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[11 ELF/VLF waves play a crucial role in the dynamics of the radiation belts and are
partly responsible for the main losses and the acceleration of energetic electrons.
Modeling wave-particle interactions requires detailed information of wave amplitudes
and wave normal distribution over L-shells and over magnetic latitudes for different
geomagnetic activity conditions. We performed a statistical study of ELF/VLF emissions
using wave measurements in the whistler frequency range for 10 years (2001-2010)
aboard Cluster spacecraft. We utilized data from the STAFF-SA experiment, which spans
the frequency range from 8 Hz to 4 kHz. We present distributions of wave magnetic and
electric field amplitudes and wave normal directions as functions of magnetic latitude,
magnetic local time, L-shell, and geomagnetic activity. We show that wave normals are
directed approximately along the background magnetic field (with the mean value of 6—
the angle between the wave normal and the background magnetic field, about 10°-15°) in
the vicinity of the geomagnetic equator. The distribution changes with magnetic latitude:
Plasmaspheric hiss normal angles increase with latitude to quasi-perpendicular direction
at ~ 35°-40° where hiss can be reflected; lower band chorus are observed as two wave
populations: One population of wave normals tends toward the resonance cone and at
latitudes of around 35°—45° wave normals become nearly perpendicular to the magnetic
field; the other part remains quasi-parallel at latitudes up to 30°. The observed angular
distribution is significantly different from Gaussian, and the width of the distribution
increases with latitude. Due to the rapid increase of 8, the wave mode becomes
quasi-electrostatic, and the corresponding electric field increases with latitude and has a
maximum near 30°. The magnetic field amplitude of the chorus in the day sector has a
minimum at the magnetic equator but increases rapidly with latitude with a local
maximum near 12°—15°. The wave magnetic field maximum is observed in the night
sector at L > 7 during low geomagnetic activity (at L ~ 5 for K, > 3). Our results confirm
the strong dependence of wave amplitude on geomagnetic activity found in earlier studies.
Citation: Agapitov, O., A. Artemyev, V. Krasnoselskikh, Y. V. Khotyaintsev, D. Mourenas, H. Breuillard, M. Balikhin,
and G. Rolland (2013), Statistics of whistler-mode waves in the outer radiation belt: Cluster STAFF-SA measurements,
J. Geophys. Res. Space Physics, 118, 3407-3420, doi:10.1002/jgra.50312.

1. Introduction

[2] The majority of the models describing the formation
and dynamics of the radiation belts treat wave-particle inter-
actions within the framework of the quasi-linear approxi-
mation and should take into account the dependence of the
wave parameter distribution on the L-shell (L), magnetic
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latitude (A), and magnetic local time (MLT). The particle
diffusion is supposed to be slow compared with the particle
bounce time between the mirror points along the magnetic
field line. Thus, the diffusion coefficients are evaluated using
averaging over fast timescales, namely, the gyroperiod and
the bounce time between the mirror points. The knowledge
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of the energy density of the waves in resonance with par-
ticles along a particular L-shell for different A is required
for the calculation of the electron diffusion rates [Kennel
and Petschek, 1966; Lyons and Thorne, 1973; Lyons, 1974a,
1974b]. Now several numerical and semi-analytical models
of diffusion coefficients have been developed [see Glauert
and Horne, 2005; Summers et al., 2007, and reference
therein]. In these models, mean value of 6 (the angle
between the wave normal and the magnetic field) is assumed
to be equal to zero. Another assumption is that the wave
power along each L-shell is constant [Glauert and Horne,
2005; Summers et al., 2007] or approximated by a simple
stepwise function [Ni et al., 2011]. These simplifications
are used due to the lack of observational data of these
distributions. The results of diffusion rate estimations are
quite sensitive to the characteristics of the assumed distri-
bution [Glauert and Horne, 2005; Shprits and Ni, 2009].
The previously calculated rates of relativistic electron accel-
eration and scattering by chorus waves have been based on
time-averaged spectral densities, which, as it was pointed out
by Cully et al. [2008] and Agapitov et al. [2011b], may not be
fully representative of realistic conditions. Wave amplitudes
also have a significant probability in the tail of the probabil-
ity distribution function [Cully et al., 2008; Agapitov et al.,
2011b; Bunch et al., 2012], which makes the use of aver-
aged values potentially misleading over the short term. In
order to improve the description of wave-particle resonant
interactions, one should take into account the inhomogene-
ity of the distribution of the wave electromagnetic field
along the magnetic flux tube and describe the effects of
oblique wave propagation with respect to the background
magnetic field.

[3] The distribution of the chorus wave normal angles
has been a subject of interest during the past few decades.
Nevertheless, it has mainly been studied in the vicinity of
the equator [Hayakawa et al., 1984; Lauben et al., 2002;
Goldstein and Tsurutani, 1984; Burton and Holzer, 1974;
Agapitov et al., 2010; Li et al., 2011; Agapitov et al., 2011a].
Based on previous measurements, values of 6 have gener-
ally been estimated as less than 30°. Several cases of oblique
chorus and hiss wave propagation were, however, found in
Cluster measurements in the generation region [Santolik et
al., 2009; Chum et al., 2009], showing that the assump-
tion of a parallel propagation may be insufficient even near
the equator. The systematic behavior of 6 was studied by
Burton and Holzer [1974], Hayakawa et al. [1984], Muto
et al. [1987], Haque et al. [2010], and Agapitov et al.
[2011b]. Using 18 passes of the OGOS5 spacecraft, Burton
and Holzer [1974] found that 8 was less than 30° for |A| <
40° (80% of the events) for the lower band chorus and that
0 extended to 85° for |A| > 40° with a spreading of the
distribution of angles. Hayakawa et al. [1984] and Muto et
al. [1987] showed that the upper band chorus can propagate
very close to the local resonant cone 6,.;, while the lower
band chorus has usually a relatively small 6 of about 5°—
40°. A similar behavior for the upper band chorus waves was
found by Haque et al. [2010] on the basis of Polar mea-
surements, while the direction of propagation for the lower
band chorus waves was also found to be close to the back-
ground magnetic field. The statistics of the whistler waves
normal directions was presented by Agapitov et al. [2011b,
2012] for |A| < 30° from 10 years of Cluster measurements.

It was shown that wave normals of the chorus and hiss waves
move away from the direction of the background magnetic
field when A increases, starting from the equator with a mean
value of & ~ 10°-15°. These results were confirmed by
ray-tracing numerical calculation of the wave normal dis-
tribution by Breuillard et al. [2012]. Similar results for the
wave normal distribution near the geomagnetic equator were
presented by Goldstein and Tsurutani [1984] and Li et al.
[2011] for the chorus waves detected by the OGO-5 and
Thermal Emission Imaging System (THEMIS) spacecraft,
respectively. For the plasmaspheric hiss, a similar behav-
ior was found by Bortnik et al. [2011] by means of ray
tracing. Numerical calculation of the diffusion coefficients
presented by Artemyev et al. [2012a] taking into account the
0 dependence on A showed significant effects for electron
pitch angle diffusion rates in the radiation belts. It results in
an increase of the role of higher order cyclotron harmonic
resonances and leads to a significant growth of electron pitch
angle diffusion rates, especially for low equatorial electron
pitch angles [Shprits and Ni, 2009; Artemyev et al., 2012a].
Intense oblique chorus waves can therefore lead to an impor-
tant decrease of electron lifetime in the outer radiation belt
[Mourenas et al., 2012a].

[4] Despite the large number of the above-reported stud-
ies, a general consensus has not yet been reached regarding
the chorus wave normal angle distribution. Here we inves-
tigate how the wave amplitudes, the wave normals, and the
field-aligned Poynting flux depends upon A, the L-shell, and
geomagnetic activity (K, -index) in a wide region around the
geomagnetic equator (JA|] < 45°), at radial distances from
2 to 7 Rg as covered by Cluster from 2001 to 2010. The
present paper first rectifies some inaccuracies in Agapitov
et al. [2011b], which were caused by erroneous referential
frame specifications in CLUSTER’s CAA (Cluster Active
Archive) data set (now assessed and fixed) [Agapitov et al.,
2012]. Furthermore, this paper extends the studies by Agapi-
tov et al. [2011b] by taking into account a broader range of
latitudes and considering statistics of both the wave mag-
netic and electric field amplitudes. Special attention is paid
to the behavior of wave normals (from the spectral matrices
and from wave electric and magnetic field power ratio), their
possible approach to the resonance cone and the progres-
sive transformation of chorus from a quasi-electromagnetic
mode to a quasi-electrostatic mode. Also, the statistics of the
wave normal angles and wave magnetic and electric field
amplitudes are presented in the form of probability density
functions (PDF).

2. Data Set and Analysis Technique

[s] For this work, we made use of the data set of
ELF/VLF waves observed by Cluster between February
2001 and December 2010 in the radiation belts (i.e., con-
fined for the |A| < 45° and 2 < L < 7). This region
is thought to be of primary importance for the generation
of chorus waves. The Cluster data set contains a sufficient
number of measurement points for performing a statisti-
cal study for the considered range of magnetic local times
(MLT) and L-shells, as illustrated in Figure 1. Our analysis
is based on the data from the Spatio-Temporal Analysis of
Field Fluctuations - Spectrum Analyzer (STAFF-SA) exper-
iment [Cornilleau-Wehrlin et al., 2003], which provides the
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Figure 1. Data coverage for the CLUSTER STAFF-SA measurements during 2001-2010 (left panels)
for the LB chorus frequency range (0.1f.. < f < 0.5f..) and (right panels) for the hiss frequency range
(fru <f<0.1f) in dependence on L-shell, (bottom panels) A and MLT for periods of low (K}, < 3), (top
panels) intermediate (3 < K, < 5) and high geomagnetic activity (K, > 5).

complete spectral matrix (the real and the imaginary part) of
the three magnetic components as measured by the STAFF
search coil magnetometer and the Electric Fields and Waves
instrument measurements of two components of wave elec-
tric field [Gustafsson et al., 2001]. Our survey includes
STAFF-SA data from the Cluster 4 spacecraft (Samba) in
order to avoid different statistical contributions due to differ-
ent cross-spacecraft distances during the processing period.
We use Spectral Matrices and Power Spectral Density data
provided by Cluster Active Archive in SR2 (Spin Reference)
frame. The analyzed wave frequency range included elec-
tron whistler waves from the lower-hybrid frequency f; 4 up
to the electron cyclotron frequency f... This range is known
to be dominated by the plasmaspheric hiss (mainly from f;5
to approximately 0.1 f..) [Thorne et al., 1973; Meredith et
al., 2006], by the lower band (LB) chorus (0.1f., < f< 0.5f..)
and by the upper band (UB) chorus waves (0.5f,, < f <
1.0f..). Hiss waves can be observed above 0.1 f.., but their
intensity rapidly falls above 1 kHz [Meredith et al., 2004].
In this paper, we consider plasmaspheric hiss as observed
in the plasmasphere whistler waves with frequency below
0.1 £, on the equator (but below 2000 Hz) and above the
local f;y (that determines the L-shell range to be from 2
to the plasmapause). Plasmapause position with dependence

on MLT is estimated from the model by Doe et al. [1992].
The spectral matrix was computed onboard for 27 frequency
channels that were logarithmically spaced between 8.8 Hz
and 3.56 kHz (central frequencies). The availability of the
STAFF-SA frequency channels for chorus (LB and UB) and
hiss is the following: For the LB chorus, the full range
of L-shells and magnetic latitudes is available (for L > 4
coverage by five to seven channels). Thus, the LB chorus
was studied mainly out of the plasmasphere. The behavior
of the UB chorus can be studied only for L > 6, where
Cluster has very poor coverage near the equator (see
Figure 1), leading us to exclude the UB chorus from
the statistics [Agapitov et al., 2012]. Additionally, the UB
chorus is substantially less intense than the LB chorus
[Meredith et al., 2001; Haque et al., 2010]. As concerns hiss,
the range of L-shells is available from 2 to the plasmapause
covered by two (L = 2) or more (four at L = 3 and eight at
L = 4) frequency channels for [A| < 30°. The sensitivity of
the STAFF search coil magnetometers is3-10°nTHz 2 a

1 Hz, and about 3-10~° nT Hz 2 between 100 Hz and 4 kHz
[Cornilleau-Wehrlin et al., 2003]. We excluded measure-
ments with amplitudes below the double of the STAFF-SA
sensitivity level from wave normal angle processing but took
them into account for wave amplitude analysis.
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[6] For data analysis, we used a technique of wave nor-
mal vector k evaluation under the assumption of single
planar wave propagation, as suggested by Means [1972].
It involves the computation of a spectral matrix that
consists of the power and the cross-power spectra using three
magnetic components. The Means wave normal evaluation
method was applied by Cornilleau-Wehrlin et al. [1997] to
recover the direction of the injected signal wave normal,
and the results have been compared with the results of two
other methods (minimum variance analysis of magnetic field
perturbations—MVAB and wave distribution function—
WDF) which can be used when the waves are assumed to be
single and planar. Several independent realizations of noisy
samples have been used to calculate the spectral matrices.
At high signal-to-noise ratios, it was observed that the wave
normal direction is well recovered by all three methods,
with errors always smaller than 10° for signal-to-noise ratios
greater than one. For the observed chorus waves, this ratio
was mostly greater than 1.5 and was even about 2 in gen-
eral. Here we present results obtained by the Means method
but verified by the MVAB technique (applicability of the sin-
gle plane wave approximation and signal-to-noise ratio were
controlled by real part of spectral matrix eigen number val-
ues ratios). The method has an inherent 180° ambiguity in
the wave normal direction that can be resolved if the Poynt-
ing vector S is known. Since the wave normal must have a
component in the direction of energy flow, the scalar product
(S - k) should indeed be positive.

[7] Chorus waves that are generated at different locations
propagate along different trajectories and can be detected
simultaneously at the same point. Thus, it is necessary to
know if more than one wave is present in the processed data.
To control the applicability of the single plane wave approx-
imation, we investigate the ratios of maximal-intermediate
(A1/1;) and intermediate-minimal (A,/A;) eigen values of
the real part of spectral matrices. Considering single plane
wave propagation and taking into account the circular right-
hand polarization of whistler waves, led us to include only
A1/, < 2 data into wave normal statistics. We found that
the approximation of single wave propagation was not valid
only in a very small number of cases (less than 2%), which
have a negligible effect on the statistical results. The signal-
to-noise ratio for chorus and hiss was controlled by A,/A;
ratio: Data with A,/A; < 2 was eliminated from the analysis.
Signal-to-noise ratio limitation eliminates about 40% of data
from wave normal statistics.

[8] The spectral matrices registered by the STAFF-SA
allowed to evaluate the Poynting flux components along the
spacecraft spin axis and to reconstruct the component along

the background magnetic field S= (12) Re [Ew(f) x B, 1.
Here, * indicates the complex conjugate, Re represents the
real part, IL:W()‘) and 1§W(f) are the Fourier transforms of the
electric and the magnetic field waveforms (they are obtained
from the spectral matrix components for 27 frequencies).
The wave-normal angles were obtained by applying the
above-described procedure.

[o] Figure 2 shows (a) the magnetic field spectral power,
(b) the wave normal angle 0, (c) refractive index n, (d)
wave electric field absolute Value (the third component was
restored by use of the approx1mat10n of E, - B, = = 0), and
(e) ratio (c|B,,|/|E,|) during the crossing of the geomagnetic
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Figure 2. Cluster 4 spacecraft crossing of the geomag-
netic equator on 16 September 2003: (a) wave magnetic
field spectral power. Equatorial values of f;4, 0.1 .., and
0.5 f.. are shown by dashed lines; (b) estimation of 6 from
C4 STAFF-SA spectral matrices for STAFF-SA channel
with central frequency equal to 2244.9 Hz (here and in the
following panels, values estimated for spectral power ampli-
tudes below the STAFF-SA noise level are indicated by grey
color). 6, is indicated by red dashed line; (c) refractive
index 7, evaluated from |E,|/|B,,| ratio (black and grey cir-
cles). The estimation of ) obtained with approximation 4| |§0
is indicated by red line; (d) wave electric field absolute value
from STAFF-SA with the third component restored from
B,E,, = 0 (red circles). The value of E,, re-calculated from
equation (2) is shown by black (and grey) circles; (e) ratio
c|By|/|E,| (black and grey circles). The estimations of this
ratio obtained from background magnetic field and plasma
parameters (equation (2)) are shown for a wide range of
0 values from 0° to 80°, indicated by colors from black
to red.

equator by the Cluster C4 spacecraft on 16 September 2003.
An increase of 6 with |A| is observed in Figure 2b (here 6
was estimated by use of the STAFF-SA spectral matrices). 6
approaches the resonance cone angle (shown by the dashed
red line) at [A| ~ 25-30° and decreases above. All results

3410



AGAPITOV ET AL.: WHISTLER WAVES STATISTICS

obtained for magnetic field measurements here and in the
other panels of Figure 2 for magnetic field spectral power
below the STAFF-SA noise level are indicated by grey color.
n is estimated from the cold-plasma dispersion relation for
the whistler mode:

, _RLsin? @ + PS(1 + cos? )
=
2 (S sin” § + P cos? 9)

JJ(RLsin? 0+ PS(1+ cos? 0))’~ 4PRL (S sin 0 + P cos? 6)
2 (Ssin® 6 + P cos? )

Q)

where R, L, P, and S are the Stix parameters [Stix, 1962]:

Y G-
e (E G

N2
and S = (R+L)/2,D = (R—L)/2,P = 1— (fT) foe is the local
plasma frequency. The re-calculated by use equation (1) val-
ues of #; in the approximation of parallel wave propagation
(from magnetic field Flux Gate Magnetometer (FGM) mag-
netic field measurements [Balogh et al., 2001] and electron
density Electric Filed and Wave instrument (EFW) evalua-
tions [Khotyaintsev et al., 2010]) are shown by red circles in
Figure 2c. This indicates the lower limit of n. The estimated
values of n from STAFF-SA wave magnetic and electric
intensity ratio—7 are shown by black circles. 7 increases
with 6 from ~ 7 on the equator to several tens for 6 ~ 6.
The disagreement of »; and 7 indicates obliqueness of wave
normal direction in relation to the background magnetic
field.

[10] The wave electric field spectral power |E,,| can be re-
calculated from Faraday’s law by use of |B,,| and polarization
properties:

B} =E? ” sin’ B )
w w C2 4

where B is the angle between E,, and k determined from the
dispersion matrix and Maxwell equations as [Ni et al., 2011]:

sin O(n? — P)

. 2 (12 sin2 O_P)2 .
\/(nz sm297P)2+%+n4 sin® @ cos? 0

cosf =

)

[11] A good agreement is obtained between |E,,| measured
by STAFF-SA (shown by red circles in Figure 2d) and re-
calculated from relation equation (2) (shown by black and
grey circles in Figure 2d). The independent estimation of 6
can be provided from ratio |B,,|/|E,,| by use of equations (2)
and (1). The ratio (c|B,|/|E)|) from STAFF-SA wave elec-
tric and magnetic field measurements is shown in Figure 2e
by black circles. Re-calculated from background conditions
values of (c|B,|/|E,|) for the full range of € are shown in
Figure 2e with solid lines (the values of 6 are indicated
by color). The good agreement between Figures 2b and 2e
shows applicability of used approximations and potential
perspectives to process normal angle from magnetic and
electric field wave power measurements.

3. Statistical Characteristics of ELF/VLF Waves
in the Inner Magnetosphere

[12] Here we present the statistical results for wave
magnetic and electric field captured by STAFF-SA during
2001-2010 in the form of an averaged wave intensity and
the wave normal direction. We consider the dependencies
on the following parameters: (1) the location of the wave
detection (the L-shell, the MLT, and A), (2) the wave charac-
teristics (the wave frequencies normalized to the equatorial
values of f;. (calculated from the dipolar approximation),
the magnitude of the wave magnetic and the electric fields,
and the wave vector direction relative to the background
magnetic field), and (3) the geomagnetic activity conditions
as characterized by the K,-index. We process intermediate
(3 < K, < 5) and high geomagnetic activity (K, > 5) time
intervals together, because of poor statistics for high geo-
magnetic activity periods. The statistical properties for the
chorus wave distribution are rather similar for these two geo-
magnetic activity levels [Agapitov et al., 2011b; Pokhotelov
etal.,2008].

3.1. Statistical Characteristics of ELF/VLF Waves
Magnetic and Electric Field Amplitudes in the Inner
Magnetosphere

[13] Using wave magnetic and electric field data from
Cluster STAFF-SA, a database has been built to study the
spatial distribution of whistler mode wave power. The data
were binned in steps of 0.1 L, 1 h of MLT, 1° of A, and
1° of 6. The background magnetic field was obtained from
Cluster FGM measurements [Balogh et al., 2001]; geo-
magnetic activity indices and interplanetary magnetic field
data were used as extracted from NASA/Goddard Space
Flight Center’s OMNI (Operating Missions as a Node
on the Internet) data set through OMNIWeb [King and
Papitashvili, 2005]. Magnetic and electric field amplitudes
were binned on a logarithmic slcale in steps of 0.1 log|nT -
Hz 2| and 0.1 log|mV/m - Hz 2|, respectively. Usually, the
observed wave amplitudes have distributions which are
significantly non-Gaussian. Here we present averaged mag-
netic field intensity distribution and the PDFs for magnetic
and electric field amplitude dependence on A, which allow
one to calculate the PDF for particle diffusion coefficients
[Artemyev et al., 2012b]. The averaged magnetic field inten-
sity is shown in Figure 3 and Figure 5 for chorus and
plasmaspheric hiss, respectively. Tsurutani and Smith [1977]
and Meredith et al. [2001] showed that chorus can be divided
into two categories depending on A: equatorial [A| < 15° and
midlatitude chorus 15° < |A| < 45°. The distribution proper-
ties of these two populations are different. We use here such
a separation for MLT/L-shell diagrams for chorus and hiss.

[14] The equatorial LB chorus |B,,| and occurrence rate are
shown in Figures 3a and 3b for K, < 3 and in Figures 3c
and 3d for K,, > 3 in L-shell/MLT frame. Occurrence rate is
calculated as the ratio of number of measurements of waves
with |B,,| > 1 pT on the total number of measurements in
each bin. Chorus mainly are observed outside the plasma-
sphere (modeled plasmapause position is shown by solid
line). During quiet conditions, |B,,| are less than 20 pT over
the entire region with the maximum in the dawn and pre-
noon sector at 6 < L < §. Intense waves are observed also
on L > 9, from 10:00 to 14:00 MLT, possibly connected
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Kp < 3,

(B,) LB Chorus Occurence Rate

< 15° < 15°
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Figure 3. (a) Equatorial chorus averaged wave intensity and (b) occurrence rate shown in L-shell/MLT
frame for quiet geomagnetic conditions (K, < 3). (c and d) Distributions of averaged intensity and
occurrence rate for disturbed conditions (X, > 3) are shown, respectively. Distributions for midlatitude
chorus are shown in Figures 3e and 3f K, < 3 and 3g and h K, > 3 in the same format. (i) Chorus
averaged wave intensity and (j) occurrence rate are shown in L-shell/A frame for K, < 3, Figures 3k

and 31, respectively, show distributions for K, > 3.

to secondary chorus sources in the dayside magnetic field
pockets [Tsurutani and Smith, 1977]. Occurrence rate is
quite close to the observed by THEMIS spacecraft in the
equatorial region [Cully et al., 2008; Li et al., 2011; Meredith
et al., 2012]. Wave intensity distribution is consistent with
observed by other spacecraft compared and brought together
with DE1, CRRES, TC1, and THEMIS LB chorus intensity
measurements to the common database in Meredith et al.
[2012]. The midlatitude LB chorus intensity and occurrence
rate are shown in Figures 3¢ and 3f. The spatial dependence
of the distribution is different from the equatorial LB chorus.
The amplitudes are close, but the peak of intensity is shifted
to the afternoon sector 12:00-15:00 MLT and 6 < L < 10
with larger occurrence rate (> 60%).

[15] The LB chorus statistics for K, > 3 is poor (especially
in the vicinity of the equator): It can be seen that amplitudes
and occurrence rate of equatorial LB chorus are generally
larger than during low geomagnetic activity (up to 50 pT
and more than 60%). Waves with amplitudes greater than
1 pT are observed closer to the Earth near the position of
the plasmapause. At 4 < L < 5, Cluster STAFF-SA mea-
surement coverage is good, and for this range of L-shell, the
distribution of |B,,| dependence on MLT has maximal val-
ues from 02:00 to 14:00 MLT. The most intense chorus are

observed in the outer magnetosphere (L > 6) in the pre-noon
sector (here it can be caused by measurement gap especially
for L > 5). The Cluster STAFF-SA measurement coverage
for |A| > 15° is sufficient for statistical analysis. Midlatitude
LB chorus during high geomagnetic activity has maximum
in intensity at L ~5-6, 10:00-14:00 MLT. The intensity and
occurrence rate peaks are closer to the Earth than they are
during quiet geomagnetic activity.

[16] The dependence of chorus magnetic field averaged
intensity and chorus occurrence rate in L-shell/A frame is
presented in Figures 3i— 31. The magnetic field amplitude
minimum is obtained in the day and night sectors at L-
shells from 4 to 6 during the quiet geomagnetic conditions
(K, < 3). Magnetic field amplitude maximum is observed
at A ~ 10°-20° and above 25°-30° |B,,| decreases. More
details can be seen in Figure 4 where the dependencies of
LB chorus magnetic and electric field amplitude distribution
on A for 4 < L < 6 are shown. At L > 6 in the night equa-
torial region |A| < 10°, the amplitude maximum is observed
(Figure 3i) presumably due to direct particle injection from
the plasma sheet (K, < 3). This |B,,| maximum shifts toward
the Earth during high geomagnetic activity and is observed
at L ~4-5 and |A| < 15°. LB chorus occurrence rate is
high for all A in the day sector for 5 < L < 10 during low
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Figure 4. Chorus wave amplitudes of (top) wave magnetic and (bottom) electric field perturbations for
different geomagnetic activity (4 < L < 5.5). The probability density function is shown for |A| < 45°. The
probability cumulative function levels 0.5, 0.75, 0.95, and 0.999 are indicated with dashed lines.

geomagnetic activity and for 4 < L < 8 for K, > 3. In the
night sector, occurrence rate generally is lower and has max-
imal values ~ 60% at4 <L <8 forK, <3and4 <L <6
for K, > 3. Obtained dependencies on L-shell — A are well
consistent with localization of high amplitude chorus waves
(wave magnetic amplitude minimum on equator in the day
sector and maximum in the night sector for high geomag-
netic activity) obtained from CRRES measurements in the
day/night sectors 3 < L < 7 [Meredith et al., 2004, 2012;
Horne et al., 2005].

[17] Figure 4 shows the PDFs of the LB chorus magnetic
(Figures 4a and 4b) and electric field (Figures 4c and 4d)
wave amplitudes for each A. Amplitude (0.5, 0.75, 0.95,
and 0.999) levels for the probability cumulative functions
(PCF) are indicated with dashed lines. Thus, the amplitude
range from 0.75 to 0.999 of PCF includes 25 percents of all
events with maximal amplitudes. The averaged wave inten-
sity level approximately corresponds to 0.75 level of PDF.
The high amplitude chorus distribution has a peak around
|A] & 20°. During periods of low geomagnetic activity, the
highest wave amplitudes vary from 10 pT at the equator to
90 pT. The 0.5 level does not show clear dependence on
A, just a decrease for [A| > 35°. Similar dependencies are
observed in the day sector during high geomagnetic activity
periods (Figures 4b and 3), but the amplitudes are higher,
and the increase with A is faster: from 20 pT at the equator
to more than 100 pT for |A| &~ 30°. In the night MLT sector,
chorus wave amplitudes peak around 100 pT for |A| < 10°
and then decrease. Similar results were obtained by Horne

et al. [2005] from CRRES data. In contrast to chorus waves,
hiss waves demonstrate rather constant amplitudes for all A
(Figure 5).

[18] The plasmaspheric hiss |B,,| and occurrence rate are
shown in Figures 5a and 5b for K, < 3 and in Figures 5c
and 5d for K, > 3 in L-shell/MLT frame. High amplitude hiss
waves are principally observed at 10:00-22:00 MLT with
intensity maximum about 10 pT at 4 < L < 5 during quiet
geomagnetic activity and up to 15 pT at 3 < L < 4 during
high. Maximum of the occurrence rate MLT is shifted dur-
ing high geomagnetic activity periods from 13:00-24:00 to
10:00-20:00 MLT. The equatorial and midlatitude distribu-
tions do not differ significantly (as well as the occurrence
rate), but amplitudes of midlatitude plasmaspheric hiss are
generally smaller than equatorial values. The intense waves
observed at MLT from 2:00 to 6:00 (Figure Se) can be LB
chorus waves propagating near the plasmapause.

[19] The plasmaspheric hiss intensity and occurrence rate
distribution in L-shell/A frame distribution show rather con-
stant wave amplitude values for different A (Figures 5i—51)
and intensity peak at 3 < L < 5 with high occurrence rate
during low and high geomagnetic activity (> 50%).

[20] The obtained distributions for chorus and hiss are
close to the distributions of averaged wave power presented
by Pokhotelov et al. [2008] and occurrence rate presented by
Agapitov et al. [2011Db]. In this work, we extended studies of
Cluster STAFF-SA wave statistics [Pokhotelov et al., 2008;
Agapitov et al., 2011b; Meredith et al., [Meredith et al.,
2012]] by using Cluster data collected from 2006 to 2010
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Figure 5. The averaged wave magnetic field intensity and occurrence rate of plasmaspheric hiss in the

same format as in Figure 3.

and presented the statistics with more details. Obtained plas-
maspheric hiss intensity and occurrence rate distributions
are consistent with previous studies based on measurements
aboard the DE-1 [André et al., 2002]. Spatial distribution
is close to obtained from CRRES data by Meredith et al.
[2004].

3.2. Statistical Characteristics of ELF/VLF Wave
Normal Directions in the Inner Magnetosphere

[21] Chorus waves are usually assumed to be generated
in the close vicinity of the magnetic equator [Lauben et al.,
2002; Parrot et al., 2003; Santolik et al., 2004, 2005]. Here
we examine this assumption by studying the direction of the
Poynting vector. The prevalent direction of wave propaga-
tion along the background magnetic field B, is given by the
normalized parameter P = (N,—N,)/(N, +N,), where N, and

Kp < 3
- 300 e
4 372L“\ L2 3 4
=30° - —36;’ F

N, are the number of spectra havmg a Poyntmg flux directed
along (k By > 0) and opposite (k By < 0) to By, respectively.
P varies in the range from —1 to 1. A value of P near 0 corre-
sponds to an equal number of wave events with propagation
direction along and opposite to the background magnetic
field. P distribution for the chorus outside the plasmasphere
(L =4-7) where chorus generated at the equator dominate
is shown in Figure 6. Chorus show a sharp boundary at the
equator (thickness about 1°-2°) with a jump of P from about
—0.6 to 0.6 (Figures 6a and 6b). A more chaotic behavior is
observed in the night sector for high geomagnetic activity
(Figure 6b). For plasmaspheric hiss waves, the behavior of
P is more chaotic: P is close to 0 for all A [Agapitov et al.,
2012].

[22] The PDFs of @ for the plasmaspheric hiss in the day
and the night sectors of the magnetosphere are shown in
Figures 7a and 7b for K, < 3 and K, > 3, respectively.

Kp > 3+
1.0
- 30° 30° 0.5
Y ( k 0.0
4 3 2L\ L2 3 :
—30° _30° -0.5

Figure 6. The dominant direction of the Poynting flux for chorus. Two geomagnetic activity regimes

are shown: (a) low (K, < 3) and (b) high (K, > 3).
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Figure 7. Distribution of 8 for different A. Figure 7a show 6 distribution of the plasmaspheric hiss for
low geomagnetic activity. In the Figure 7a, day and night sector distributions of 6 are presented in the left
and the right panels, respectively. Bottom panels in Figure 7a show the equatorial (JA| < 5°) distributions
of 6 for plasmaspheric hiss. The approximation of 6 dependence on A presented in section 4 is shown
by black dashed line. Number of measurements for each 1 is indicated by black circles with the scale in
the top. Figure 7b shows distributions of plasmaspheric hiss 6 for high geomagnetic activity in the same
format. In the Figures 7c and 7d distributions of 8 for chorus waves (4 < L < 5.5) are presented in the
same format for K, < 3 and K,, > 3, respectively. Figures 7e and 7f show the distributions of 8 for chorus
in the L-shell range from 5.5 to 10.
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Figure 8. Difference between 6—the angle between the wave vector and the background magnetic
field—and 6,.;. An approximate value was used 6,,; & arccos(f/f.) (4 < L <5.5) for (a and b) chorus and
(c and d) hiss frequency ranges. Magnetospheric sectors and geomagnetic activity levels are the same as

in Figure 7.

Generally, the distributions are close to parallel at the equa-
tor with an increase of the mean value and of the variance
of the f-distribution with |A|. The plasmaspheric hiss wave
normal properties are consistent with numerical ray-tracing
results for plasmaspheric hiss presented by Bortnik et al.
[2011]. There, wave normals are quasi-parallel in the vicin-
ity of the equator, but they deviate rapidly from the direction
of the background magnetic field with increasing A, later
reaching the resonance cone. Waves can be reflected near
A > 30° where the wave frequency becomes less than the
local f;4. The total number of wave events with propaga-
tion direction to and from the equator for the hiss are rather
equivalent. During high geomagnetic activity periods in the
night sector, quasi-parallel hiss waves are observed up to
A ~ 25° together with oblique waves.

[23] The PDFs of the LB chorus 6 as a function of A are
shown in Figure 7 (c and d) for L < 5.5 and (e and f) for 5.5 <
L < 10. In the first range of L-shells, both the mean value
and the variance of the 6 distribution increase with [A]. A
growth of 6 with |A] is observed (wave normals approaching
the resonance cone at A &~ 25°, which is well reproduced by
numerical ray-tracing simulations) [Breuillard et al., 2012].
However, the number of detected oblique waves (as well
as their amplitude) decreases rapidly. Simultaneously, quasi-
parallel waves (6 &~ 10°-30°) are observed, and this group
becomes dominant for [A| between 10° and 30°. The quasi-
parallel population of LB chorus at middle latitudes is more
significant in the night sector (Figure 7c) and during high
geomagnetic activity (Figure 7d). These results are con-
sistent with the wave normal angle distribution obtained

from POLAR measurements by Haque et al. [2010]. The
probability of finding waves with 6 > 20° decreases for
|A] > 25°, possibly because waves with high wave normal
angles are more affected by Landau damping at higher |A|
[Burton and Holzer, 1974; Bortnik et al., 2011, 2006]. LB
chorus wave normals tend to become transverse again only
at |A| > 40°, where the wave frequency becomes less than
the local f; and reflection can occur. It is worth noting that
the decrease of the wave magnetic component at |A| > 35°
(Figure 4) is caused by the transformation of the electro-
magnetic mode into a quasi-electrostatic one. A significant
amount of wave power resides in oblique waves for L = 3.5
to 5.5 at [A| > 10°, as well as for L =5.5-10 at |A| ~ 5°-20°.
Therefore, the main physical implications for oblique waves
drawn in our previous papers [Artemyev et al.,2012a,2012b;
Mourenas et al., 2012a, 2012b] should remain roughly
appropriate, at least for L < 5.5. The equatorial distribution
of 0 has a maximum at 8 = 11° in the day sector and at 6 =
13° in the night sector (quite close to THEMIS observations
presented by Li et al. [2011]). The 6-values are generally
smaller in the day sector than in the night sector, but in
the night sector, 8 values have a wider distribution. Mainly,
the quasi-parallel chorus wave propagation is observed for
L > 5.5 atall A. A secondary maximum at |¢] = 60° in the
outer magnetosphere can be seen in Figures 7¢ and 7f (at
~ 70° from THEMIS data) [Li et al., 2011].

[24] The observed properties of 6 distribution partially
can be explained by effects of wave Landau damp-
ing along the raypath: attenuation of oblique waves and
possible amplification of quasi-parallel waves. The rate of

3416



AGAPITOV ET AL.: WHISTLER WAVES STATISTICS

Day Sector

Night Sector

Figure 9. The ratio ¢|B,|/|E,| in A — L-shell frame. The median values of ¢|B,|/|E,| PDF (the channel
with the central frequency equal to 1760 Hz) are shown for (left) day and (right) night sectors.

Landau damping, based on an empirical nonthermal electron
model grows with wave normal angles [Chen et al., 2012],
increases at larger L-shell, is larger on nightside than on
dayside, and increases during more active geomagnetic con-
dition that is well consistent with the observed behavior of
6 distribution.

4. Discussion

[25] Several important aspects of our analysis should
be taken into account in order to understand the charac-
teristic features of the observed PDFs. Our analysis was
performed in the fixed frequency range of the STAFF-
SA instrument (8 Hz—4 kHz). Waves at higher A (with
higher magnitudes of |By|) have a smaller range of ratios
(f/f.e), which corresponds to a potentially larger deviation
of the wave normals from the magnetic field direction. On
the other hand, waves detected at a particular location at
higher A are generated at different L-shells at the equa-
tor, resulting in a larger angular width of the distribution.
The same peculiarities are obtained for plasmaspheric hiss
waves (Figures 7a and 7b), but the propagation direction is
more chaotic. The distribution of 6 is rather symmetric near
the equator. Similar results were obtained numerically by
Bortnik et al. [2011] and by Breuillard et al. [2012] using a
ray-tracing technique. It was shown that at high A, the wave
normals are predominantly oblique, but near the equator, the
wave normal distribution can be either predominantly field
aligned (at lower L-shells), or bimodal, having a maximum
in the field-aligned direction and another maximum at very
oblique angles.

[26] Figure 8 shows the difference 6 — 6, for the
chorus (for L<5.5) and plasmaspheric hiss. At higher A,
the background magnetic field magnitude increases along
the wave raypath. As wave frequencies become closer to
the local f;4, wave normals deviate toward the perpendic-
ular direction, and, finally, the wave normals approach the

resonance cone and become nearly perpendicular to By for
wave frequencies below the local f;5. As the wave normal
becomes more oblique, the component of the wave vector
along By becomes smaller, and both the parallel and the
perpendicular components of the wave group velocity
decrease [Shklyar et al., 2004]. Therefore, waves propagate
slower at higher A and spend more time in high-latitude
regions, giving rise to a peak in amplitude of the statistical
distribution at 8 ~ 90° (Figure 4). The same effect results
in similar properties for the distributions of the reflected
waves propagating toward the equator. At higher A, both the
poleward and equatorward propagating waves shift toward
perpendicular angles, and the energy flux of the reflected
waves becomes comparable with the one of the direct waves.
The two peaks of the distribution approach one another,
and the frequency becomes close to f; for hiss waves. At
[A] & 30°, the two peaks merge, forming a common dis-
tribution with a peak spread of approximately 6 ~ 90°
and having an angular width of the same order. For chorus
waves, the behavior of the 6-distribution at the higher A can
be explained by mixing of the chorus wave coming from
wide range of L-shells.

[27] The direct evaluation of the 6 distribution can be
also checked from the ratio c|B,|/|E,,|. This ratio depends on
Jelfces flfce, and 6 and varies in a wide range in the Earth’s
magnetosphere (mainly > 20 for wave normals directed
along the background magnetic field). The value of ¢|B,,|/|E,,|
is greater than 10 for all values of f,./f.. and fif.., but this
value decreases very fast for 6 close to 6, (if ¢|B,|/|E.|
less than 1, then 6 =~ 6,). The ratio c|B,|/|E,| can be
estimated by use of STAFF-SA power spectral density mea-
surements of three magnetic field and two electric field
components. The median values of the c|B,,|/|E,| PDF (the
channel with the central frequency equal to 1760 Hz) are
shown in Figure 9 for day and night sectors. The observed
decrease of ¢|B,,|/|E,,| with A is close to the dependence of the
most probable value of 6, shown by Agapitov et al. [2011b].
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[28] To estimate the deflection of the wave normal angle
from the local background magnetic field direction in the
vicinity of the equator, we use the simplified dispersion rela-
tion w = Q. kykc?(Kc* + w?,) ™!, where ® = 21tf, wpe = 27f,,
and Q. = 2nf,, [Helliwell, 1965]. The plasma density is
assumed to be constant along field lines [see Sheeley et al.,
2001]. If the initial (equatorial) value of the wave normal

angle 0 = | /k? — kﬁ/k” is small, then we can use the approx-

imation k£ & k. In this case, we have two equations of ray
tracing: dk /0t = dw/ds and ds/dt = —dw/dk), where s is
the parallel coordinate along the field line and Q. = Q.(s)
[Breuillard et al., 2012]. The solution of these two equations
is kj /2. — @ = const, and for 2. > w, we have kjj/Q. =
const. Therefore, if at the equator, we have 6 = 0, then 6
changes accordingly to the expression 6 = arccos +/$20./€2,,
where Q¢ = Q. at A = 0. Using the dipole magnetic
field model +/Q./Q. = cos® A/(1 + 3sin* 1)"* for small
A (VQ0/Q ~ 1 - (9/4)A% and cosf =~ 1 - (1/2)6?),
a simplified expression can be obtained 6 =~ 2.1]A|, i.e.,
already at |[A| ~ 10°, the deviation of the wave normal
from the magnetic field should be around 20°. The coeffi-
cient of proportionality 6 ~ 2.1]A| is close to the observed
value for the plasmaspheric hiss and for the chorus. Here
we should mention that approximation 6 = 2.1|A| can be
used up to |A| ~ 30°, where deviation from the expression
0 = arccos+/€2./S2. reaches 10%. This approximation is
shown in Figure 7 by dashed line and corresponds well with
plasmaspheric hiss 6 distribution. In the plasmasphere, Lan-
dau damping is low, and waves propagate without sufficient
damping.

[29] Ray tracing explains successfully the behavior of
whistler waves in the plasmasphere [Bortnik et al., 2011]
where plasma is cold and nonthermal particle fluxes are
rare. Outside the plasmasphere (especially at L > 5), con-
versely, Landau damping could control the wave normal
distribution properties [Chen et al., 2012]: Oblique waves
have a maximal attenuation (the maximum occurs at 6 =~
50°-70°) [Ginzburg and Rukhadze, 1975], but quasi-parallel
waves(|0] < 30°) propagate without significant damping.
Thus, waves with intermediate wave normal angles pointing
toward the Earth at the equator are generally less affected
by Landau damping and able to propagate to higher latitude
than other directions and contribute to field-aligned wave
population at 5° < A < 15°. The LB chorus amplitude dis-
tribution as a function of A presented by Artemyev et al.
[2012b] and Horne et al. [2005] peaks at A &~ 15°-20°. At
these A, the emissions come predominately from the equa-
torial source at the same L-shell [Breuillard et al., 2012];
thus, some wave amplification (mostly effective for parallel
waves) may affect wave propagation up to A ~ 10°-15°.

5. Conclusions

[30] The global distribution of the whistler wave ampli-
tudes and wave normal angles has been studied using
STAFF-SA data from Cluster for lower band chorus and hiss
waves separately. We present the distributions of wave inten-
sity and wave normal angles based on the statistical study
of wave measurements obtained from the Cluster 4 satellite
from 2001 to 2010. The statistical database spans the radi-
ation belts region, L-shells from 2 to 10, over a wide range
of latitudes for quiet and active geomagnetic conditions. The

most intense equatorial chorus waves are observed in the
range from 4:00 to 14:00 MLT (10:00-15:00 MLT for mid-
latitude chorus) and for L-shells from 7 to 10; plasmaspheric
hiss waves are mainly seen from 11:00 to 22:00 MLT and
for L-shells from 3 to 5, (this maximum was already shown
by André et al. [2002] using the DE-1 data set). The statis-
tical characteristics of the distributions are different for low
(K, < 3)andhigh (K, > 3) geomagnetic activity. Two distin-
guishable regions exist where the wave amplitudes and the
wave normal distributions exhibit different statistical proper-
ties under the low and high geomagnetic activity, as follows:
(1) for L = 2 — 4 (up to the plasmapause) where lightning-
generated and plasmaspheric hiss whistlers dominate; and
(2) in a region where chorus-type whistlers dominate, for
L =4 —7. Our study extends the ELF/VLF wave statistics
for L-shells from 3 to 7 for the existing databases based on
DE-1, CRRES, Cluster, and THEMIS measurements. The
obtained spatial distributions are consistent with the earlier
plasmaspheric hiss observations aboard DE-1 [4ndré et al.,
2002; Green et al., 2005] and aboard CRRES [Meredith et
al., 2004], and lower band chorus statistics from CRRES
[Meredith et al.,2001], THEMIS [Cully et al.,2008; Li et al.,
2009; Meredith et al., 2004, 2012], and Cluster [ Pokhotelov
et al., 2008; Meredith et al., 2012]. The wave magnetic and
electric field amplitude distribution on the dayside has a min-
imum near the equator. As latitude increases up to 15°-25°,
the wave amplitude increases to maximum values of the
wave magnetic field up to 90 pT during low geomagnetic
activity periods and up to 200 pT for high geomagnetic activ-
ity. The night sector wave amplitude distribution has a peak
of about 100 pT near the equator (—15° < A < 15°) during
high geomagnetic activity periods. Amplitude maximum is
observed on the equator also for K, < 3 at L > 6; for L <6,
amplitude distribution is close to the day sector distribution
(with equatorial amplitude minimum) but with lower ampli-
tudes. These results therefore confirm the results obtained by
Horne et al. [2005] on the basis of CRRES measurements
for high geomagnetic activity intervals.

[31] We have obtained the statistical distribution of the
wave normal directions as a function of A and L-shell. The
distribution of 6 at the geomagnetic equator was concen-
trated in a 30° cone, with a maximum around 10°-15°. Due
to curvature of the background magnetic field lines and the
magnetic field magnitude gradient, wave normals tend to
rotate outward the Earth increasing the mean value and the
variance of the 6 distribution along the raypath. The prob-
ability density functions of the wave amplitudes and wave
normals are usually nonsymmetric and have significant non-
Gaussian tails. The plasmaspheric hiss showed the most
clear dependence of 6 on A for all wave amplitudes: 6 mean
value increases and roughly equal to 2.14 for |A| > 10°,
reaching the resonance angle at |A| ~ 30°-40°. Small group
of field-aligned waves was observed at 10° < A < 30°
mainly in the nightside and during more active geomagnetic
conditions. The plasmaspheric hiss propagated both direc-
tions from the equator and to the equator with rather similar
amplitudes. The obtained distributions are well consistent
with numerical results presented by Bortnik et al. [2011] and
our analytical estimate. Chorus propagated away from the
equatorial source region starting from 6 mean values about
15°. Here, our results are similar to previous results based
on measurements in the vicinity of the equator presented by
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Burton and Holzer [1974], Hayakawa et al. [1984], Agapitov
etal [2010], Li et al. [2011], and Agapitov et al. [2011a]. As
A increases, the 6-distribution spreads toward more oblique
angles also increasing the variance of the 6 distribution
which is consistent with the results obtained by Burton and
Holzer [1974], Muto et al. [1987], and Haque et al. [2010]
for lower band chorus waves and by Hayakawa et al. [1986]
for hiss waves and well reproduced by numerical ray-tracing
simulations [Breuillard et al., 2012]. Then, wave normals
approach the resonance cone, waves propagate in a quasi-
electrostatic mode till their reflection at |A| ~ 25°-40°
that is seen in the growth of wave electric field amplitudes
|A] > 20°-30°. A rapid decrease of the probability to find
very oblique chorus waves with 6 > 60° at A > 25°-40° is
observed (similar results were obtained from POLAR mea-
surements [Haque et al., 2010]); thus, field-aligned waves
become dominate at 20° < |A] < 35°. The decreasing of
the oblique lower band chorus population is observed with
increase of L-shell. The quasi parallel wave population is
much more significant with increasing of the L-shell, in
the night sector (Figure 7) and during high geomagnetic
activity, which presumably can be explained by the effects of
Landau dumping [Chen et al.,2012]. Thus, wave attenuation
and amplification have to be taken into account to obtain a
correct model of wave distribution out of the plasmasphere.

[32] These results have important implications for the
modeling of the diffusion processes due to wave-particle
resonant interactions. The ELF/VLF wave polarization
properties obtained here can sufficiently change the res-
onance conditions for wave-particle interactions. Conven-
tional averaging procedures should not be performed
without taking into account the relatively rapid deviation of
wave normals from the quasi-parallel direction of propaga-
tion. Calculations of pitch angle diffusion coefficients which
account for the oblique propagation of the whistler waves
and the dependence of 6 distribution on A, show that electron
pitch angle and energy diffusion is significantly increased
for electrons with small pitch angles [Artemyev et al., 2012a;
Mourenas et al., 2012b; Artemyev et al., 2013] in compar-
ison with the approximation of parallel wave propagation
[Glauert and Horne, 2005], due to the contribution of the
higher-order cyclotron resonances. It is worth noting that
obtained results of distribution of normal angles can play an
important role for models of nonlinear wave-particle inter-
action [Shklyar and Matsumoto, 2009]. Presence of the finite
population of very oblique whistler waves leads to new per-
spective of particle acceleration by trapping into Landau res-
onance [e.g., Artemyev et al., 2012c, and references therein].
Therefore, the wave intensity and wave normal distributions
obtained here should be taken into account for future studies
of electron resonant scattering and acceleration.
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