetic field and radial electric field of THEMIS D from
1300 to 1400 UT on 20 July 2007.
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frequency band changes from event to event, and that it can
better identify monochromatic toroidal waves.
[18] In this work, we extend the method used by Takahashi

and Ukhorskiy [2007], in order to identify and investigate
toroidal and poloidal waves, taking advantage of the
enhanced capabilities provided by the THEMIS electric
field instrument. In general, identifying pulsation events
appears to be much easier through the electric field instru-
ment. One reason is that, for the case of fundamental
toroidal waves, the magnetic field component of the wave
has a node in the magnetic equator, making it difficult for
equatorial spacecraft such as THEMIS (and also GOES
geosynchronous satellites) to detect the fundamental mode
of field line resonances (FLRs, the ‘‘Alfvén continuum’’
that has wave frequency varying continuously with respect
to L) through magnetic field measurements [e.g., Singer and
Kivelson, 1979]. On the other hand, the electric field
component of the wave has an antinode, and thus maximum
wave amplitude at the magnetic equator, making it easier to
detect the fundamental mode and other odd harmonics,
whereas the magnetic field measurements are better for
detecting even harmonics.
[19] To identify wave events, the following empirical

criteria are used for the power spectral density (PSD)
computed from the radial and azimuthal components of
electric field, projected in the mean field aligned coordinate
system. The power spectrum of the azimuthal and radial
electric field components, Er and E8 are calculated using a
wavelet analysis with a Morlet wavelet. We identify spectral
peaks (fpeak) in the Pc4 and Pc5 bands of the Er and E8

components by recording the maximum in the power
spectral density of electric field signal in the 6.7–22 mHz
and 1.7–6.7 mHz, respectively. A spectral peak is
identified as an ‘‘event’’ if the peak is found in the electric
field and the peak’s full width at half maximum (FWHM,
the distance between flower and fupper) of the spectral peak is
narrower than a threshold, which is set to 40% of the
frequency at the peak. A minimum threshold of 2 mHz is
employed when the peak frequency is below 5 mHz. The

peak is identified as a Pc4 (Pc5) toroidal event if the peak is
found in the Er component and the power in the Er

component integrated over the Pc4 (Pc5) range is greater
than the integral power in the E8 component. Similarly, the
peak is identified as a Pc4 (Pc5) poloidal event if the peak is
found in the E8 component and the power in the E8

component integrated over the Pc4 (Pc5) range is greater
than the integral power in the Er component. We exclude the
events with extremely large integral power in the Pc4 or Pc5
range (>3 � 104 (mV/m)2/Hz), which frequently occurs
during magnetopause crossings.
[20] Two examples of a toroidal Pc4 event and a toroidal

Pc5 event as selected using the above criteria are shown in
Figures 4a and 4b around 0115 UT of 16 January 2008 and
1955 UT of 6 September 2007, respectively. In Figures 4a
and 4b, the PSD spectra of the Er components are plotted.
The dashed lines indicate the Pc4 and Pc5 ranges. In
Figure 4a, a PSD peak at �3 mHz is identified, having a
FWHM of 1.5 mHz, and in Figure 4b, a PSD peak at
�10 mHz is identified, having a FWHM of 4 mHz.

3.2. Application to Case Studies

[21] Figure 5 shows a benchmark of this method applied
on the FLR event discussed by Sarris et al. [2009]. The first
and second panels of Figure 5 are the wave power spectra of
the radial and azimuthal component of the electric field. The
third panel is the ULF mode identified by this method,
given a value of 1 for a poloidal mode event, and 2 for
toroidal mode event. The fourth panel shows the integral
power of Er and E8 in the Pc5 band. The fifth and sixth
panels show frequencies fpeak, flower and fupper of the Er and
E8 spectra.
[22] From Figure 5, we can see that the toroidal and

poloidal mode events are well identified. Before 0745UT,
most of the events are poloidal. After that, most of the
events are toroidal. This is consistent with the analysis result
of Sarris et al. [2009].
[23] Figure 6 shows another example of the identification

of the mode of ULF waves on 20 July 2007 in the same

Figure 4. Two examples of a Pc5 and a Pc4 toroidal event, as selected using the criteria described in
section 3.1.
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format of Figure 5, in which toroidal events are dominant. A
PSD peak at 3–5 mHz frequency can be clearly identified in
the spectrum of Er component from 1240 to 1350 UT,
which is classified as Pc5 toroidal mode.

3.3. Statistical Analysis of Pc4 and Pc5 Toroidal and
Poloidal Events

[24] The spectral and component analysis that was per-
formed on the three selected case studies, as was presented
in section 2, shows that the characteristics of Pc4 and Pc5
toroidal and poloidal pulsations vary greatly with spacecraft
location. We performed the same analysis for thirteen
months of THEMIS data, from November 2007 to December
2008, in order to identify the radial distance, local time and
solar wind dependence of Pc4 and Pc5 toroidal and poloidal
pulsation events. The minute averaged values of power
spectra density are used in the analysis and one minute
averaged value is considered as one sample. During this
time period, the total observation time with available data
was 183,375 min. In these samples, 9805 events were
identified as Pc4 ULF wave events, including 4805 events

in poloidal mode, and 5005 events in toroidal mode. A total
of 50,184 events were identified as Pc5 ULF wave events,
including 20,715 events in poloidal mode and 29,469 events
in toroidal mode. We note here that, by using different
statistical samples of minute and 10 min averaged values of
power spectra density as input, we reach results similar to
those presented in this paper. In the statistical results, the
selected variables were averaged in bins of 0.5 RE from 4 to
9 RE in radial distance and 15 degrees in azimuth.
3.3.1. Occurrence Rate
[25] The occurrence rate is calculated from the number of

events of each bin divided by the time that the spacecraft
spent in that particular bin, resulting in a quantity that
counts the possibility of observing a toroidal or poloidal
event. The occurrence rate is plotted in Figures 7a and 7b
for Pc4 events and in Figures 7c and 7d for Pc5 events.
Figures 7a and 7c correspond to the poloidal mode, and
Figures 7b and 7d correspond to the toroidal mode.
3.3.2. Wave Power and Peak Frequency Distribution
[26] In order to find the distribution of Pc4 and Pc5 wave

power in the inner magnetosphere, we plotted the square

Figure 5. ULF mode identification on 4 September 2007. The first and second panels are the wave
power spectra of the radial and azimuthal component of the electric field. The third panel is the ULF
mode identified by this method, given a value of 1 for a poloidal mode event and 2 for toroidal mode
event. The fourth panel shows the integral power of Er and E8 in the Pc5 band. The fifth and sixth panels
show frequencies fpeak, flower, and fupper of the Er and E8 spectra.
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root of the integral of the power spectral density over Pc4
and Pc5 bands in Figure 8 as

dEr ¼
Zf2

f1

PSD Erðf Þdf

0
B@

1
CA

1=2

; dE8 ¼
Zf2

f1

PSD E8ðf Þdf

0
B@

1
CA

1=2

;

ð1Þ

where dEr and dE8 are in units of mV/m. Figures 8a and 8b
are for Pc4 events, and Figures 8c and 8d are for Pc5 events.
Figures 8a and 8c are for poloidal mode, and Figures 8b and
8d are for toroidal modes.
[27] In Figure 9, we plot the distribution of the averaged

value of the peak frequencies of the events observed in each
sector for poloidal and toroidal modes. These statistical
results will be discussed in detail in section 4, following the
discussion of individual cases.

4. Discussion

4.1. On the Characterization of Pulsations

[28] In sections 2.3 and 2.4, we presented two ULF wave
events which show signatures of FLRs, as confirmed also

by the �90 degree phase difference between the radial
component of the electric field and the azimuthal compo-
nent of the magnetic field which was shown in Figure 3.
The frequencies of the fundamental and harmonic modes of
the FLRs depend on the length of the field line and the Alfvén
velocity along the field line [e.g., Waters et al., 2000]. In the
case on 20 July 2007, the FLR frequency gradually drops
from 15 mHz at 4.5 RE to 3 mHz at 9 RE, from Pc4 range to
Pc5 range. In the case on 8 September 2008, the resonance
frequency decreases from 16 mHz at 4.5 RE to 4 mHz at 9 RE.
These results, combined with the statistical analysis that is
performed and presented in sections 4.2–4.5, suggest that the
fundamental mode of FLR could be a significant fraction of
the observed Pc4 pulsations, especially in the region outside
of the plasmapause.
[29] The harmonics of FLRs are also a significant fraction

of the observed Pc4 pulsations in the outer region. In the
event discussed in section 2.3, at 1318 UTon 20 July 2007, as
marked by the solid line in Figure 2a, the second harmonic
can be distinguished in the Er component at a frequency of
�8 mHz, and the third harmonic can be distinguished in the
B8 component at a frequency of �12 mHz at 6.9 RE. Both
events fall into the Pc4 frequency range.

Figure 6. ULF mode identification on 20 July 2007, with the same format as that of Figure 5.
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[30] In the FLR event on 8 September 2008 as shown in
Figure 2b, after the satellite crossed the plasmapause at
around 0820 UT, strong ULF wave activity was observed in
both Er and E8 components. The amplitudes (dEr and dE8,
as defined in section 3.3.2) over Pc4 and Pc5 range increase
from 0.23 mV/m inside plasmapause to 1.56 mV/m
outside plasmapause in the radial component and 0.19 to
1.33 mV/m in the azimuthal component. In the FLR event
on 4 September 2007 as discussed by Sarris et al. [2009],
similar results were observed. The amplitudes increase
from 0.11 to 1.26 mV/m in the radial component and 0.21
to 1.03 mV/m in the azimuthal component. This amplitude
behavior across the plasmapause is qualitatively consistent
with the model results by Waters et al. [2000] and is
confirmed by the statistical results in Figure 8, which shows
that the wave power is relatively lower inside the plasma-
sphere. This behavior also suggests a new possibility to
identify the plasmapause location based on the ULF wave
measurements on the electric field.

4.2. On the Occurrence Rate of Pulsations

[31] From Figure 7, we can see that the occurrence rate is
quite different across different L shells and local times.
Overall, Pc5 events have a higher occurrence rate than Pc4
events by a factor about 2. Pc4 events are more frequently
observed in the inner region around 5–6 RE and Pc5 events
are more frequently observed in the outer region around 7–
9 RE, which is likely associated with the local FLR
frequency in different regions, as discussed in section 4.1.
It also suggests that FLRs are an important fraction of the
observed Pc4 pulsations in the inner magnetosphere and of
Pc5 pulsations in the outer magnetosphere.
[32] As discussed above, the Pc4 wave activities were

observed as soon as the satellite moved away from plasma-
sphere, suggesting that the plasmapause location can play a
role in the occurrence rate of the Pc4 ULF waves. In the
statistical results of both Pc4 poloidal and toroidal modes,
the occurrence rate is very low in the dusk sector. This may
be owing to the plasmapause location, which is generally
asymmetric and often extends farther in the dusk side.

Figure 7. Statistical results of the occurrence rates of (a and b) Pc4 and (c and d) Pc5 poloidal and
toroidal mode ULF waves.
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[33] In the occurrence rate distribution of poloidal Pc5
waves (Figure 7c), the occurrence rate is clearly higher in
the dusk sector than that in the dawn sector inside 8 RE. For
the toroidal mode (Figure 7d), there is no clear enhancement

in the dusk sector. This supports the previous understanding
that the drift resonance involving westward drifting ions
from the magnetotail can excite poloidal mode Pc5 waves in
the dusk sector.

Figure 8. Statistical results of the averaged wave power. The wave power is plotted as the square root of
the integral of the power spectral density over (a and b) Pc4 and (c and d) Pc5 bands.

Figure 9. The distribution of the average value of the peak frequencies of the Pc4 and Pc5 events
observed in each sector.
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[34] Pc4 poloidal events (Figure 7a) are more frequently
observed in the noon sector, whereas Pc4 toroidal events
(Figure 7b) are more frequently observed in the dawn
sector. The poloidal mode is more likely associated with
the activities in the dayside, such as solar wind dynamic
pressure disturbances, and the toroidal mode is more likely
associated with the activities in the flank regions, such as
the Kelvin-Helmholtz (KH) instability due to velocity shear.
We cannot see a clear flank-noon difference in the occur-
rence of Pc5 wave. However, as will be discussed in
section 4.3, we find that the wave power is stronger in the
flank regions for the toroidal mode.

4.3. On the Wave Power Distribution

[35] The wave power distribution for both Pc4 and Pc5
waves varies greatly with radial distance and local time. In
general, we find that the wave power in the Pc5 band is
stronger than power in the Pc4 band. It is also clear that the
power of both toroidal and poloidal Pc5 waves decreases
with decreasing radial distance, which is consistent with the
results from MHD simulations conducted by Claudepierre
et al. [2008, 2009].
[36] For the Pc5 toroidal events (Figure 8d), the wave

power is stronger at the two flank regions, where the KH
instability is expected to be strong, [e.g., Pu and Kivelson,
1983; Fujita et al., 1996; Engebretson et al., 1998]. For the
Pc5 poloidal events (Figure 8c), the wave power is en-
hanced in the noon sector but comparable to the power in
the flank regions, which may be owing to the relatively
weak disturbance in solar wind dynamic pressure during
solar minimum. Overall, the comparison between Figures
8c and 8d suggests that, in the noon sector, the Pc5 ULF
wave power is dominated by the poloidal mode and in the
flank regions, the wave power is dominated by the toroidal
mode.
[37] In the nightside, an overall dawn-dusk asymmetry

can be distinguished in Figures 8a–8d, and the wave power
is stronger in the premidnight sector. This is consistent with
previous understanding that earthward plasma flow (e.g.,
bursty bulk flow) is a source of ULF waves during sub-
storms [e.g., McPherron, 2005].

4.4. On the Peak Frequency of Pulsations

[38] In Figure 9, we plotted the distribution of the
averaged value of the peak frequencies of the Pc4 and
Pc5 events observed in each sector for the poloidal and
toroidal modes. It is clear that the observed peak frequency
decreases with radial distance, which is consistent with the
peak frequency profile of FLR events, as discussed earlier in
sections 2.3, 2.4, and 4.1. Kivelson et al. [1984, 1997]
reported cavity mode events with compressional oscillations
of nearly constant frequency from L � 5 to L � 10 near
local noon. However, this type of event is difficult to
observe because the cavity properties are always changing
in response to the changing solar wind [McPherron, 2005].
In the time period we studied, we could not visually
distinguish any clear cavity mode event. A large fraction
of the ULF waves in this statistical study are FLRs during
this solar minimum year.
[39] A dawn-dusk asymmetry can also be clearly seen as

the average frequency is higher in the dawn sector than in
the dusk sector by a factor of 2. Takahashi and McPherron

[1982] observed similar results in their study for Pc5 events.
In the dusk side, the lower frequency of poloidal waves is
related to the lower (higher) occurrence rate of Pc4 (Pc5).

4.5. On the Sources of the ULF Waves in the Inner
Magnetosphere

[40] There are various possible source mechanisms for
Pc4 and Pc5 pulsations. The Pc4 and Pc5 events used in our
statistical study may be the results of (1) dynamic pressure
effects of the solar wind on the magnetopause, (2) the KH
instability in the magnetosphere flanks, (3) plasma insta-
bilities, or (4) the drift-bounce resonance mechanism.
[41] The interaction between the solar wind and the

magnetopause is an important external source of ULF
waves. The dynamic pressure fluctuations can periodically
move the magnetopause in and out, and globally increase
and decrease the internal magnetic field, which will excite
mainly poloidal waves in the noon sector, as shown in
Figure 8. The KH instability can grow on the magnetopause
in the flank regions and transfer energy to the magneto-
sphere, which will excite mainly toroidal waves in the flank
regions, as shown in Figure 8. This is consistent with
fluctuations of the magnetopause along the direction of
the solar wind, leading to inward motion at noon, and
sheared motion at the flanks.
[42] Takahashi and Ukhorskiy [2008] performed correla-

tion and superposed epoch analyses of the solar wind
control parameters measured by the ACE spacecraft and
the amplitude of Pc5 waves and the flux of radiation belt
electrons measured at the GOES 12 geosynchronous satel-
lite with the data observed in year 2006. They concluded
that the major driver of geosynchronous Pc5 waves was
solar wind pressure variations rather than the KH on the
magnetopause. However, in our study, the clear intensifica-
tion of toroidal Pc5 wave power in the flank regions
suggests that the KH instability on the magnetopause also
plays an important role in the excitation of the ULF waves
in the solar minimum years. We argue that the toroidal mode
ULF wave has a node in magnetic field at the magnetic
equatorial plane and the conclusion will be biased if only
based on the low-latitude magnetic field measurements.
[43] Several internal sources can also be distinguished in

the statistical results, as shown earlier. The westward drift
ions from the magnetotail can excite the poloidal mode Pc5
wave in the dusk sector owing to the drift-bounce reso-
nance. The earthward plasma flow is a source of ULF waves
during substorms. However, from Figure 8, it is suggested
that the contributions of these internal sources are smaller
than those of the external sources. The energy of the ULF
waves in the inner magnetosphere mostly comes from the
solar wind, which is consistent with Kessel [2008]. They
examined the importance of solar wind excitation as a
source of magnetospheric and ground Pc5 fluctuations,
and concluded that, during the declining phase of the solar
cycle in March and April 2002, external forcing due to solar
wind dynamic pressure fluctuations was dominant over
internal forcing.

5. Summary and Conclusions

[44] This paper reports the characteristics of Pc4 and
Pc5 ULF waves in the inner magnetosphere, determined
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from both electric and magnetic field measurements from
THEMIS, which traverses different L shells with full local
time coverage in the inner magnetosphere within one year.
The distributions of the occurrence rate, wave power, and
peak frequency of the ULF wave events are presented
over the radial distance range of 4–9 RE and with full
local time coverage. Through this analysis, we found the
following.
[45] The distribution of Pc4 and Pc5 events vary greatly

with radial distance and local time in the inner magneto-
sphere. Pc4 events are more frequently observed in the inner
regions of the magnetosphere, around 5–6 RE, while Pc5
events are more frequently observed in the outer regions
around 7–9 RE, suggesting that the FLR is an important
fraction of the observed Pc4 ULF pulsations, especially in
the inner region outside of the plasmapause. The harmonic
modes of FLRs possibly contribute to the observed Pc4
ULF pulsations in the outer magnetosphere.
[46] In the flank regions, the wave power is dominated by

the toroidal mode, likely associated with the KH instability.
In the noon sector, the Pc5 ULF wave power is dominated
by the poloidal mode, likely associated with the solar wind
dynamic pressure disturbance. The KH instability plays an
important role, suggested by our observations, during the
solar minimum when the solar wind dynamic pressure is
relatively weak. These statistical results are important in
characterizing Pc4 and Pc5 waves and are also important for
any efforts to model the transport of energetic particles in
the magnetosphere.
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