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[1] Using observations from the THEMIS spacecraft, we investigate the modulation of
whistler mode chorus waves in the magnetosphere by compressional Pc4–5 pulsations
(i.e., pulsations with periods from tens of seconds to a few minutes) with an anticorrelation
between the total electron density and the background magnetic field intensity.
We find that such compressional pulsations are associated with modulations of resonant
electron fluxes and chorus intensity. Changes in the total electron density, background
magnetic field, and the flux and anisotropy of resonant electrons could all be responsible
for triggering the excitation of chorus waves. To quantitatively investigate which
parameters dominantly contribute to chorus generation, we evaluate the changes in linear
growth rates of whistler mode waves due to variations in either the ratio of resonant
electrons to the total electrons R(VR) or the electron anisotropy A(VR). In the majority
of cases, the modulation of whistler mode wave intensity is dominated by R(VR)
variations caused by compressional Pc4–5 pulsations and tends to occur at large L shells
of 8–12 in the dawn sector. Only a small fraction of events are associated with
A(VR) modulations and these typically occur at lower L shells (<∼8).
Citation: Li, W., R. M. Thorne, J. Bortnik, Y. Nishimura, and V. Angelopoulos (2011), Modulation of whistler mode chorus
waves: 1. Role of compressional Pc4–5 pulsations, J. Geophys. Res., 116, A06205, doi:10.1029/2010JA016312.

1. Introduction

[2] Whistler mode chorus waves in the extremely low
frequency (ELF) and very low frequency (VLF) range, i.e.,
between a few hundreds Hz and several kHz, are excited in
the low‐density region outside the plasmapause from the
premidnight to the afternoon sector by the injection of the
anisotropic plasma sheet electrons [e.g., Burtis and Helliwell,
1969; Tsurutani and Smith, 1974;Meredith et al., 2003]. The
frequency of chorus emissions scales with the equatorial
electron cyclotron frequency (fce), typically occurring at fre-
quencies of 0.1–0.8 fce [e.g., Helliwell, 1967; Burtis and
Helliwell, 1969; Tsurutani and Smith, 1977; Santolík et al.,
2004]. Chorus emissions are commonly observed in two
distinct frequency bands (lower band and upper band) with a
minimum wave power near 0.5 fce [Tsurutani and Smith,
1974; Koons and Roeder, 1990]. The source region of
whistler mode chorus waves is generally believed to be
located near the geomagnetic equator [e.g., LeDocq et al.,
1998; Lauben et al., 2002; Santolík et al., 2003], although
several studies reported observations of chorus waves with
a probable source at high latitudes on the dayside [e.g.,

Vaivads et al., 2007; Tsurutani et al., 2009]. It is generally
accepted that whistler mode chorus waves are generated
through a cyclotron resonance with anisotropic electrons with
energies between a few and tens of keV [e.g., Kennel and
Petschek, 1966; Kennel and Thorne, 1967; Tsurutani and
Smith, 1974; Nunn et al., 1997; Omura et al., 2008; Li
et al., 2008, 2009a], although the precise details of the exci-
tation process remain a topic of intense research [e.g., Omura
et al., 2009; Bespalov et al., 2010; Schriver et al., 2010;
Santolík et al., 2010; Lampe et al., 2010, and references
therein].
[3] Chorus consists of discrete elements, each of which lasts

for a time on the order of a tenth to a few tenths of a second
[e.g., Santolík et al., 2003]. These individual chorus elements
are frequently clustered together and modulated on timescales
from a few seconds to a fewminutes. Previous observations on
the ground have shown that the intensities of VLF radio
emissions are often modulated at ultra low frequencies (ULF)
[Helliwell, 1965; Kimura, 1974; Sato et al., 1974; Sato and
Fukunishi, 1981]. It has been proposed that quasi‐periodic
whistler emissions originate in the magnetosphere and are the
result of the modulation of an existing VLF hiss or chorus
source in the equatorial plane of the magnetosphere by the
compressional components of ULF waves [Coroniti and
Kennel, 1970; Sato and Fukunishi, 1981]. Tixier and
Cornilleau‐Wehrlin [1986] observed events near the equato-
rial plane using the GEOS satellite and showed that VLF
modulation seemed to be controlled by a compressional
component of ULF waves. More recently, Manninen et al.
[2010] suggested that modulations of particle precipitation
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and whistler mode chorus are caused by the 2.0 mHz com-
pressional component of Pc5 poloidal geomagnetic pulsations.
[4] Compressional Pc4–5 pulsations with periods ranging

from a few tens of seconds to more than 600 s are common on
the nightside toward the two flanks of the magnetosphere in
both the dusk and dawn sectors in the spatial region beyond
L = 8 at low geomagnetic latitudes [e.g., Hedgecock, 1976;
Baumjohann et al., 1987; Takahashi et al., 1990; Anderson
et al., 1990; Zhu and Kivelson, 1991; Vaivads et al., 2000,
2001]. The generation of compressional pulsations in the
Pc4–5 range has been associated with various magneto-
spheric processes, which may be divided into external pro-
cesses related to the solar wind flow [e.g., Kepko and Spence,
2003; Han et al., 2007; Kessel, 2008], and internal magne-
tospheric processes such as drift mirror mode instability [e.g.,
Hasegawa, 1969;Cheng and Lin, 1987;Korotova et al., 2009].
The mirror mode is generated by plasma pressure anisotropies,
when the plasma b (ratio of plasma pressure to magnetic pres-
sure) is large (>1) [e.g., Hasegawa, 1969; Patel et al., 1983;
Price et al., 1986; Southwood andKivelson, 1993;Kivelson and
Southwood, 1996; Zhu and Kivelson, 1994; Rae et al., 2007].
Mirror mode waves are typically associated with an antiphase
relation in magnetic and plasma pressure, which maintains
quasi‐equilibrium of the total pressure [e.g., Zhu and Kivelson,
1991; Vaivads et al., 2001; Rae et al., 2007; Korotova et al.,
2009].
[5] Electron fluxes responsible for chorus generation can

be modulated by ULF waves in the Pc4–5 range as demon-
strated in a number of ground‐based, satellite, and theoretical
studies [e.g., Kokubun et al., 1977; Kremser et al., 1981;
Spanswick et al., 2005; Sarris et al., 2007]. Pc5 pulsations
can modulate the flux of suprathermal particles (>50 keV) in
the region of 6–11 RE preferentially near the dawn and noon‐
dusk sectors and the relative phase of variation is found to
depend on the energy of the particles [e.g., Kokubun et al.,
1977]. In the events analyzed by Baumjohann et al. [1987],
both energetic proton and electron fluxes (a few eV to tens of
keV) are anticorrelated with the compressional magnetic field
oscillations. More recently, Sarris et al. [2007] showed
electron flux modulations at the magnetospheric pulsation
frequency as well as at various other frequencies in the Pc4–5
range related to the drift frequencies of the particles and their
harmonics. Modulation of such energetic electrons by ULF
waves can be expected to modulate the chorus intensity by
changing resonant electron fluxes, which affect the growth
rate of chorus waves.
[6] Although the idea of VLF power modulation by ULF

waves has been proposed for several decades, most previous
studies were performed using ground‐based measurements at
high latitude stations. Direct studies on the modulation of
VLF waves by compressional Pc4–5 pulsations in the equa-
torial magnetosphere are very limited. Previous studies [e.g.,
Meredith et al., 2003; Li et al., 2009b] have shown that the
wave power of nightside chorus is mainly confined within
15° of the magnetic equator and becomes weaker at higher
magnetic latitudes. Thus only a portion of whistler mode
chorus is able to propagate to high latitudes and be measured
on the ground. Chorus waves observed near the source region
in the magnetosphere and on the ground could be quite dif-
ferent. Because Landau damping often extinguishes the
chorus waves before they reach midlatitudes [e.g., Bortnik

et al., 2007; Li et al., 2008] and the ionosphere damps the
waves significantly even if chorus can impinge on the iono-
sphere [e.g., Starks et al., 2008]. On the other hand, some
compressional waves in the magnetosphere are shielded by
the ionosphere and cannot be observed on the ground
[Hughes and Southwood, 1976]. Since chorus waves are
preferentially generated near the equator [e.g., LeDocq et al.,
1998; Lauben et al., 2002; Santolík et al., 2003] and com-
pressional Pc4–5 pulsations also tend to be localized at low
magnetic latitudes [e.g., Takahashi et al., 1990; Zhu and
Kivelson, 1991], it is essential to investigate whistler mode
chorus modulation by compressional waves in the equatorial
magnetosphere.
[7] The main objective of this study is to evaluate the role of

compressional Pc4–5 pulsations exhibiting an antiphase rela-
tion between the total electron density and themagnetic field in
whistler mode wave modulation. We utilize simultaneous
observations of wave and particle distributions in the near‐
equatorial magnetosphere by the THEMIS satellites. In this
paper we address chorus powermodulation in the Pc4–5 range,
while the study of shorter timescale modulations is left for a
companion paper of Li et al. [2011]. In situ observations of the
total density, ambient magnetic field intensity and resonant
electron flux are used to determine how the modulation of
those parameters by compressional Pc4–5 pulsations correlate
with chorus wave intensities. We further calculate wave
growth rates using linear theory to investigate which para-
meters dominantly contribute to the wave generation. In
Sections 2 and 3, we briefly describe our analysis of the
THEMIS data and the calculation of linear growth rates
respectively. In Section 4, two events of chorus modulation by
compressional pulsations are analyzed in detail and compared
to variations in the linear wave growth rates, which is followed
by statistical results on the global distribution of these events.
In Sections 5 and 6 we discuss and summarize the principal
results of the present study.

2. THEMIS Data Analysis

[8] The THEMIS spacecraft, comprising 5 probes in near‐
equatorial orbits with apogees above 10 RE and perigees
below 2RE [Sibeck and Angelopoulos, 2008] are well situated
and instrumented to measure key parameters related to the
modulation of whistler mode waves including background
magnetic fields, total electron densities, and electron dis-
tributions in the dominant chorus source region.
[9] The Electrostatic Analyzer (ESA) is designed to mea-

sure the ion and electron distributions over the energy range
from a few eV up to 30 keV for electrons, and up to 25 keV for
ions [McFadden et al., 2008]. The instrument consists of a
pair of “top hat” electrostatic analyzers with common 180° ×
6° fields of view that sweep out 4p steradians in each 3 s spin
period. The Solid State Telescope (SST) measures super-
thermal particles from 25 keV up to 6 MeV for ions and up to
∼900 keV for electrons [Angelopoulos, 2008]. Therefore,
ESA and SST data in our study are utilized to provide
information on the energy flux and pitch angle distribution of
electrons covering a broad energy range. Radiation belt
contamination is removed from the original ESA data by
subtracting minimum count rates, which are essentially
independent of energy. Furthermore, the total plasma pres-
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sure is calculated by the sum of the ion and electron thermal
pressures measured from both ESA and SST in this study.
[10] The Fluxgate Magnetometer (FGM) [Auster et al.,

2008] measures background magnetic fields and their low
frequency fluctuations (up to 64 Hz) in the near‐Earth space.
The Electric Field Instrument (EFI) measures three com-
ponents of the ambient vector electric fields [Bonnell et al.,
2008]. Individual sensor potentials are also measured, pro-
viding on‐board and ground‐based estimation of spacecraft
floating potential and high‐resolution plasma density mea-
surements [Bonnell et al., 2008]. The total electron density
can be inferred from the spacecraft potential and the electron
thermal speed measured by the EFI and ESA instruments
respectively, including the cold plasma population in addi-
tion to the hot plasma component measured by ESA. The
electron density outside of the plasmapause is calibrated by
a statistical comparison with 2 years of ESA observations
for each spacecraft. Details of the method are described by
Mozer [1973] and Pedersen et al. [1998], and the electron
densities obtained are associated with an uncertainty gen-
erally within a factor of ∼2. Note that all electron density
data used in this study is inferred from the spacecraft
potential.
[11] The Search Coil Magnetometer (SCM) [Roux et al.,

2008; Le Contel et al., 2008] measures low‐frequency
magnetic field fluctuations and waves in three orthogonal
directions over a frequency range from 0.1 Hz to 4 kHz. EFI
provides waveforms and three‐axis spectral measurements
of ambient electric fields from DC up to 8 kHz. The SCM
and EFI output waveforms are digitized and processed by
the Digital Fields Board (DFB) [Cully et al., 2008]. The root
mean square amplitudes at various wide frequency bands
(from the filter bank data product) are included in the survey
mode telemetry, covering most orbits with a measurement
cadence of four seconds in six logarithmically spaced fre-
quency bands in a range of 2 Hz–4 kHz. In addition to
survey products, the DFB outputs high‐resolution spectra in
the particle burst mode with up to 64‐bin resolution in wave
frequency with a cadence of 1 s. Furthermore, waveforms of
the 3 magnetic and electric field components at up to 16 kHz
sampling frequency are captured in the wave burst mode.
[12] Equipped with the high‐quality electric field (EFI),

magnetic field (SCM), and particle (ESA and SST) instru-
ments, the THEMIS spacecraft offer an excellent opportu-
nity to study characteristics of the whistler mode chorus
wave and key parameters related to its modulation in the
dominant wave generation region.

3. Linear Growth Rates

[13] In this study, linear growth rates ofwhistlermodewaves
have been calculated based on the measured parameters on
THEMIS and compared to the observed wave amplitude. The
local growth rates (g) of weakly growing, parallel propagating
whistler mode chorus can be calculated by equation (1) using
linear theory [Kennel and Petschek, 1966]:

� ¼ � Wej j 1� !

Wej j
� �2

� VRð Þ � A VRð Þ � Ac½ �; ð1Þ

whereWe is the electron cyclotron frequency and w is the wave
frequency, VR =

!� Wej j
k is the nonrelativistic, parallel velocity of

electrons resonating with whistler waves through the first‐
order resonance, and k is the wave number. Here
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k
�
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0
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is the ratio of resonant electrons to total electrons. In
equation (2) f is the electron phase space density (PSD), and
vk and v? are electron velocity parallel and perpendicular to
the ambient magnetic field. The critical anisotropy (Ac) for
instability is equal to 1

Wej j=!�1, and the electron anisotropy
for a fixed resonant velocity can be expressed as
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Following Kennel and Petschek [1966], we define

R VRð Þ ¼ 1� !

Wej j
� �2

� VRð Þ; ð4Þ

then equation (1) can be expressed as

�

Wej j ¼ � � R VRð Þ � A VRð Þ � Ac½ �: ð5Þ

In order to obtain positive wave growth, A(VR) must be
larger than Ac. The rate of growth or damping depends on
both A(VR) and R(VR). Ac is larger at higher normalized
wave frequency, which means that generation of waves with
a higher normalized frequency requires a larger anisotropy.
[14] Using the simple estimate of whistler wave growth

rates presented above, we examine the THEMIS data to
determine the parameters that are expected to dominantly
control chorus modulation.

4. Results of the Data Analysis

[15] Two typical cases are presented first, to demonstrate
the role of compressional Pc4–5 pulsations in whistler mode
wave modulation. In order to determine the preferential
region and plasma conditions for chorus modulation by
compressional pulsations, a statistical analysis has also been
performed. The solar wind data shifted to the bow shock
nose used in this study was obtained from the OMNI
website and the interplanetary magnetic field (IMF) is
shown in GSM coordinates. The AE index with a 1 min time
resolution was provided by the World Data Center for
Geomagnetism, Kyoto.

4.1. Case 1

[16] Figures 1a and 1b show the solar wind dynamic
pressure and IMF By (blue) and Bz (red) in Case 1, which
were measured between 09:00 and 12:15 UT on 15
December 2008. During this period, the solar wind dynamic
pressure was low (1–2 nPa) without a significant variation,
the magnitude of Bz was small, less than ∼2 nT, and By

mostly remained negative. The AE index is shown in
Figure 1c. The geomagnetic activity was quiet with the Kp
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index of 0+ (not shown) and AE values were generally low,
less than ∼160 nT.
[17] Figures 1d–1f show the total electron density inferred

from the THEMIS spacecraft potential, the background
magnetic fields (total magnetic field Btot and Bz in the SM
coordinate system), and the pressures observed by THEMIS
E during the same time interval. The total pressure (red) is
the sum of the magnetic pressure (blue) and the thermal
pressure (black), which includes ion and electron pressures
measured from both ESA and SST. Note that Bz was almost
the same as Btot, indicating that the total variation in mag-
netic field mainly occurred in the z direction. Therefore,
these waves can be identified as compressional waves, and
exhibit a period of a few minutes. The total electron density
(Figure 1d) and background magnetic field (Figure 1e) were
well correlated and out of phase. The plasma and magnetic
pressures were also out of phase (Figure 1f), and thus tended
to maintain the total pressure quasi‐equilibrium. The ther-
mal plasma pressure was significantly larger than the mag-

netic pressure with a mean value of b ∼ 3.1 and occasionally
reaching values as high as ∼8.
[18] These compressional pulsations occurred near the

dawn sector (4.7–5.4 MLT) at large L shells (10.2–11.4).
During this time period, the compressional Pc4–5 pulsations
were not associated with the variations in solar wind dynamic
pressure or IMF, as seen from Figures 1a and 1b. These
compressional waves in the outer magnetosphere were not
likely to be related to intervals of enhanced geomagnetic
activity, but they were present in inhomogeneous high b
plasmas (b > 1), consistent with Zhu and Kivelson [1994] and
Korotova et al. [2009]. All the features in Case 1 are similar
to the compressional pulsation event shown by Korotova
et al. [2009], which occurred in the dawnside magnetosphere
(4.4–5.1 MLT) at L shells of 11–13.5. These compressional
Pc4–5 waves in Case 1 may be locally driven by the drift
mirror instability as suggested by Hasegawa [1969], Cheng
and Lin [1987], and Korotova et al. [2009], and they do not
appear to be directly related to upstream solar wind conditions.
[19] Figure 2 shows the key parameters that are potentially

responsible for the whistler mode wave modulation
observed by THEMIS E in Case 1. Figures 2a and 2b show
the total electron density and ambient magnetic field, same
as in Figures 1d and 1e, in order to compare with variations
of other parameters for convenience. The evolution of the
omnidirectional electron energy flux and electron anisot-
ropy is shown in Figures 2c and 2d respectively. Electron
anisotropy (A*) is calculated for a fixed electron kinetic
energy [e.g., Chen et al., 1999] as follows:

A* ¼

Z �=2

0
f E; �0ð Þ sin3 �0d�0

2

Z �=2

0
f E; �0ð Þ cos2 �0 sin�0d�0

� 1; ð6Þ

where a0 is the equatorial pitch angle, E is the electron
kinetic energy, and f is the electron PSD. A* = 0 corresponds
to pitch angle isotropy, A* > 0 represents pitch angle dis-
tribution peaked at 90°, while A* < 0 indicates a PSD
minimum at 90°. Electron anisotropy (A*) was generally
positive at energies larger than ∼1 keV, but tended to be
smaller or even negative at lower energies (<∼1 keV).
Figure 2e shows electron energy fluxes over the energy of
3–30 keV roughly perpendicular (blue) and parallel (black)
to the ambient magnetic field. These electron fluxes include
the main population of electrons that are able to resonate
with the observed whistler mode waves as we discussed
below. Variations of both perpendicular and parallel elec-
tron energy fluxes were roughly out of phase with the
background magnetic field and in phase with the total
electron density. Figure 2f shows the minimum energy of
nonrelativistic electrons which undergo the first‐order
cyclotron resonance with the parallel propagating whistler
mode waves, expressed as [Kennel and Petschek, 1966]

ECyclotron
min ¼ B2

8�N

We

!
1� !

We

� �3

: ð7Þ

Here N is the total electron density and B is the ambient
magnetic field. The minimum resonant energy varied in phase
with the background magnetic field and out of phase with the

Figure 1. (a) Solar wind dynamic pressure, (b) IMF By (blue)
and Bz (red) shifted to bow shock nose, and (c) AE index dur-
ing 09:00–12:15 UT on 15 December 2008. (d) Total electron
density inferred from the spacecraft potential, (e) total back-
groundmagnetic field (black) and magnetic field in the z direc-
tion in the SM coordinate system (red), (f) thermal plasma
pressure (black), magnetic pressure (blue), and total pressure
(red) observed by THEMIS E during the same time interval.
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total electron density, as can be inferred from equation (7). The
anticorrelation between B and N is particularly efficient in
modulating the minimum resonant energy, since the observed
change of both macroscopic properties enhance the change in
minimum resonant energy in the same direction. Figures 2h
and 2i show time‐frequency spectrograms of the wave
amplitude in electric andmagnetic fields respectively. The root
mean square of the wave magnetic field amplitude over the
frequency of 0.05–0.8 fce in Figure 2i was calculated and is
shown in Figure 2g. Interestingly, the comparison of Figures 2f
and 2g shows that the amplitude of whistler mode waves
increases (decreases) when the minimum resonant energy
decreases (increases). This is consistent with theoretical esti-
mates, since the resonant electron phase space density for the
lower minimum resonant energy is larger, thus contributing to
the increase in wave growth rates and vice versa.

[20] During the time interval from 09:55 to 10:18 UT
(marked by the horizontal red arrow below) particle burst
data was available and provided particle and wave data with
higher resolution in time and frequency. Figure 3 shows
similar parameters as shown in Figure 2 but during the
shorter interval. Figures 3a and 3b show the compressional
Pc4–5 pulsations with an antiphase relationship between the
total electron density and ambient magnetic field with a time
period of a few minutes. Figure 3e shows that resonant
electron fluxes (3–30 keV) were modulated by the com-
pressional pulsations in phase with the total electron density
and out of phase with the magnetic field. Figure 3f shows
the minimum resonant energy for electrons interacting with
whistler mode waves with three frequencies of 0.1 (black),
0.2 (blue), and 0.3 fce (red). The minimum resonant energies
changed substantially, by a factor of up to ∼3, due to the

Figure 2. Case 1 observed by THEMIS E between 09:00 and 12:18 UT on 15 December 2008 during the
fast survey. (a) Total electron density, (b) total magnetic field (black) and magnetic field in the z direction in
the SM coordinate (red). (c) Omnidirectional electron energy flux and (d) electron anisotropy (A*) as func-
tions of energy and time. (e) Electron energy flux over the energy of 3–30 keV perpendicular (blue) and
parallel (black) to the backgroundmagnetic field, (f) Minimum resonant energy of electrons interacting with
waves of three normalized frequencies through the first‐order cyclotron resonance, (g) root mean square of
wavemagnetic field amplitude over the frequency band of 0.05–0.8 fce, and time‐frequency spectrograms of
(h) wave electric and (i) magnetic fields. The three white lines in Figures 2h and 2i represent 1 fce (dashed),
0.5 fce (solid), and 0.1 fce (dashed‐dotted).
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