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[1] In the present paper, phase space density functions of the form f(v) = Ay/V" are fitted
to statistical distributions of suprathermal electron fluxes (£ = 0.213-16.5 keV) from
the CRRES satellite, parameterized by L-shell, Magnetic Local Time (MLT), and
geomagnetic activity. The fitted distributions are used in conjunction with ray tracing to
calculate the Landau damping rates of an ensemble of rays representing whistler-mode
chorus waves. The modeled propagation characteristics are compared with observations of
chorus wave power from the CRRES satellite, as a function of L-shell, MLT, and magnetic
latitude, in various frequency bands, and under various geomagnetic conditions. It is
shown that the model results are remarkably consistent with many aspects of the observed

wave distributions, including frequency, L-shell, MLT, and latitudinal dependence. In
addition, the MLT distribution of wave power becomes characteristically asymmetric
during active geomagnetic conditions, with small propagation lengths on the nightside
which increase with MLT and maximize on the dayside. This asymmetry is shown to be
directly related to the dynamics of the Landau resonant suprathermal electrons which
drift around the Earth whilst undergoing scattering and loss due to a variety of plasma
waves. Consequently, the suprathermal electrons play an important role in radiation belt
dynamics, by controlling the distribution of chorus, which in turn contributes to the
acceleration and loss of relativistic electrons in the recovery phase of storms.

Citation: Bortnik, J., R. M. Thorne, and N. P. Meredith (2007), Modeling the propagation characteristics of chorus using CRRES
suprathermal electron fluxes, J. Geophys. Res., 112, A08204, doi:10.1029/2006JA012237.

1. Introduction

[2] General description, background, characteristics Cho-
rus emissions are naturally-produced electromagnetic waves
in the ELF/VLF (~0.1-10 kHz) frequency range [e.g.
reviews by Omura et al., 1991; Sazhin and Hayakawa,
1992] that occur outside the plasmapause predominantly in
the dawn sector, and rank among the most intense whistler-
mode emissions in the inner magnetosphere [Koons and
Roeder, 1990; Meredith et al., 2001; Santolik et al., 2004].
They typically occur in a series of short (~0.1 sec), rising
tones (though falling and mixed tones are also observed)
between ~0.2—-2 kHz/sec, in two distinct frequency bands
that peak in power near 0.34 f.. (lower band) and 0.53 f.
(upper band), where f.. is the equatorial gyrofrequency
along that field-line [Burtis and Helliwell, 1969, 1976],
and exhibit a wave power minimum near 0.5 f.. [Tsurutani
and Smith, 1974; Koons and Roeder, 1990]. Chorus inten-
sity and occurrence are directly related to geomagnetic
activity [Storey, 1953; Tsurutani and Smith, 1974; Burtis
and Helliwell, 1976; Meredith et al., 2001, 2003a, 2003b;
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Santolik et al., 2003, 2004; Smith et al., 1999, 2004;
Spasojevic and Inan, 2005] and it is generally agreed that
the generation mechanism involves cyclotron resonance
with eastward-drifting, freshly-injected, unstable electron
populations in the ~10-100 keV range, though the exact
generation mechanism remains a topic of intense research
[Helliwell, 1967, 1995; Omura et al., 1991; Hattori et al.,
1991; Sazhin and Hayakawa, 1992; Trakhtengerts, 1995,
1999; Nunn et al., 1997].

[3] Though chorus has been actively studied for well over
50 years [Storey, 1953], it has recently enjoyed a resurgence
of interest due to the recognition of its importance in con-
trolling radiation-belt dynamics [e.g., Horne and Thorne,
1998; Summers et al., 1998, 2004; Horne et al., 2003,
2005a, 2005b; Thorne et al., 2005a, 2005b; Spasojevic
and Inan, 2005; Meredith et al., 2002a, 2002b, 2003b;
Miyoshi et al., 2003; Lyons et al., 2005; Smith et al., 2004;
Varotsou et al., 2005; Shprits et al., 2006] playing a dual
role in both the precipitation and acceleration of radiation-
belt electrons [Horne and Thorne, 2003; Horne et al., 2005b;
Bortnik and Thorne, 2006]. In the scenario described in
the above works, lower energy electrons (~10—100 keV)
generate chorus near the geomagnetic equator through the
loss-cone instability and thermal anisotropy, and scatter
these electrons into the loss-cone in the process, resulting
in decreased fluxes [/bid]. The locally generated waves also
interact with higher energy electrons at large pitch-angles,
contributing to the acceleration of electrons to relativistic
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energies [e.g., Meredith et al., 2002a; Horne and Thorne,
2003]. Chorus waves then propagate to higher latitudes,
where they resonate with relativistic (MeV) electrons lead-
ing to both microburst precipitation, and further acceleration
of trapped relativistic electrons [Horne and Thorne, 2003;
Horne et al., 2005b]. Chorus thus plays a mediating role,
transferring energy from the abundant lower energy electron
population to the smaller population of higher energy
electrons [e.g., Thorne et al., 2005b; Horne et al., 2006].
In order to properly quantify this mediation process, it is
important to understand the propagation characteristics of
chorus, its wave normal evolution, damping, and resultant
distribution of power with respect to latitude, L-shell, and
magnetic local time (MLT).

[4] Previous studies have shown that chorus typically
occurs between 3 <L <9, with a peak at 6 < L <8 [ Tsurutani
and Smith, 1974; Burtis and Helliwell, 1976; Meredith et
al., 2001], in the dawn and afternoon sectors, moving to
higher L-shells and/or latitudes when moving towards the
day side [Burtis and Helliwell, 1976; Meredith et al., 2001].
Wave normal studies show that near the geomagnetic
equator, the k-vector is predominantly field-aligned [Burton
and Holzer, 1974; Goldstein and Tsurutani, 1984] in
agreement with theoretical predictions [Kennel and Thorne,
1967] but becomes progressively more oblique as it prop-
agates away from the equatorial generation region in a non-
ducted mode [Thorne and Kennel, 1967; Burton and Holzer,
1974; Goldstein and Tsurutani, 1984]. However, recent
observations of chorus, particularly at off-equatorial posi-
tions, indicate that generation may have occurred at much
higher wave normal angles [Lauben et al., 2002; Chum and
Santolik, 2005; Santolik et al., 2006]. In both cases,
propagation is found to be away from the equatorial region
[LeDocqg et al., 1998; Lauben et al., 2002; Santolik et al.,
2004, 2005], with very few exceptions where weak mag-
netospheric reflections have been observed [Maeda and
Smith, 1981; Parrot et al., 2003, 2004]. There is strong
support for the fact that propagation is predominantly non-
ducted [e.g., Burton and Holzer, 1974; Goldstein and
Tsurutani, 1984; Lauben et al., 2002; Chum and Santolik,
2005] and apparently limited by Landau damping [Bortnik
et al., 2006] to propagation ranges of 10°-20° in latitude
[Burtis and Helliwell, 1976; Meredith et al., 2001].

[5] The relation of chorus morphology to the storm-time
injection and dispersive (eastward) azimuthal drift of energetic
electrons has been well-noted by past workers [Anderson
and Maeda, 1977; Collier and Hughes, 2004a, 2004b;
Smith et al., 2004; Abel et al., 2006; Lubchich et al.,
2006], where the electrons were treated as the source of
the chorus waves. In the present work, we neglect all
aspects of the wave generation process, and consider only
the (linear) Landau damping of the chorus waves as they
propagate in an unducted mode away from their source
region. Specifically, we examine the effects of suprathermal
electron fluxes upon chorus propagation characteristics
using a combination of measured fluxes, ray tracing, and
comparison to wave data. In section 2, statistical averages of
suprathermal fluxes from the CRRES satellite are presented,
parameterized by MLT, L-shell, and geomagnetic activity
(section 2.1), and analytical phase space density functions
are fitted to these measurements (section 2.2). In section 3
the ray tracing and Landau damping methodology is pre-
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sented using a single ray (section 3.1), and the results of ray
tracing a large distribution of rays are shown (section 3.2).
The ray tracing results are compared to chorus wave
measurements made on the CRRES satellite in section 4,
in terms of geomagnetic activity dependence (section 4.1)
and frequency dependence (section 4.2), and the agreement
and limitations of our model are discussed in section 5. The
major findings of this work are summarized in section 6.

2. The CRRES Satellite and Database

[6] The Combined Release and Radiation Effects Satellite
(CRRES) [Johnson and Kierein, 1992] is particularly well-
suited for the present study due to its favorable orbit and
instrumentation suite, and is used to provide information on
the suprathermal electron fluxes, as well as chorus wave
intensities (discussed further in section 4). The spacecraft
was launched on July 25, 1990 and operated in a highly
elliptical geosynchronous transfer orbit with a perigee of
305 km, an apogee of 35,768 km, and an inclination of 18°.
The orbital period was approximately 10 hours, and the
initial apogee was at a magnetic local time (MLT) of
0800 MLT. The magnetic local time of apogee decreased
at a rate of approximately 1.3 hours per month until the
satellite failed on October 11, 1991, when the apogee was at
approximately 1400 MLT. The satellite swept through the
most important chorus source region approximately 5 times
per day, providing coverage for almost 15 months.

[7] The suprathermal electron fluxes were measured by
the Low Energy Plasma Analyzer (LEPA). This instrument
consisted of two electrostatic analyzers with microchannel
plate detectors, each with a field of view of 120° x 5°, one
measuring electrons and the other ions in the energy range
100 eV < E <30 keV [Hardy et al., 1993]. The instrument
detected the complete pitch angle range from 0° to 180°
every 30 sec with a resolution of 5.625° x 8° at 20 energy
channels in the range 100 eV < E < 30 keV. The chorus
waves were measured by the Plasma Wave Experiment
(PWE) which detected the wave electric field from 5.6 Hz
to 400 kHz, using a 100-m tip-to-tip long wire antenna, with
a dynamic range covering a factor of at least 10° in
amplitude [Anderson et al., 1992].

[8] In order to examine the global morphology of the
suprathermal electron fluxes and the chorus wave intensities
as a function of geomagnetic activity we constructed a
database from the CRRES wave and particle observations.
The wave data were initially corrected for the instrumental
background response and smoothed by using a running
3-min average to take out the beating effects due to differ-
ences in the sampling and the spin rate. Spurious data
points, data spikes, and periods of instrumental downtime
were flagged and ignored in the subsequent statistical
analyses. Twelve orbits, during which nontraditional con-
figurations were deployed for testing purposes, were also
excluded from the analyses.

[9] The electric field intensities, discussed in section 4,
together with the electron perpendicular differential number
flux for each energy level of the LEPA instrument were then
rebinned as a function of half orbit (outbound and inbound)
and L in steps of 0.1 L. The data were recorded together
with the universal time (UT), magnetic latitude (\,),
magnetic local time (MLT), the AE index, and time spent
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Figure 1. Average suprathermal electron fluxes measured
with the LEPA instrument on the CRRES satellite.
Distributions are shown as a function of L-shell and MLT,
parameterized by energy (rows: 0.213, 1.09, 4.25, and
16.5 keV), and magnetic activity levels (columns: AE <
100 nT, 100 < AE < 300 nT, and AE > 300 nT). The
common colorbar is shown at the bottom of the figure,
together with the number of samples in each L-MLT bin.

in each bin with the same resolution. The resulting database,
consisting of plasma wave and particle measurements from
939 orbits (1878 half orbits), was subsequently analyzed to
determine the behavior of the waves and the particles as a
function of spatial location and magnetic activity.

[10] Both whistler mode chorus and the suprathermal
electrons tend to be observed outside of the plasmapause.
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In order to exclude wave emissions and electron fluxes from
inside the plasmapause from the survey we adopt a criterion
based on the amplitude of the waves in the band f,. < f< 2
fee following [Meredith et al., 2004]. Waves in this frequency
band, which contain contributions from both electron
cyclotron harmonic waves and thermal noise, tend to be
excluded from the high density region inside the plasma-
pause, and have proven to be an excellent indicator of times
when the satellite is outside the plasmapshere. The specific
criterion we adopt, based on a previous experimental study
using data from the CRRES Plasma Wave Experiment,
requires that the wave amplitude for frequencies in the range
fee < f<2 fie be greater than 0.0005 mVm ' in order for
the wave and particle data to be included in the survey
[Meredith et al., 2004].

2.1. Suprathermal Flux Observations

[11] Figure 1 shows the average distribution of perpen-
dicular suprathermal electron fluxes measured with LEPA
on the CRRES satellite, averaged over a range of magnetic
latitudes within +15° of the magnetic equator. Each panel
displays fluxes in color as a function of L-shell and MLT,
with the common colorbar shown at the bottom of the
figure. The fluxes are parameterized by energy channel and
geomagnetic activity, showing (rows from top to bottom)
the 213 eV, 1.09 keV, 4.25 keV and 16.5 keV channels, for
the magnetic activity conditions (columns from left to right)
AE <100 nT, 100 < AE < 300 nT, and AE > 300 nT. The
statistical coverage of CRRES is shown at the bottom of
each column, as the number of samples in each L-MLT bin.
These specific energy channels have been chosen for a
number of reasons: firstly, the range 0.213-16.5 keV was
chosen because the suprathermal electron energies respon-
sible for Landau damping of chorus waves fall comfortably
within it, typically near ~1 keV [e.g., Bortnik and Thorne,
20006, Figure 3d]. Secondly, the choice of using only four of
the energy channels available on CRRES was made because
it is the smallest number of points the gives a robust
parameter fit (discussed further below) and adding more
data has little or no further effect upon the fitted distribu-
tion, but only increases computation length. The spacing of
energy channels was chosen to be roughly even on a
logarithmic scale, in both energy and velocity space (see
for example Figure 2).

[12] The flux distributions show that suprathermal fluxes
at all energies increase with increasing geomagnetic activity,
and penetrate to lower L-shells, due to the enhanced
convection electric field [e.g., Korth et al., 1999]. The
MLT distributions also become more asymmetric with
increasing geomagnetic activity, due to increases in both
electron injection, and loss as they drift eastward around the
Earth. Low energy (<16 keV) electrons are subject to strong
diffusion loss during resonance with electrostatic electron
cyclotron harmonic (ECH) waves [Horne and Thorne,
2000] and whistler-mode chorus [Glauert and Horne,
2005]. The loss timescale for strong diffusion is consider-
ably shorter than the drift timescale at these energies, giving
rise to strong MLT gradients.

[13] It should be noted that a few L-MLT bins do not
contain particle data due to incomplete coverage by CRRES
(e.g., 4 <L <5,2300 < MLT < 0000, and L > 6 at 0900 <
MLT < 1200). While we have taken measures to avoid most
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Figure 2. Analytical fits to (a) flux values at 4 energies,
and transformed into (b) phase space density (PSD) as a
function of velocity, at L = 4.45, MLT = 5.5, and AE >
300 nT.

regions with insufficient coverage, for example only con-
sidering the region 3 < L < 7 in subsequent analysis, a few
such regions still remain. This problem has been addressed
by smoothing and interpolating the data in logarithmic
space over the 2D plane. A number of different techniques
of data filling have been compared including more elaborate
techniques [Kondrashov and Ghil, 2006], but since our data
set is fairly smooth (particularly when the logarithm is used
for interpolation), the results obtained using the various
methods agreed fairly well, and a simple triangle interpola-
tion scheme, using a gradient regularizer was chosen.

2.2. Parameter Fitting

[14] We aim to fit analytical functions representing the
phase space density as a function of velocity, f(v), to the
suprathermal flux observations shown in Figure 1, at every
L, and MLT bin. The fitted f(v) functions can subsequently
be used to calculate Landau damping rates when combined
with ray tracing. In order to illustrate our methodology, a
specific location is chosen, e.g., L=4.45, MLT =5.5, together
with a geomagnetic activity level, e.g., AE > 300 nT, giving
the 4 measured flux values (J;_4) corresponding to the
4 energy channels (E;_4=10.213, 1.09, 4.25, and 16.5 keV),
illustrated as the diamond symbols in Figure 2a. If an
assumed distribution of the form:

_J

J(E) T Em

(1)

is used, the Jy and m values can be readily obtained by
taking the logarithm of equation (1)

log,, (J;) = logyo (Jo) — m_log, (£:) (2)
———— e NV e —

Vi ag @ X;

and solving for a, a; in equation (2) in a least-squares sense
[Press et al., 2002, p.661] where (E;, J;) or (x;, y;),i=1 — 4,
are the data points. The overall goodness of fit is estimated
by the sum of squared residuals between the fitted curve and
actual data points. The least-squares fit described above is
shown in Figure 2a as the solid, heavy line, with the fit-

parameters Jo = 2.14 x 107 cm™? sec™ ' str™' keV ™', and
m = 0.755. For comparison, the data points are joined with
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a dashed line in Figure 2a, showing that the agreement
between data and fitted model is very good.

[15] The flux J(E) can be related to the phase space
density f(v) through the simple non-relativistic relation
[Walt, 1994, p. 67]:

25 =Zr) ®

where v and m’ are the electron velocity and mass
respectively, but care must be exercised with regard to the
selection of units. If the energy £ is given in keV, and v in
cm ' as is conventionally done in cgs units, then:

m = Kom, (4)

where m.=9.1 x 107! kg, and kg =6.25 x 10" C'isaunit
correction factor. Using equations (3) and (4) we can translate
the flux data points (J;, E;) to phase space density data points
(v;, f;) as shown by the square symbols in Figure 2b.

[16] If we further assume the phase space density expres-
sion to be of the form:

==

f) (5)

as has been done previously [Bell et al, 2002], then
combining equations (1)—(5) gives:

n=2a +2 (6)

2 x 10%

[17] We show in Figure 2b the fitted distribution of
Figure 2a, translated to a phase space density function
f(v) in the form equation (5), with the fit parameters n =
3.51 and Ay =1.23 x 10° s> cm™®, where the data points are
again joined by a dashed line which is completely obscured
by the fitted distribution, indicating an excellent fit.

[18] It should also be mentioned that we experimented
with a phase space density of the form f(v)=Ay / (V*+ v3)"?,
and fitted to the data points using a simulated annealing
algorithm [Kirkpatrick et al., 1983], but in all cases the
thermal velocity vy was found to be negligible, so the
simpler form equation (2) was used instead and fitted with
the computationally economical least-squares method.

(7)

3. Ray Tracing and Landau Damping

[19] The fitted distribution discussed in Section 2.2 can
now be combined with ray tracing to study the propagation
characteristics of chorus. We use the same methodology as
Bortnik et al. [2006], which is illustrated in Figure 3.

3.1. Ray Tracing Methodology

[20] Using the Stanford VLF raytracer [/nan and Bell,
1977], individual rays representative of chorus waves are
injected at the magnetic equatorial plane (A = 0°), with an
initial wave normal angle 1) = 0°, at a given L-shell, MLT,
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Figure 3. Illustration of ray propagation at L =4.45, MLT =

5.5,19=0°f=0.3 f.. and AE > 300 nT. (a) ray path shown
in heavy line, with final latitude \; and propagation distance
dr indicated; (b) relative wave power (solid line) and ray
latitude (dashed line) as a function of group time, showing
the 1% power level which defines ray termination, giving
7y = 0.0971 sec, A= 16.34°, and d; = 1.28 Rg; (c) wave
normal angle evolution as a function of ray latitude, and
(d) equatorial electron number density used in all simu-
lations, and electron gyrofrequency f. as a function of
L-shell.

and frequency f which is normalized to the equatorial
gyrofrequency f... For example, Figure 3a shows the
propagation of a single ray in the meridional plane, injected
at L=4.45 A=0° 1 =0° and /= 0.3 f.. In the course of
the ray propagation, the appropriate suprathermal distribu-
tion f(v) is used to calculate the Landau damping rate at
every point along the ray path [Brinca, 1972; Bortnik et al.,
2003], and integrated to give the total damping of the ray.
Figure 3b shows the total damping calculated for the ray in
panel (a), using the corresponding distribution illustrated in
Figure 2b (solid line) as a function of group time, together
with the latitude of the ray (dashed line). The point where
the ray power reaches 1% of its initial value is considered to
be the termination of the wave, and the corresponding final
time 7, and final latitude A, are indicated on the figure. In
the present case shown in Figure 3b, 7,= 0.0971 sec, \r=
16.34°, and in Figure 3a the ray path is only shown until the
termination point, also indicating the final propagation
distance dy= 1.28 Ry.

[21] We note that the since we only have comprehensive
information on perpendicular suprathermal fluxes (Figure 1),
the pitch-angle distribution is not known for all cases, so it
is assumed to be isotropic for simplicity. This assumption is
consistent with past work which has indicated that supra-
thermal fluxes are generally isotropic [Bell et al., 2002], and
even if some anisotropy is present, it does not affect the
Landau damping rates appreciably [Thorne and Horne,
1994]. The assumption of suprathermal flux isotropy is
particularly valid during active times (which are of most

A08204

interest to us in the present study) when the presence of
intense waves tends to isotropise the electron distribution
[Asnes et al., 2005] at lower energies.

[22] In Figure 3c, the wave normal angle of the ray is
shown as a function of latitude, to the point of termination at
Ar=16.34°. Even though the ray propagates for a relatively
short distance, it should be noted that the wave normal angle
rotates to relatively high values 1) ~ 50° in the course of its
lifetime, which accelerate its damping (c.f. Figure 3b)
[Brinca, 1972; Thorne and Horne, 1994].

[23] We note that in Figure 3, and all subsequent ray
tracing simulations in the present study, the B-field model
was assumed to be a simple dipole, and the equatorial
gyrofrequency f;. is shown as the dashed line in Figure 3d.
The equatorial number density was modeled after Carpenter
and Anderson [1992], with the plasmapause set at L,,, ~ 2.5
corresponding to geomagnetic activity levels with K" ~ 6.7
(maximum value of K, in the preceeding 24 hours). Off-
equatorial values were calculated using the diffusive equilib-
rium model [Angerami and Thomas, 1964].

3.2. Calculation Results

[24] The single ray example illustrated in Figure 3 can be
repeated multiple times, in each case varying one of the
initial parameters (e.g., L, MLT, AE, f; etc.), and the effect
observed in the propagation parameters (e.g., 75 As dy). The
results of this analysis are shown in Figure 4, where the
final latitude A of each ray is plotted as a function of its
initial Z-shell and MLT, parameterized into 3 columns repre-
senting geomagnetic activity (corresponding to Figure 1),
and 4 rows corresponding to the ray frequency normal-
ized to the equatorial gyrofrequency (please note the color-
bar is different for each row). The frequencies have been
chosen to represent chorus rays ranging from the lowest
observed values (row A, /= 0.1 f..), through typical lower
band (row B, f= 0.3 f;.) and upper band (row C, f= 0.5 f..),
to the highest observed frequencies (row D, f'= 0.7 f..). The
initial wave normal angle was set to ¢ = 0° in all the
simulations. The values at L ~ 5-7, MLT ~ 0900—-1200
(indicated by the dashed oval in panel (Ab)) should be
interpreted with caution since this region corresponds to
interpolated fluxes (c.f. Figure 1, Section 2.1). The dark
blue regions appearing at low L-shells in panels (Aa) and
(Ac), MLT = 1600 and 0600 respectively, correspond to
rays that are able to undergo a magnetospheric reflection
[e.g., Parrot et al., 2003, 2004; Bortnik et al., 2006] and
return to low latitudes before being extinguished, due to the
very low damping (corresponding to low frequency of the
wave) and low L-shell, as discussed further below. Since our
density profile was fixed in all simulations (e.g. Figure 3d),
the expected average location of the plasmapause L,, was
marked explicitly in columns a and b, with L,, ~ 5.1
corresponding to K,** ~ 1 in column a, L,, ~ 3.75
corresponding to K;** ~ 4 in column b [Carpenter and
Anderson, 1992], and L,, = 2.5 in column ¢ as shown in
Figure 3d. The chosen K** values are not necessarily
proportional to the corresponding AE ranges, but are typical
of quiet, moderately disturbed, and disturbed conditions,
and are likely to be encountered in the given AE ranges.
Since chorus is typically observed outside the plasmapause
[e.g., Anderson and Maeda, 1977], only values at L > L,
should be considered valid in the following discussion.
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Figure 4. Final propagation latitude \rof rays representing chorus, shown as a function of initial L-shell
(ordinate) and MLT (abscissa). Rows A—D represent the normalized frequency of each ray ( f/f..=0.1,0.3,
0.5, and 0.7 respectively) and columns a—c represent geomagnetic activity level as indicated. Horizontal
dashed lines indicate an approximate plasmapause L, location, and the oval region in panel (Ab) should be
interpreted with caution since it represents a region of poor satellite coverage (c.f. Figure 1) and consists

largely of interpolated flux values.

[25] There are a number of features evident in Figure 4
which we discuss below. Firstly, in each panel it is evident
that rays initiated at lower L-shells propagate to higher
latitudes than those starting at higher L-shells, regardless of
AE or f, for example in panel (Bc), A(L < 4) ~30° whereas
M(L > 6) ~10°. The same behavior (not shown) is also
evident for the final propagation distance dz; confirming that
this is a real damping effect is not just a result of longer
field-lines at higher L-shells. This behavior is related to the
fact that damping rates are proportional to N,/Ny [Brinca,
1972], where N, is the number of ‘hot’ particles, i.e.,
suprathermal flux, and N, is the background cold plasma
density. Since convective injection of hot particles into the
inner magnetosphere is more efficient at higher L than lower
L, and cold plasma density is higher at lower L than at
higher L (Figure 3d), the ratio N,/N, is lower at lower L,
corresponding to larger A; and vice versa at higher L.

[26] The second feature to note is that in all panels,
independent of AE or f, the rays are completely damped
while they are still propagating away from the equator, and
thus (typically) do not magnetospherically reflect and return
to the equator. This unidirectional propagation away from
the equator has been well-noted in experimental studies
[LeDocqg et al., 1998; Lauben et al., 2002; Santolik et al.,
2004, 2005], and previously explained on the basis of
Landau damping [Bortnik et al., 2006] (though only a
single hypothesized suprathermal distribution was used in
that case). In the present study, the unidirectional propaga-
tion of chorus is confirmed using measured, local flux
distributions.

[27] The MLT distribution of ), exhibits a distinct pro-
gression at all frequencies when geomagnetic activity is
increased from quiet times (column a) to disturbed times
(column c). For example, examining A, at a location of +1
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