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[1] Magnetospheric chorus waves are a major driver of acceleration and loss in the Earth’s
outer electron radiation belt. The spectral extent of chorus is a key parameter in quantifying
the global effect of chorus on energetic particle populations by determining the range
of resonant electron energies. However, statistics of spectral properties are sparse,
particularly in the off-equatorial magnetosphere. We use a database of chorus observations
from the Polar spacecraft to generate statistics on the normalized chorus frequency (with
the respect to the minimum field line gyrofrequency, Ωmin) as a function of magnetic local
time (MLT) (0 <MLT< 24), L-shell (3 < L < 11), and magnetic latitude (|l|< 65�).
We find that, on average, the chorus spectrum peaks in the range of 0.1–0.4 Ωmin, varying
significantly with l, R0 and MLT. The normalized chorus peak frequency is found to
decrease with increasing R0, and decreases with increasing latitude below � 25�. When fit
to a Gaussian spectral model, lower band chorus is found to have a bandwidth < 0.1 Ωmin,
which is narrower than assumed in most diffusion models. Diffusion coefficients calculated
using the University of California at Los Angeles (UCLA) Full Diffusion Code show
that wave-particle interactions on the nightside are highly sensitive to both the peak
frequency and bandwidth of chorus, yet on the dayside scattering is mostly sensitive to the
peak frequency as a result of the wider latitudinal extent of the waves. We also find that
fitting a Gaussian to the logarithm of the spectrum reduces fit errors by over 60%,
indicating that inclusion of arbitrary spectral forms may improve the accuracy of wave
models within radiation belt simulations.
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1. Introduction

[2] Chorus is a spontaneous electromagnetic whistler
mode emission that is believed to play a major role in the
evolution of energetic electron fluxes in the outer radiation
belt through both energy and pitch angle scattering [Thorne,
2010]. Early spacecraft observations showed that the band-
width of chorus scales as a function of the equatorial electron
gyrofrequency (Ωmin), extending from � 0.05 to 0.8 Ωmin

with a distinct gap in wave power typically observed near
0.5 Ωmin [Burtis and Helliwell, 1969, 1976; Tsurutani and
Smith, 1977, 1977b]. For near equatorial emissions, Burtis
and Helliwell [1976] reported that the center frequency
of lower band chorus is located near � 0.34 Ωmin, but the

peak in the wave power tends to occur at frequencies slightly
below the center frequency in the range of � 0.15–0.3 Ωmin

[Tsurutani and Smith, 1977; Santolik et al., 2005]. In the
range of 4 < L < 6, the peak frequency of lower band cho-
rus tends to decrease with increasing latitude [Burtis and
Helliwell, 1969; Ni et al., 2011a, 2011b], an effect attributed
to inward cross-L propagation [Burtis and Helliwell, 1969].
Possibly also due to propagation effects, the bandwidth of
lower band chorus has been observed to increase slightly with
latitude [Burtis and Helliwell, 1976; Ni et al., 2011a]. Upper
band chorus has a center frequency near � 0.53 Ωmin [Burtis
and Helliwell, 1976] and is on average 1 to 2 orders of magni-
tude weaker than lower band chorus [Meredith et al., 2001;
Haque et al., 2010; Li et al., 2011]. Unlike lower band chorus,
which can extend out to the magnetopause on the dayside,
upper band chorus tends to be confined to L < 8 [Santolik
et al., 2005; Li et al., 2011] and |l|< 15� [Meredith et al.,
2001] with the latitudinal confinement attributed to the prop-
agation of upper band chorus at higher wave normal angle
and subsequent Landau damping [e.g., Burton and Holzer,
1974; Haque et al., 2010].
[3] Accurate inclusion of the effects of wave-particle

interactions driven by chorus into global diffusion models
of the radiation belts requires statistical quantification of
wave parameters [Horne et al., 2005; Summers, 2005;
Shprits et al., 2006]. Combined with local plasma conditions
and propagation angle, the spectral distribution of chorus is
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required to determine the range of resonant electron energies
and the resulting diffusion rates. Due to a prevalence of data
in the region, chorus characteristics near the magnetic equa-
tor have been examined in detail [e.g., Meredith et al., 2001,
2003; Li et al., 2009, 2011]. However, on the dayside signif-
icant wave power can extend up to |l|>40–50� [e.g., Bunch
et al., 2011, 2012], and thus characterization of waves in this
region is important for understanding the evolution of elec-
trons in the 0.5–2MeV range [Thorne et al., 2005]. Early
work by Tsurutani and Smith [1977] examined the peak fre-
quency of chorus in the high-latitude outer dayside magneto-
sphere. When normalized to the local gyrofrequency, two
peaks were found both in the lower band, which the authors
attributed to possible generation in high-latitude minimum-B
pockets in addition to equatorial generation.
[4] In global radiation belt models, diffusion rates are

typically determined using an approximation to the
chorus spectrum modeled by a Gaussian of the form
B2(o) =Aexp[�((o�om)/do)

2], where B2(o) is the power
spectral density of the chorus magnetic field (in nT 2/Hz)
as a function of wave frequency, A is a normalization con-
stant proportional to the total wave power B2

w, om is the nor-
malized frequency of maximum wave power, ouc and olc

are the upper and lower cutoffs, and do is the bandwidth
[e.g., Horne et al., 2003].
[5] Values of each parameter can be tuned to represent

specific chorus environments. Models including more than
one Gaussian can also be used to model cases of strong
upper and lower chorus bands together. Radiation belt dif-
fusion due to chorus mostly depends on lower band param-
eters such that a single model of the lower band is often
applied [e.g., Shprits et al., 2006, 2009]. Statistics compiled
by Burtis and Helliwell [1976] and Tsurutani and Smith
[1977] are typically used to determine om, but less work
has been done statistically to determine do or other param-
eters and their variability. Various values of these param-
eters are used in the literature, but the most commonly used
model, referred to here as the “standard model”, uses om =
0.35, do = 0.15, olc = 0.05, and ouc = 0.65 [e.g., Horne
et al., 2003, 2005; Summers, 2005; Orlova and Shprits,
2010]. Recent studies of the CRRES data set have parame-
terized these spectral characteristics for the dawn local time
sector in the range of 4 < L < 6 and |l|< 15� to understand
the role of chorus in precipitating plasma sheet electrons and
generating diffuse aurora [Thorne et al., 2007; Ni et al.,
2011a, 2011b, 2011c].
[6] In this paper, we statistically characterize the spectral

characteristics of chorus in the off-equatorial magnetosphere
using the database of chorus spectral density elements
derived by Bunch et al. [2011] using data from the Plasma
Wave Instrument (PWI) Sweep Frequency Receiver (SFR)
on board the Polar spacecraft (� 8 h, � 2� 9RE, � 90�
inclination, North Pole apogee). We find that, on average,
the frequency of peak chorus intensity is in the range 0.1–
0.4 Ωmin, and the bandwidth is in the range 0.04–0.09 Ωmin.
The values of both parameters are lower than those widely
used in quasi-linear diffusion models. The impact of these
spectral parameters on diffusion rates is evaluated, and we
show that the lower peak frequency and narrower band-
width suggested by these data significantly impact scatter-
ing rates when waves are confined to |l|< 15∘. However

when waves extend to higher latitudes (e.g., up to |l|= 45�)
scattering rates are predominantly sensitive to the peak
frequency.

2. Spectral Distributions of Off-Equatorial
Chorus

[7] The database of chorus power spectral density (o� t)
elements is derived from the Polar PWI Sweep Frequency
Receiver as described by Bunch et al. [2011, 2012], and
includes chorus observations at frequencies > 200 Hz, with
frequencies resolved on a log scale, and a time resolution
of � 30 s. The SFR operated reliably in this mode from
25 March 1996 to 16 September 1997, a period of relative
solar minimum beginning at the start of solar cycle 23.
Chorus events were selected in frequency and time by visual
inspection and filtered for electromagnetic signals using the
SFR onboard correlator, which resulted in a database of
electric and magnetic field measurements for individual cho-
rus o� t elements. Each o� t element is normalized to
Ωmin using the Tsyganenko and Sitnov [2005] magnetic field
model and the Qin et al. [2007] solar wind database, and the
elements are binned by radial distance of equatorial field line
crossing (R0) and magnetic latitude (l). Figure 1 shows the
spectral properties of equatorial |l|< 15� (bottom) and off-
equatorial |l|> 15� (top) chorus separated by MLT sector
(columns). Each panel accumulates > 1080 32 s chorus
intervals (equivalent to > 576 min of chorus observations).
The orbit of Polar results in observations near the equator
to be limited to 3 <R0< 5 and off-equatorial observa-
tions to R0> 4. Normalized o� t elements are binned
by 0.04 Ωmin.
[8] The blue curves are, given a chorus observation, the

probability of observing chorus as a function of normalized
frequency. The probability distribution peaks above 0.2Ωmin

in all sectors. For l< 15� (3 <R0< 5), the probabilities in all
MLT sectors peak above 0.5 Ωmin, with chorus being 2–4
times more likely to reside in the upper band (>0.5 Ωmin)
than in the lower band. For l> 15� (R0> 4), lower band cho-
rus dominates at dawn, noon, and dusk, while at midnight
the distribution is broader but still peaks in the lower band.
We attribute this broadening at midnight to mapping uncer-
tainty at off-equatorial latitudes.
[9] In comparing the local B0 measured by Polar and the

output of the Tsyganenko and Sitnov [2005] model, we find
that the mean square error is highest in the midnight sector
(3520 nT2 mean squared error at midnight, 954 nT2 for other
sectors).
[10] The green curves are the mean value of the magnetic

spectral density as a function of normalized frequency for all
chorus events. The peak spectral density in all cases, with
the exception of the midnight equatorial region, is located
below 0.25 Ωmin.
[11] The expectation value of the chorus spectrum, plotted

in red, is found by multiplying the mean spectral density
(green) with the probability of occurrence (blue). The expec-
tation value curves peak in the lower band for all latitudes
and local times. Thus, despite upper band chorus having
a higher occurrence rate near the equator, by up to a
factor of four, the lower band contains significantly more
wave power.
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[12] Also plotted in Figure 1 is the time-averaged expecta-
tion value (purple curves). This is found by multiplying the
expectation value spectrum (red) by the fraction of time cho-
rus is observed in each region. Hence, these curves show the
same features as the expectation value spectra (red), but the
wave power is reduced. For example, after adjusting for
time-averaging, the chorus spectrum in the off-equatorial
noon sector shows very little reduction with respect to the
expectation value spectrum due to the high occurrence rate
there, whereas the dusk sector, and off-equatorial midnight
region see a large reduction in the time-averaged power
spectrum by over an order of magnitude [cf. Bunch et al.,
2012].
[13] Black dashed lines shown in Figure 1 are Gaussian

fits to the time-averaged expected power spectrum (purple
curve) of the form shown in section 1. Fits to the power
spectrum are concentrated in the lower band because
expected power peaks there, and is thus the focus of this
study. Fits to the spectral bandwidth, do, are in the range
of 0.04–0.09 Ωmin with a mean of 0.07 Ωmin and show no
clear trend with respect to l, R0, or local time. These values
are significantly narrower than the value of 0.15 Ωmin that is
typically used in global diffusion models [e.g., Horne et al.,
2003; Shprits et al., 2006; Orlova and Shprits, 2010]. For
cases shown in Figure 1, the Gaussian fits systematically
under-represent the total wave amplitude by 40–50%.
When included in diffusion calculations this underestimate
of chorus intensity away from the peak may significantly
impact scattering rates (see section 4).
[14] Because chorus spectral intensities and integrated

amplitudes appear to more closely follow a lognormal distri-
bution, we suggest that a fit to the logarithm of the spectral
distribution might be better suited to modeling the chorus
power spectrum. Examples of this fit are shown in Figure 1
as dashed gray lines, and have bandwidths in the range
0.15–0.3Ωmin. These fits under/over represent the total wave
amplitude by < 15%. Most current global radiation belt

models only allow for inclusion of Gaussian spectra; how-
ever, this result indicates that the inclusion of additional
spectral forms, potentially even arbitrary forms [e.g.,
Ukhorskiy et al., 2010], would be more appropriate.

3. Peak Frequency Variation

[15] Next, we examine the variation of the peak chorus
frequency as a function of R0 and l. For each chorus time
interval, the normalized frequency of the peak spectral
density is determined. These values are then binned by
R0 (1 RE) and l (5�). Within each R0� l bin, the value of
maximum likelihood of om is determined by fitting the data
to a Weibull probability density distribution and taking the
peak as the most likely value. The Weibull distribution
was chosen because it provided a lower squared error than
other common density functions. The shape parameter was
restricted to > 1, with exact shape and scale parameters
determined by least squares. To elicit variation with respect
to the l for fixed R0, we take om as the value of maximum
likelihood within a moving window, which is stepped in
2.5� increments. This moving window process is also done
for fixed l to elicit variation as a function of R0, in incre-
ments of 0.5 RE. A bin was considered statistically signifi-
cant if it contained > 200 chorus intervals (equivalent to >
106.7min of chorus observations).
[16] The top panels of Figure 2 show the variation of om

as a function of R0 for the dayside (6–18 MLT, left) and
nightside (18–6 MLT) sectors. In the range of 4.5 < R0 < 8,
there is a general trend of decreasing om with increasing R0

for both the dayside and nightside sectors. On the dayside
chorus extends farther in R0 and l, and in this region om

begins to increase again, which we attribute to the 200 Hz
instrumental cutoff. This cutoff is shown in Figures 2a and
2b by solid gray lines representing dawn (6 MLT), and the
dashed black lines representing noon (12 MLT) in Figure 2a
and midnight (24 MLT) in Figure 2b. This indicates that
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values of om outside of R0 = 8, where curves for om intersect
those for the instrumental cutoff, are deemed unreliable. As
such, no curves for R0> 8 are shown in Figures 2c and 2d.
[17] Bottom panels of Figure 2 show the variation of om

with respect to l. Again the dayside and nightside show
similar trends where, for a fixed R0, om first decreases with
increasing latitude up to � 25� before increasing again. The
location of the inflection point appears to be at higher lati-
tudes for larger R0, with more dramatic inflections occurring
at higher latitudes on the dayside than on the nightside.
[18] To explain these features, we will consider both the

initially generated spectral distribution and the evolution of
the wave packets as they propagate. The feature of decreas-
ing om with increasing R0 may be largely attributed to the
radial variation of the ambient magnetic field and cold
plasma density. Figure 3 shows the linear whistler mode
growth rate as a function of normalized frequency for R0

of 4 to 8 [Kennel and Petschek, 1966] calculated using a di-
pole magnetic field, which falls off as 1/ r3, and a Carpenter
and Anderson [1992] plasma trough density model at 6MLT,
which falls off as 1/ r4. The hot plasma parameters are held
constant with R0, and we use a bi-Maxwellian distribution
function with a loss cone depletion [Katoh and Omura,
2006] using T|| = 26 keV, T⊥ = 36 keV, a loss cone factor of
0.5, and a hot electron density of 0.25 cm–3. These calcula-
tions show that the peak growth rate occurs at lower normal-
ized frequency for higher values of R0 and are consistent with
the trend shown in Figure 2 (top row) of decreasing om with
increasing R0. We note that the trend in Figure 3 is generally
insensitive to the hot plasma parameters assuming the anisot-
ropy is sufficient for growth.
[19] The propagation effects imposed on chorus wave

packets may be more complex than the variation of initial
growth conditions. For lower band chorus considered here,
waves are typically initiated approximately field aligned
[e.g., Li et al., 2011] and will tend to propagate near this ini-
tial field line toward higher l. As they propagate, waves may
experience refraction, propagating inward or outward in R0,

as well as Landau damping, which is stronger for increasing
wave normal angles. Thus, at lower l the frequency distribu-
tion is primarily determined by the initial frequency distribu-
tion of the wave packet, and cross- R0 propagation and
Landau damping alter the distribution at higher l. Past ray
tracing studies have shown that inward or outward propaga-
tion depends strongly on frequency, density model, initial
wave normal angle, initial R0 and l, and Landau damping
rates [e.g., Burtis and Helliwell, 1969, 1976; Bortnik et al.,
2006, 2011]. In general, previous results point toward lower
band chorus having greater tendency toward inward propa-
gation, rather than outward [Burtis and Helliwell, 1969,
1976; Santolik et al., 2006], which on average would lead
to a decrease in om with increasing l, as was found here
for |l|< 25�. However, a comprehensive study using a realis-
tic magnetic field model and Landau damping is required to
truly test the global effect of off-equatorial chorus propaga-
tion, particularly for the outer dayside where complex mag-
netic field configurations can occur. A study of this nature is
beyond the scope of the current investigation.

4. Impact of Chorus Spectra on Diffusion
Time Scales

[20] To test the impact of chorus spectral properties on
electron diffusion rates, we use the UCLA Full Diffusion
Code [Shprits et al., 2009]. For this calculation we assume
R0= 4.5, chorus waves of 100 pT constant amplitude extend-
ing from the equator to lmax =� 45� for dayside chorus and
lmax =� 15� for nightside chorus. The model outputs the
bounce-averaged pitch angle (Daa), momentum (Dpp), and
mixed (Dap) diffusion coefficients as a function of equatorial
pitch angle, a.
[21] Figure 4 shows example pitch angle and momentum

diffusion curves for 100 keV electrons. Values of the pitch
angle (Daa) diffusion coefficient can be thought to represent
the time required to deplete, in this case, the 100 keV elec-
tron population by a factor of 1/e. Blue dashed lines are dif-
fusion rates for the “standard” chorus spectral model, for
which om= 0.35 and do = 0.15.
[22] Comparing Daa for the standard model (blue dashed

curves, Figures 4a–4b), we see that the high latitudinal
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extent of waves on the dayside results in scattering rates of
almost an order of magnitude higher than on the nightside
for small pitch angles (i.e., near the loss cone). Figures 4c
and 4d show a similar effect on momentum diffusion rates
in that dayside waves will energize a much broader range
of the pitch angle distribution, with diffusion time scales
for a = 30� decreasing from � 10 days to � 12 h from night-
side to the dayside.
[23] Next, we compare diffusion rates when the bandwidth

and peak frequency are reduced, such as was seen in the
analysis of the Polar database above. The red curves in
Figure 4 use the standard model with a reduced bandwidth
of do = 0.07, and the cyan curves use a reduced peak fre-
quency of om= 0.2. On the dayside, varying the bandwidth
and peak frequency has very little overall effect on the diffu-
sion rates, with a slight increase in pitch angle diffusion at
lower pitch angles for decreased peak frequency. However,
on the nightside we see that the reduction in bandwidth
results in a significant reduction in Daa and Dpp for a< 45∘.
[24] Finally, the reduction in peak frequency results in in-

creased Daa near the loss cone for both dayside and nightside
waves, and more variation in Dpp for the nightside than on
the dayside.
[25] When considering the effect of varying chorus spec-

tral features over a range of energies, we find that the general
trend seen for 100 keV still holds, in that om is the most sig-
nificant spectral parameter for determination of diffusion
rates on the dayside, whereas both om and do can signifi-
cantly affect nightside diffusion. Specifically though, for
electrons in the MeV range, a reduced om results in
increased Daa, where as reduced do has much less impact.
At lower energies, in the tens of kiloelectron volt, electrons
experience slower overall diffusion for reduced om, and

reduced do results in slower diffusion rates at high pitch
angles.

5. Conclusions

[26] In this paper, we have used the Bunch et al. [2011]
chorus database from the Polar spacecraft to analyze spectral
properties of chorus as a function of MLT, R0, and l. Based
on this work, the following primary conclusions have been
made:
[27] 1. The probability of chorus as a function of fre-

quency tends to peak at high fractions of Ωmin, while mean
power spectral density as a function of frequency peaks at
small fractions of Ωmin. This causes the peak of the time-av-
eraged chorus spectrum to fall between these two values,
and in the range of 0.1–0.4 Ωmin.
[28] 2. Chorus is observed 2–4 times more often in the up-

per band for l< 15� (orbitally constrained to � 3<R0< 5).
However, the total power content in the lower band is still
4–12 dB stronger in this region.
[29] 3. The wave power content of chorus for l> 15� is

dominated by the lower band, often by several tens of deci-
bels. This result is consistent with conclusion 2 above, and
observations near the equatorial region [Meredith et al.,
2001], which indicate that chorus is globally strongest in
the lower band (i.e., at all L and l).
[30] 4. At fixed latitude l, om consistently decreases with

R0 for all time sectors. This result is consistent with whistler
growth rate calculations, which show a shift in the peak
growth rate toward lower normalized frequency with in-
creasing R0 simply as a result of the expected variation of
density (1/ r4) and magnetic field strength (1/ r3) as a func-
tion of R0.
[31] 5. At fixed R0, om tends to decrease with increasing l.

This result is generally consistent with previous observations
by Burtis and Helliwell [1969] and Ni et al. [2011a]; how-
ever, a possible inflection toward higher om at l> 25� is ob-
served. This trend is likely the result of competing effects of
wave growth/damping and propagation across field lines,
and to sort out the competing factors will require exten-
sive tray tracing simulation in realistic magnetic field
geometries.
[32] 6. The bandwidth of chorus (do) determined by

Gaussian fit to the expectation value of the power spectrum
ranges from 0.04 to 0.09 (� 0.07 on average). No systematic
variation of do was found with respect to R0, l, or MLT.
This is lower than the widely adopted value of 0.15 used
in most diffusion codes, and is on the low end of values
0.07–0.13 reported by Ni et al., [2011a, 2011c].
[33] 7. Gaussian fits to the time-averaged power spec-

trum systematically under-represent the total wave ampli-
tude by 40–50%, whereas Gaussian fits to the logarithm
of the time-averaged power spectrum results in errors of
< 15%. Thus, while most current global radiation belt
codes only allow for inclusion of Gaussian spectra, inclu-
sion of additional and potentially even arbitrary spectral
forms would improve the accuracy of wave models within
radiation belt simulations.
[34] 8 The peak frequency of chorus (om) is the most sig-

nificant parameter for determination of diffusion rates on the
dayside, whereas both om and do are significant for night-
side diffusion.
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latitudes, 45� and 15�, to model the impact of dayside and
nightside chorus waves, respectively.
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