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[1] We present a survey of whistler mode chorus emissions based on high-telemetry rate
data of the Plasma Wave Instrument on board the Polar spacecraft. Using simultaneous
measurements of full vectors of the electric field and the magnetic field we calculate
the Poynting vectors of chorus, and we parameterize the observations by their L*
coordinate. Our new analysis of the angle between the direction of the Poynting vector and
the magnetic field line confirms previous results on propagation of the main chorus band
away from the equator. Our systematic results also prove the existence of the
magnetospherically reflected component of chorus found previously by case studies. We
observe weak outer zone waves that propagate toward the equator. These waves can

be attributed to a poleward reflected component of equatorial chorus or chorus generated
in the dayside pockets of a low magnetic field strength. We analyze the probability
distribution of the Poynting flux of chorus, and we find that it shows a “heavy tail” feature
that can be modeled by a power law or lognormal model. This result has consequences for

theories of chorus generation and for methods of statistical characterization of chorus
intensities in the frame of radiation belt modeling. We find that the Poynting flux of
dayside chorus increases with L* toward the outer zone at L* > 6. We estimate that
approximately 1% of the Poynting flux of chorus in the outer zone could be sufficient to
accelerate electrons in the outer Van Allen radiation belt on the timescale of days.

Citation: Santolik, O., J. S. Pickett, D. A. Gurnett, J. D. Menietti, B. T. Tsurutani, and O. Verkhoglyadova (2010), Survey of
Poynting flux of whistler mode chorus in the outer zone, J. Geophys. Res., 115, AOOF13, doi:10.1029/2009JA014925.

1. Introduction

[2] Chorus consists of whistler mode waves that propa-
gate in the magnetosphere of the Earth and outer planets. It
is characterized by discrete wave packets of changing fre-
quencies [Storey, 1953; Pope, 1963; Burtis and Helliwell,
1969] which often occur in two bands around one half of
the equatorial electron cyclotron frequency [Tsurutani and
Smith, 1974]. Chorus is recently being considered as a
potentially significant component in the studies of the
dynamics of the Van Allen radiation belts [e.g., Tsurutani et
al., 2006; Horne, 2007; Shprits et al., 2007; Summers et al.,
2007; Trakhtengerts et al., 2007; Omura et al., 2007, 2008;
Albert, 2008; Kasahara et al., 2009; Hikishima et al., 2009].
Chorus is generated by unstable electron populations at
typical energies of a few tens of keV. At the same time it is
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also thought to contribute to acceleration of radiation belt
electrons to relativistic energies, transferring thus the energy
from the low-energy part of the electron distribution func-
tion to the relativistic electrons.

[3] In the Earth’s inner magnetosphere, measurements of
the Polar and Cluster spacecraft [LeDocg et al., 1998;
Parrot et al., 2003a; Santolik et al., 2003a; Santolik, 2008]
have shown a positive divergence of the Poynting flux and
hence the source of chorus in the vicinity of the geomagnetic
equatorial plane. Since chorus is an electromagnetic wave
that can propagate from its source region, it can influence
large and relatively distant regions of the magnetosphere.
Ray tracing studies and spacecraft measurements have
shown that it can propagate from its equatorial source to
high latitudes and down to the ionosphere [Chum and
Santolik, 2005; Santolik et al., 2006]. It can also penetrate
the plasmapause and contribute to the plasmaspheric hiss
emissions [Chum and Santolik, 2005; Santolik et al., 2006;
Bortnik et al., 2008, 2009; Santolik and Chum, 2009] that
are responsible for the existence of the slot region between
the outer and inner electron radiation belts. Another possi-
bility for propagation of whistler mode chorus has been
documented by case studies of Parrot et al. [2003b, 2004]
using the data of the Cluster spacecraft. Ray tracing analy-
sis supported by observational evidence has shown that
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chorus can magnetospherically reflect at high latitudes and
propagate inward and back to the equator. The power
spectral density of these returning waves has been found at
least 2 orders of magnitude below the level of the original
chorus emission.

[4] The low-latitude equatorial region is not the only
possible source of chorus. Tsurutani and Smith [1977]
proposed that chorus can also originate from the dayside
outer zone in the Earth’s magnetosphere, where the terres-
trial magnetic field is compressed by the solar wind, and
where local minima of the magnetic field strength occur.
This high-latitude source might be consistent with increas-
ing wave amplitudes as a function of the magnetic latitude
found on the dayside by Horne et al. [2005]. Nagano et al.
[1996] and Menietti et al. [2009], on the contrary, reported
chorus propagating from an equatorial source close to the
dayside magnetopause and the cusp region. Vaivads et al.
[2007] have documented an event where the positive
divergence of the Poynting flux is observed at high latitudes.
This observation is colocalized with the multipoint mea-
surements of minima of the magnetic field strength close to
the dayside cusp region. Verkhoglyadova et al. [2009] and
Tsurutani et al. [2009] investigated the dayside outer zone
chorus using the waveform measurements of the Geotail
spacecraft. They found similar fine structure of subpackets
with a duration of 5 to 10 ms inside the chorus wave packets
with rising frequency, as it was documented for the equa-
torial chorus in its source region [Santolik et al., 2003a].
Tsurutani et al. [2009] found cases of Geotail dayside high-
intensity chorus that were propagating from high latitudes
toward the equator.

[s] Numerous recent statistical studies [Meredith et al.,
2001, 2002, 2003a, 2003b, 2009; Santolik et al., 2005;
Pokhotelov et al., 2008; Li et al., 2009] have described the
distribution of chorus intensity and occurrence rate as a
function of the magnetic latitude, magnetic local time, radial
distance from the Earth, and/or Mcllwain’s L coordinate,
and parameterized these results by the level of geomagnetic
activity. To characterize the intensity of chorus these studies
use power spectral densities of the magnetic field fluctua-
tions and/or electric field fluctuations or, alternatively, the
derived estimates of their narrow-band amplitudes. The only
statistics derived up to now from these data are arithmetic
averages. These results can serve as an input to the models
of radiation belts.

[6] In this paper, we concentrate on three questions linked
to these statistical surveys of chorus. (1) Can we successfully
replace the Mcllwain’s L coordinate by the L* coordinate
(generalized L value) [Roederer, 1970] to parameterize
characteristics of whistler mode chorus for radiation belt
models? (2) What are the properties of chorus power spectral
densities in terms of probability distributions? (3) What are
the characteristics of the Poynting flux and the direction of the
Poynting vector of chorus?

[7] This study is based on a data set recorded by the Polar
spacecraft in 1996 and 1997 and is closely related to the
work of LeDocq et al. [1998]. We use measurements of six
components of the electric and magnetic fluctuations to
determine the power spectral densities of fluctuating mag-
netic and electric fields of chorus, as well as its Poynting
flux and the direction of the Poynting vector. Section 2
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introduces our data set and analysis methods. Section 3
presents our results on statistics of power spectral densities
of chorus with a focus on the outer zone at L* = 7, and
section 4 describes results of a new analysis of directions of
the Poynting vector in this zone. Finally, section 5 contains
discussion of results and brief conclusions.

2. Data Set and Analysis Methods

[8] The Polar spacecraft was equipped with comprehen-
sive plasma physics instrumentation, including the plasma
wave instrument (PWI) designed to measure wave phe-
nomena in magnetospheric plasmas [Gurnett et al., 1995].
The PWI instrument used several different receivers to
process measurements from magnetic field and electric field
sensors. We use data acquired by the high-frequency
waveform receiver (HFWR). This device recorded wave-
form snapshots from the full set of three orthogonal mag-
netic search coil antennas and three-component electric field
double-sphere antennas. In the high-resolution mode, these
six-component waveforms were captured with a sampling
rate of 71.4 kHz and organized in snapshots of 0.445 s
separated by gaps of 8.755 s. Available frequencies range
from 20 Hz to 25 kHz.

[v] The same data set has been reported by LeDocqg et al.
[1998], who examined the high-resolution HFWR data
from 394 orbits of the Polar spacecraft and selected clear
examples of chorus recorded during 59 orbits between 1 April
1996 and 15 September 1997. The data predominantly
contain chorus with rising tones and impulsive chorus. The
corresponding parts of the Polar orbits are plotted in the
solar magnetospheric (SM) coordinates in Figure 3 of
LeDocq et al. [1998]. This carefully selected database of
chorus events represents 20.2 hours of data with 7903
waveform snapshots that we use for further analysis.

[10] As the first step, we organize the data as a function of
the L* coordinate that is useful for a statistical description of
chorus in relation to energetic electrons. L* represents the
radial distance in Ry to the intersection of the geomagnetic
equatorial plane and the symmetric shell on which the
electrons would occur, if we adiabatically removed non-
dipolar components of the trapping magnetic field. It
therefore takes into account all three adiabatic invariants.
This “generalized L value” is defined by equation (4.24) of
Roederer [1970, p. 107] as

L* = 27BpR%/®, (1)

where Bp, is the dipole component of the surface magnetic
field at the equator that we obtain from the International
Geomagnetic Reference Field (IGRF) model, ® is the
magnetic flux encompassed by a guiding drift shell of
trapped particles and depends also on the model of external
contributions to the magnetic field, and Ry is the Earth
radius.

[11] We calculate L* for the spacecraft positions
corresponding to all waveform snapshots during the chorus
events. We use the ONERA-DESP library version 4.2
(D. Boscher et al., 2008) for the determination of & for
locally mirrored electrons. When using the T89¢ model of
the external component of the magnetic field [Tsyganenko,
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Figure 1. Positions of the spacecraft and minimum cyclotron frequencies for the chorus data set.
(a) Polar plot of spacecraft positions in the L* coordinate (see the text) and magnetic local time;
(b) spacecraft positions in the plane defined by L* and the magnetic latitude )\, for all magnetic local
times; (c) comparison of the L* values obtained from the T96 and T89c magnetic field models as a func-
tion of magnetic local time; (d) probability density function of the minimum cyclotron frequency f..o
along the field line passing through the spacecraft positions at 3.7 < L* < 3.8: the median value is marked
by a thick dashed line, and the percentiles O—, and Q. are marked by thick dotted lines; (¢) the minimum
cyclotron frequency f..o as a function of L* using the T89¢ model: the median value is shown by a solid

line, and the percentiles Q_, and Q. are plotted by dotted lines; and (f) similar to Figure 1e but using the
T96 model.
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1989], we have obtained results shown in Figures 1a and 1b.
The data set has been slightly reduced to 7182 snapshots in
56 orbits for which closed drift shells have been found and
L* could be obtained. In Figure la spacecraft positions for
these chorus snapshots are plotted onto the plane defined by
the L* coordinate and the magnetic local time (MLT). Our
observations cover all MLT but there is only a small number
of observations in the afternoon and evening sectors and
they are confined to L* lower than 6. In the MLT interval
between 0100 and 1400 where chorus is usually observed
we indeed find the absolute majority of measurements. They
extend in L* from 2.9 to 8.8. Note that there are only 2
chorus orbits for high values of L* > 8 but their number
increases rapidly for lower L*: from 13 orbits for 7 < L* <8,
to 32 orbits for 4 < L* <5.

[12] As a result of the highly inclined orbit of the space-
craft, the L* values are linked to the magnetic latitude of
observations ()\,,). This is documented in Figure 1b. A
higher L* generally corresponds to a higher \,. The
spacecraft orbit also implies that chorus is seldom observed
in the southern hemisphere (on negative J,,). During the
analyzed time interval, the perigee of the orbit was in the
southern high-latitude region and the spacecraft moved
down to and within the plasmasphere for most of the time
spent at negative \,,.

[13] Our calculations of the L* parameter obviously
depend on the particular model of the external magnetic
field. The T89c model that we use in Figures 1a and 1b (and
throughout the paper) is relatively simple and therefore
computationally inexpensive, and its only input parameter is
the Kp index that is always available. Newer models that are
controlled by solar wind parameters, such as the T96 model
[Tsyganenko, 1995] or by the solar wind parameters
including their integrated history [e.g., Tsyganenko and
Sitnov, 2005] are more accurate during magnetically dis-
turbed conditions and in critical regions, such as in the
vicinity of the dayside high-latitude magnetopause. Note,
however, that our data set was recorded during predomi-
nantly quiet periods in the minimum of the solar cycle, with
the maximum Kp index reaching only 5-, and with median
values between 2- and 3- in the entire range of the obtained
L* values. To roughly estimate the precision of our L*
calculations, we compare the results from the T89¢ and T96
models in Figure 1c, as a function of magnetic local time.
We can see that the results from the two models match
within 5% accuracy most of the time (often with slightly
lower values from the T96 model than from the T89c
model), with the exception of a few orbits on the dawnside
and dayside where the T89c¢ model can give by up to
approximately 10% larger values of L* than the T96 model.

[14] Since whistler mode chorus is typically observed at
frequencies that are a fraction of the electron cyclotron
frequency in its source region, we need to estimate this
frequency for every snapshot in our data set. As a reasonable
approximation, we will use the minimum electron cyclotron
frequency f..o along the magnetic field line passing through
the point of observation. For each of the spacecraft positions
corresponding to the chorus wave snapshots, we again use
the T89¢ model and the ONERA-DESP library to determine
the local electron cyclotron frequency £ and minimum
electron cyclotron frequency f.v along a given model field
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line. This model value is then recalibrated using the locally
measured magnetic field strength and the corresponding
local electron cyclotron frequency f..,

M f;'e

cel f_M .
ce

fCEO = (2)

The obtained values of f., represent our estimates of the
minimum electron cyclotron frequencies that are combined
from experimental and model values.

[15] To obtain information on statistical properties of f..o,
we use the same general procedure as for the wave para-
meters later in this paper. Here we describe this general
procedure in detail using f..o as an example of input data.
Every f..o value then has its corresponding L*, and we first
bin the obtained f..q values in 56 equal L* intervals between
3 and 8.6. In each of these bins we order the f.., values by
their magnitude and rename this sequence to ¢;, where i is an
index from 1 to &V, and N is the total number of values in a
given L* bin,

i=1...N—1. 3)
We then estimate a set of percentiles O, of the cumulative
probability distribution using linear interpolation in this
ordered sequence,

qi < qi+1,

Q)

where v = pN + 1, and p is the probability that corresponds
to a given percentile Q. The square brackets [y] denote the
truncation operation to the nearest whole integer that is
lower or equal to the argument . For every percentile O,
we thus have [pN] values in the sequence that are lower
than Q,. We define a set of 43 percentiles Q;x, where j =
1...K — 1, and K = 44. This number of percentiles is high
enough to obtain a sufficient description of the probability
distribution. For example, we have

Op = qpy) + (4141 — a177) (v — ),

On = 0os (for j = 22),
O_6 = Qo.159 (forj=17), (5)
O+o = Qosal (for j = 37),

where Q,, corresponds to an estimate of the median value,
and O_, and Q., correspond to the mean value minus or
plus one standard deviation, respectively, if the underlying
probability distribution is normal. From O_, and Q., we
have

7=3(01 ~0.,). ©)
where o is equal to the standard deviation if the underlying
probability distribution is normal, but it can always serve as a
measure of variability for an arbitrary probability distribution.

[16] Figure 1d shows an example of results of this pro-
cedure for the values of the minimum cyclotron frequency
fee0 (equation (2)) in the L* bin between 3.7 and 3.8 where
we obtain a total number of 808 data points corresponding
to waveform snapshots in 15 orbits when chorus was
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observed. The probability density function (PDF) is esti-
mated from the 43 percentiles Q;/x values using

1 —
PDF(x) = % (Q(j+1)/K - Qj/K) 1

for Q[/K SX<Q(_1'+1)/K7 j=1...K—-1

PDF(x) = 0
for x<Qykand x> Qk-1)x; (7)

where we have x = f.. in this case. The median value Q,,
and the percentiles O, and Q.. (equation (5)) are also
shown in Figure 1d. The probability density function is
slightly skewed, with more variability for lower f_., but still
it is well concentrated around the median value. The mean
value of 12.6 kHz estimated from

00 1 K-1
—x0 =1

is thus close to the median value of 12.7 KHz.

[17] The median value Q,, and the percentiles Q_, and
0., of the minimum cyclotron frequency f..o are shown in
Figure le in the L* bins between 3 and 8.6 for all the in-
tervals when chorus was observed. At higher L* we also
observe a larger variability expressed by the difference
between Q_, and Q.,. Comparing these results of the f..o
calculation with the T96 model (shown in Figure 1f), we can
note a similar scaling of the median value but with a lower
number of data points spanning only up to L* = 7.4. Note
that individual values of £;.., from the T96 model are usually
within 10%—-20% from those obtained using the T89c
model, but in a few orbits they can be different by a larger
factor of 0.6—1.7. These differences are not critical for our
analysis since we only use median values for comparison
with the wave frequencies.

[18] After this initial analysis, the chorus waveform
snapshots are organized as a function of the L* coordinate
and a statistical description of the corresponding f;..o values
is obtained. Next, we analyze the six-component waveform
snapshots as a function of frequency. We use the fast
Fourier transform on three windowed segments per snapshot
with 50% overlapping. This leads to averaged Hermitian
spectral matrices 6 x 6 obtained with a frequency resolution
of 4.5 Hz. These spectral matrices are further averaged and
attributed to 32 logarithmic frequency bins between 100 Hz
and 25 kHz with 19% (Aflf) steps.

[19] Combining these frequency bins with the above
described 56 equal intervals of L* between 3 and 8.6, we
obtain a 2-D grid in the L*-frequency plane. In each 2-D bin
in this grid, we have a large number of spectral matrices
(typically several hundreds) containing information on the
power, mutual phases and coherency of the electric and
magnetic field components.

3. Probability Density Functions of Chorus Power
Spectral Densities

[20] Figure 2 shows results of analysis of power spectral
densities of the magnetic field and electric field in the
L*-frequency plane. We have used the same definition of
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bins and the same analysis method of the multicomponent
waveform snapshots as we have described in section 2.
From each resulting spectral matrix we have first calculated
the sum of the power spectral densities from three orthog-
onal magnetic antennas Sz and a similar sum from three
orthogonal electric components Sg. These values have been
analyzed to obtain the set of percentiles O, according to
equation (4). Figures 2a and 2b show the median values Q,,
(equation (5)) for Sz and S, respectively.

[21] In Figures 2a and 2b we can see a band of more
intense median power spectral densities around the over-
plotted black line that shows one half of the median £
from Figure le. This band corresponds to chorus emissions
that mainly occur below % f.e0- Note that the median Sp in-
creases with L* in the chorus band in Figure 2a. This effect
is observed for the dayside orbits with MLT between 0800
and 1600 (not shown) while its existence is unclear on the
nightside and dawnside. The very high median values at
L* > 7.5 are however less reliable than results at L* < 7.5
since the orbital coverage is low in this region and we
obtain only =50-200 spectral matrices per bin compared to
300-1000 spectral matrices per bin at L* < 7.5.

[22] The chorus band is also clearly seen in Figures 2c
and 2d which show the results for o from equation (6).
Even if the underlying distribution is far from being normal
(as we will show), this values provide us with a measure of
variability of Sz and Sg. The chorus band is more pronounced
in Figures 2c¢ and 2d than when we look at the median values
in Figures 2a and 2b. This means that the chorus intensity is
highly variable from case to case. Note again that oSp
gradually increases with L* in the chorus band in Figure 2c.

[23] To investigate the nature of the variability of chorus
power spectral densities we analyze their probability dis-
tributions. Figures 2e and 2f show examples of estimates of
the probability density functions of Sz and Sp for an
L*-frequency bin in the chorus band at 6.9 < L* <7.0, and at
frequencies between 340 and 400 Hz. We use the procedure
described by equation (7) for 454 spectral matrices collected
during 13 orbits. The results are very different from the
approximately normal distribution of f;. in Figure 1d. The
consequence is that the mean values from equation (8) are
approximately 1 order of magnitude higher than the median
values (equation (5)) shown on the bottom of Figures 2e
and 2f. The PDFs of Sz and Sz approximately follow a
power law

PDF,(x) = Cx™®, x> xo, 9)

where we use Sp and S in place of x and we obtain « close to
or slightly above 1 in Figures 2e and 2f. This shape of the PDF
is typical for the entire chorus band although the details and
the values of the exponent o may vary.

[24] Note that equation (9) fits the PDF of Sg over the range
Sp>9x 107 nT? Hz ! while the same fit for S is valid when
Sg>3x 10 mV?m > Hz '. This a general property of the
power law distributions that can only describe the tail of the
PDF above a threshold xo [Newman, 2005; Clauset et al.,
2009]. An alternative model of the observed “heavy tail”
distributions can be the lognormal distribution,

1 _ 2
PDF,(x) = (”202’“)} x>0, (10)
L

1
 expl-—
xopV2m P [
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Figure 2. Power spectral densities of the magnetic field and electric field. (a) Median value of the sum of
the power spectral densities from three orthogonal magnetic antennas; the overplotted black line shows
one half of the median f;.o from Figure le. (b) The same as Figure 2a but for three orthogonal electric
components. (¢) One half of the difference between the percentiles Q. , and Q—, (o from equation (6)) as a
measure of variations of the sum of power spectral densities from the magnetic antennas. (d) The same as
Figure 2c but for the electric components. (¢) Example of the probability density function (PDF) of the
sum of the power spectral densities from the three magnetic antennas (solid black line), analyzed for 6.9 <
L* < 7.0, and at frequencies between 340 and 400 Hz; the median value is marked by a thick dashed
vertical line, and the percentiles O, and Q. are marked by thick dotted vertical lines on the bottom. Fits
of the power law and lognormal models are shown by the red dotted and blue solid lines, respectively.
(f) The same as Figure 2e but for the three electric components.

6 of 13

AO00F13



AO00F13

where we use parameters

pr = In Oy

| (11)
oL = E(ln Qv —In Qfa)

from equation (5). Figures 2e and 2f show that the lognormal
and power law models give similar answers above x, and that
the tail of the distribution seems to be modeled equally well
by both models.

[25] Measurements of full vectors of fluctuating electric
and magnetic fields allow us to calculate the spectral density
of the modulus of the Poynting vector Sg using the spectral
matrices 6 X 6,

1
Ss1 = — (RSg2p3 — RSE3p)
Ho

1
Sso = — (RSe3p1 — NSe183)
Ho (12)

1
Ss3 = — (RSe1z2 — NSk281)
1o

Ss = \/Sg'l +S§2 +S§3,

where Sg;p; are real parts of the cross-power spectra
between components of the electric and magnetic fields, Sg;
are spectral densities of the effective values of components
of the Poynting vector (7, j, k = 1...3), and p is the per-
meability of free space.

[26] The obtained values of Sg have been subjected to the
same analysis as the power spectral densities of the electric
and magnetic fields shown in Figure 2. Median values of Sg
in the L*-frequency plane are plotted in Figure 3a and, as a
measure of variability of Sg we show the corresponding o
obtained from equation (6) in Figure 3c. Chorus band is
again clearly apparent in both Figures 3a and 3c. We can
also note that both the median and o of Sg gradually increase
with L* in the chorus band. This effect is again clearly
observed for the dayside orbits (not shown).

[27] Figure 3e shows an example of the PDF calculated
using equation (7) from the same L*-frequency bin as in
Figures 2e and 2f. This PDF gives an estimate of the mean
value of 0.1 nW m 2 Hz ! (equation (8)), approximately 1
order of magnitude higher than the median value shown on
the bottom of Figure 3e. The lognormal distribution fits well
the PDF of the Poynting flux in the entire range of obtained
values, but a similarly good fit is also obtained above a
threshold of 2 x 107 nW m ™ Hz ' using the power law
model with « close to 1.

[28] In the subsequent analysis we will use two threshold
values for Ss. The first threshold is used to filter out only the
weakest waves outside the chorus band. It is therefore
selected 1 order of magnitude below the range of the ob-
tained chorus values, at S¢> 10 ° nW m 2 Hz . The second
threshold will be used to analyze only the strongest waves,
with Sg> 10> nW m 2 Hz ..

[20] To ensure the presence of right-hand polarized
whistler mode waves we also use a threshold for ellipticity
of polarization of the magnetic field fluctuations. We cal-
culate it using the singular value decomposition (SVD) of
the magnetic part of the spectral matrix [Santolik et al.,
2003b, equation (13)]. We additionally define the sign of
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the ellipticity by the sense of polarization [see Santolik et
al., 2002, appendix]; positive values mean the right-hand
polarization and negative values are used for the left-hand
polarization. A negligible absolute value of the ellipticity
means that the polarization is linear, while an absolute value
close to one means circular polarization.

[30] Results of this calculation are shown in Figures 3b
and 3d in a similar format as we have used in Figures 3a
and 3c. In the chorus band we obtain the right-hand,
nearly circular magnetic field polarization with very low
level of fluctuations. At higher frequencies where only a
low-intensity noise is observed the ellipticity is random and
the empty regions indicate bins where we obtain less than
12 spectral matrices with S > 10"® nW m 2 Hz . Figure 3f
shows the PDF of the ellipticity values in the same
L*-frequency bin as we have used for Figure 3e. Since this
bin is contained in the chorus band, the major peak of the
PDF is concentrated at high positive values close to 1. In our
analysis all spectral matrices with ellipticities lower than a
threshold of +0.2 are excluded and only the right-hand
polarized waves are thus taken into account. This threshold
is used for Figures 1, 2, 3a, 3c, 3e, and 4 but not those that
show the ellipticity itself (Figures 3b, 3d, and 3f).

4. Propagation of Chorus in the Outer Zone

[31] From the spectral densities of components of the
Poynting vector (equation (12)) we can also estimate the
angle 6 of the Poynting vector with respect to the direction
of the static magnetic field By. If we define the S3 axis along
B, we obtain

/Q2 2
s = arctan <M> , (13)

S3

where 0g ranges between 0 (when the Poynting vector is
parallel to By) and 7 (when the Poynting vector is antipar-
allel to By). To determine if the waves propagate away from
the magnetic equator or toward the equator we need to take
into account information on the magnetic hemisphere of the
point of observation. We obtain it from the ONERA-DESP
library using the IGRF and T89¢ models of the magnetic
field. We then define angle 6g
0s = 05 in the northern hemisphere

(14)
0s = m — 05 in the southern hemisphere,
where Og = 0 if the waves propagate with the Poynting
vector parallel to the magnetic field line away from the
magnetic equator toward the Earth. 65 = 7 when the
Poynting vector is parallel to the magnetic field line and
toward the magnetic equator, away from the Earth.

[32] Figure 4 shows the analysis of the obtained 65 values
(converted to degrees) in the same format as we have used in
Figures 2 and 3. Figures 4a, 4c, and 4e use the threshold for
the absolute value of the Poynting flux Sg> 10 ®nW m > Hz '
while Figures 4b, 4d, and 4f are plotted for intense waves
with S¢> 107 nW m 2 Hz '. Empty regions again indicate
bins where we obtain less than 12 spectral matrices after
using one of these two thresholds for Sg and the ellipticity
threshold described in section 3. In Figures 4a and 4b we
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Figure 3. Spectral density of the Poynting flux and the ellipticity of magnetic field fluctuations in the
same format as in Figure 2. (a) Median value of the spectral density of the Poynting flux; (b) median
value of the ellipticity of magnetic field fluctuations; (c) one half of the difference between the percentiles
0., and O_, as ameasure of variations of the spectral density of the Poynting flux; (d) the same as Figure 3¢
but for the ellipticity of magnetic field fluctuations; (e) example of the probability density function (PDF)
of the spectral density of the Poynting flux of chorus, analyzed for 6.9 < L* < 7.0 and at frequencies
between 340 and 400 Hz; and (f) the same as Figure 3e but for the ellipticity of magnetic field fluctuations.

can clearly recognize the main chorus band, propagating
away from the equator with median values of g < 20°-30°.
The chorus band also shows low fluctuations, 08¢ < 10°-20°,
in Figures 4c and 4d.

[33] Our analysis allows us to investigate also other types
of waves that are colocalized with chorus and/or propagate
at similar frequencies. At lower frequencies and lower L*

than the main chorus band, we obtain waves whose median
Os > 120°-150° (Figure 4a), indicating propagation toward
the equator. The variability of obtained g values is however
large (Figure 4c), especially close to the lower boundary on
the main chorus band where waves propagating from the
equator are also often observed but, as the median value in
Figure 4a indicates, waves with equatorward propagation
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Figure 4. Angle 65 between the Poynting vector and the static magnetic field By analyzed using the
same methods and plotted in the same format as in Figures 2 and 3. (a) Median value of 5 for cases
when the spectral density of the Poynting flux S is larger than the noise level of 10°® nW m 2 Hz !;
(b) the same as Figure 4a but for Sg > 10> nW m 2 Hz '; (c) one half of the difference between the
percentiles Q,, and Q_,, as a measure of variations of fg for S5 > 107 nW m > Hz '; (d) the same as
Figure 4c but for S¢> 10> nW m * Hz '; (e) the probability density function (PDF) of 6, analyzed for
6.9 < L* < 7.0 and for frequencies between 960 and 1140 Hz, when S5 > 10" nW m 2 Hz '; and (f) the
same as Figure 4e but when Sg> 10> nW m ? Hz ..

prevail. This picture becomes clearer when we analyze [34] In the outer zone for L* > 6 we observe another wave
selected intense waves with Sg > 10> nW m > Hz . The class propagating away from the Earth and toward the
median value of fg is above 150° in the region of the equator at frequencies above the main chorus band. Figure 4a
L*-frequency plane below the main chorus band (Figure 4b)  shows that median values of 6 for these waves are above
and the large variability is only observed at the contact of 150°, with a pronounced variability at the contact with the
this region with the main chorus band (Figure 4d). main chorus band. A region of lower variability (Figure 4b)
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can be found at slightly higher frequencies above 1 kHz and
at L* close to 7. In the vicinity of %fceo the prevailing
direction of the Poynting vector is still equatorward as it is
also documented by the PDF of 65 calculated according to
equation (7) and shown in Figure 4e. The observed high
variability of €g is explained by the presence of two peaks in
the PDF. One belongs to the waves from the main chorus
band propagating at g < 20°. The other, more pronounced
one, is found at fg > 150°. Their simultancous presence
causes a large difference of the percentiles Q., and O,
shown on the bottom of Figure 4e, and hence large values of
o according to equation (6). The waves propagating toward
the equator occur more often, as is reflected by the high
median value of fg in this L*-frequency bin (also shown on
the bottom of Figure 4¢).

[35] These waves are however much weaker than the main
chorus band propagating away from the equator. This is
documented by the total absence of the outer zone equa-
torward propagating emissions in Figures 4b, 4d, and 4f.
Analysis using different S thresholds (not shown) indicates
that some residual signs of these waves can still be seen up
to a threshold of Sg > 10™* nW m™ Hz ' but that they
mostly disappear at a level of Sy~ 10> nW m 2 Hz .

5. Discussion and Conclusions

[36] Several aspects of our procedure need to be discussed
before we can draw conclusions from this study. Together
with the study of Sigsbee et al. [2010] in the same special
issue on chorus emissions, this is, to our knowledge, the
first analysis of wave emissions in the inner magnetosphere
that is parameterized by the L* coordinate according to
equation (1).

[37] We have shown (Figure 1c¢) that the differences of L*
that we obtain using different models of the external mag-
netic field are typically a few percent. This difference is
small enough that it does not affect our results, being
comparable to the bin size used in the statistical analysis.
We have therefore chosen to use the older T89 model
because it is computationally inexpensive, and, more im-
portantly, because it uses the easily accessible Kp index as
its input. The newer models need solar wind measurements
that are not always available and therefore these models
considerably reduce our data set. For example, the T96
model reduces the data set from 7182 spectral matrices
down to only 4380 spectral matrices that were measured
when the solar wind data were available. The modern
models that use the integrated history of the solar wind
parameters [e.g., Tsyganenko and Sitnov, 2005] would
reduce our data set even more.

[38] Note that another parameter, the dipole L, has been
used in many previous studies of whistler mode chorus
based on the measurements of the CRRES spacecraft
[Meredith et al., 2001, 2002, 2003a, 2003b, 2009], or the
Double Star and CLUSTER spacecraft [Santolik et al.,
2005; Pokhotelov et al., 2008]. It is defined as

L = R/cos*(\), (15)
where R is the radial distance and ), is the magnetic lati-
tude. This definition is clearly different from equation (1)
and leads to a very simple and straightforward calculation
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that, however, gives remarkably different results in the outer
zone: the relative difference of L and L* can typically reach
several tens percent in the outer radiation belt at L* > 5 (it
means, mainly outside of the range of the CRRES data). For
example, in our data set the dipole L values span from 3.0 to
11.8, with 10 orbits extending to L > 8§, while L* values only
range from 2.9 to 8.8, with 2 chorus orbits at L* > 8.

[39] Yet another method has been used by Li ef al. [2009]
to characterize the occurrence rates of chorus observed by
the THEMIS spacecraft; they mapped data measured at
different magnetic latitudes to the magnetic equator using
the T96 magnetic field model and their L value was obtained
as the radial distance from the center of the Earth to the
equatorial crossing point. On the dayside this method gives
slightly lower values than the dipole model (equation (1))
but compared to L* values calculated from equation (1), the
method of Li et al. [2009] always gives higher values in our
data set. A typical relative difference at L* > 5 reaches
20%—-50%. For example, at 6.9 < L* < 7.1 we obtain, using
the method of Li et al. [2009], L between 7.3 and 9.6, with
the median value of 8.6.

[40] Looking at these nonnegligible differences, it appears
recommendable to use L* in future statistical studies of
waves that can affect the trapped energetic particles in the
inner magnetosphere because L* is better suited for the
parameterization of the trapped radiation [Roederer, 1970].

[41] It is also clear that only a rough comparison of our
results with previous studies can be done. Our results show
both increasing median value and variability of Sz as a
function of L* in Figures 2a and 2b. For the observed
nonnormal distributions the mean value increases with both
the corresponding median and o values. Hence, we also
obtain increasing mean values as a function of L* (not
shown). This result confirms the first observations of a
similar phenomenon by the Double Star TC-1 spacecraft
[Santolik et al., 2005], and results of Li et al. [2009], who
found a similar effect in the data of the THEMIS spacecratft.

[42] Li et al. [2009] and many previous studies investigate
the MLT and latitudinal dependence of chorus intensities
and occurrence rates. We neither attempt to systematically
analyze the MLT nor latitudinal dependence of chorus
intensities since our data set is limited and the statistics
would be poor. Instead, we concentrate on two important
aspects of the analysis of spatial distribution of chorus: we
investigate the statistical properties (probability distribu-
tions) of chorus power spectral densities and we use the
combined measurements of the wave magnetic and electric
field to estimate the Poynting vector of chorus.

[43] Our initial results concerning the probability dis-
tributions of power spectral densities of chorus show that it
might be misleading to use the average values to fully
characterize chorus intensities, as it is done in all previous
studies. We find lognormal probability distributions with
large variances and hence with the heavy tail features or,
alternatively, power law probability distributions with low
exponents. Newman [2005] has shown that the two types of
distributions can be very similar over a large range of values
and that it may be difficult to distinguish between these two
models. We do not attempt to do it rigorously, for example
using the Kolmogorov-Smirnov statistics, since simulation
studies show that the limited size of our data set is probably
insufficient for this task [Clauset et al., 2009]. Future studies
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will certainly be needed to resolve this problem which is far
from being trivial. Its consequences are clearly related to the
model of chorus generation. If the hypothesis of the log-
normal probability distribution is proven, a model similar to
the stochastic growth theory of Langmuir waves in the solar
wind [Cairns and Robinson, 1999] would possibly provide
us with a plausible physical interpretation. On the other
hand, only more complex nonlinear models of chorus gen-
eration can explain the power law distributions. In this case,
the obtained low exponents (a < 2) also imply that the
widely used average values have a questionable physical
interpretation and depend on the size of the underlying
data set.

[44] Our analysis of the directions of the Poynting vector
of chorus (Figure 4) confirms the original result of LeDocq
et al. [1998] that the main chorus band in this Polar data set
systematically propagates away from the equatorial surface,
where the magnetic field strength in minimum along a given
field line. We succeed to add two significant components to
this result: the waves below the main chorus band in the
L*-frequency plane, and the outer zone emissions above the
main chorus band in the L*-frequency plane, both propagate
toward this surface. These wave emissions were not subject
of analysis of LeDocq et al. [1998].

[45] Properties of the waves that we observe below the
main chorus band are very similar to events of reflected
chorus (with only residual structure of discrete wave pack-
ets) described in the case studies based on the measurements
of the Cluster spacecraft by Parrot et al. [2003b, 2004].
Here we show, using the Polar data set, that this phenom-
enon occurs systematically. Ray tracing analysis of cases
reported by Parrot et al. [2003b, 2004] has shown that
reflected chorus can occur closer to the Earth than the
original chorus emission and our statistical results agree
with this conclusion.

[46] On the other hand, the outer zone waves above the
main chorus band are observed further from the Earth than
waves at the same frequencies in the main chorus band. This
interesting class of emissions therefore cannot be related to
the inward reflected chorus according to the ray tracing
studies by Parrot et al. [2003b, 2004]. We can then explain
their propagation by a poleward reflection of equatorial
chorus described by a theoretical ray-tracing study of Chum
and Santolik [2005] and experimental observations of
Santolik and Parrot [2000] and Santolik et al. [2006].
Chorus would, in these cases, propagate to higher L*.

[47] On the dayside, this outer zone chorus can be
attributed to pockets of low magnetic field strength (mini-
mum-B pockets) as it was first proposed by Tsurutani and
Smith [1977]. This would correspond well to the predomi-
nant occurrence of outer zone chorus during geomagneti-
cally quiet periods reported by Tsurutani and Smith [1977]:
our data set was recorded during the minimum of the solar
cycle with a predominant occurrence of quiet periods. In this
case its wave frequency should not be compared with %fceo
since the proper value of the electron cyclotron frequency in
source region may be different. A preliminary analysis of
high-resolution spectrograms based on the Polar waveform
measurements (not shown) indicates the presence of chorus-
like structures resembling a sequence of discrete wave
packets in these outer zone emissions.
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[48] There are two potential problems with this explana-
tion: First, the observed outer zone waves propagating from
the Earth are much weaker than the main chorus band
propagating toward the Earth. This is indeed the case in the
OGO 5 data set [ Tsurutani and Smith, 1977, Figure 10] who
report that the high-latitude chorus is generally weaker but it
disagrees with the case study of a Geotail high-latitude
chorus event which had high-intensity subelements/wave
packets [Verkhoglyadova et al., 2009; Tsurutani et al.,
2009] and with the study of Horne et al. [2005], who
found increasing wave amplitudes as a function of the
magnetic latitude. Second, we observe the outer zone waves
on the dayside as well as on the morning side at MLT <
8 hours (not shown), while chorus of Tsurutani and Smith
[1977] is localized on the dayside. Both problems can be
speculatively explained by possible propagation of chorus
from its source region during which the waves are Landau
damped or, alternatively, only a small fraction of their
Poynting flux is reflected and allowed to reach the space-
craft. This could still be consistent with the results for events
of Parrot et al. [2003b, 2004] which depend on the partic-
ular magnetic field configuration and on the set of initial
wave vector directions in the chorus source region. More
work is needed to reliably identify the origin of the equa-
torward propagating outer zone waves.

[49] Our analysis of the total Poynting flux in the main
chorus band (propagating away from the equator) provides
us with another significant new result: We find that not only
the previously reported magnetic field amplitudes but also
the Poynting flux of chorus increases with L* toward the
outer zone at L* > 6.

[s0] Using the measured Poynting flux we can further-
more roughly estimate if chorus in the outer zone carries
enough power to accelerate electrons in the outer Van Allen
radiation belt to relativistic energies. The result, however,
needs to be taken with caution as a very crude calculation of
the energetic balance of chorus. Assumptions of this esti-
mate may not correspond to the actual acceleration
mechanism that is still not fully known and that may
significantly depend on probability distributions of chorus
amplitudes. At L* = 6—7 we have estimated the mean value
of the spectral density of the Poynting flux of chorus to be
0.1 nW m ? Hz ' (see the text related to Figures 3a and 3e).
The chorus band at this L* is approximately 500 Hz wide
(Figure 3a) which means that the total Poynting flux is
=5 x 10° W m?,

[51] The typical flux of electrons at energies >1 MeV in
the outer radiation belt is assumed on the order of 10° cm *s™".
This very roughly gives a number density of ~30 m>. If we
want to accelerate these particles from the plasma sheet
energies up to 1 MeV we need to deposit an energy density
of =5 x 10 '? I m™>. Now, assuming a field-aligned column
of particles with a length of 3 Earth radii, we need a column-
integrated energy density of ~10™* J m 2. This value would
be similar within a small factor of 2-3 if we consider a
different column length comparable with a reasonable
fraction of the total length of the magnetic field line.
Therefore, we would need a time interval of =30 min to
accumulate this column-integrated energy density from all
the available average Poynting flux of chorus. If only a
small part (approximately 1%) of the available Poynting flux
is used to accelerate relativistic particles, we obtain the usual
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timescale of days for changes of relativistic electron fluxes
in the outer radiation belt.

[52] Finally, the conclusions of this work are as follows.

[53] 1. Our analysis of whistler mode chorus using the
Polar measurements selected by LeDocq et al. [1998] shows
that the L* coordinates for this data set are different by tens
of percent from the results obtained using different defini-
tions of the L parameter that occur in the literature. Since the
L* coordinate is better suited for a description of trapped
electrons, this result can have an impact on the way that the
wave components of future models of the Van Allen radi-
ation belts will be analyzed.

[s4] 2. The power spectral density of the electric and
magnetic field fluctuations carried by chorus has a proba-
bility distribution that is very far from being normal. The
same holds true for the spectral density of the Poynting flux.
The probability distribution has a heavy tail that can be
described either by the lognormal distribution or by the
power law distribution with a low exponent « that is close to
(but larger than) 1. Our data set is insufficient to distinguish
between these two possibilities. This can represent a signifi-
cant input for the theories of chorus generation by an analogy
of the stochastic growth theory [Cairns and Robinson, 1999]
or by a nonlinear model. Another consequence of the heavy
tail distributions is that the usual statistical characterization
of chorus using arithmetic averages may have a questionable
physical interpretation.

[s5] 3. We find that the Poynting flux in the main chorus
band on the dayside increases with L* toward the outer zone
at L* > 6. A rough estimate shows that outer zone chorus
carries enough power to accelerate electrons in the outer
Van Allen radiation belt to relativistic energies on a time-
scale of days: only a fraction on the order of 1% of the
average Poynting flux needs to be deposited into the
radiation belts to account for typical fluxes of relativistic
electrons.

[s6] 4. Statistical analysis of probability density functions
of the angle 65 describing the direction of the Poynting
vector allows us to confirm that the main chorus band
propagates away from the equator, as it was originally found
by LeDocq et al. [1998]. We are also able to show the
systematic occurrence of the magnetospherically reflected
component of chorus found by case studies of Parrot et al.
[2003b, 2004].

[57] 5. We observe outer zone waves that propagate
toward the equator at larger frequencies than waves in the
main chorus band. We propose a possible explanation by
poleward reflection of equatorial chorus or dayside chorus
of Tsurutani and Smith [1977].
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