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Abstract. Chorus-type whistler waves are one of the most in-
tense electromagnetic waves generated naturally in the mag-
netosphere. These waves have a substantial impact on the
radiation belt dynamics as they are thought to contribute to
electron acceleration and losses into the ionosphere through
resonant wave—particle interaction. Our study is devoted to
the determination of chorus wave power distribution on fre-
quency in a wide range of magnetic latitudes, from 0 to 40°.
We use 10 years of magnetic and electric field wave power
measured by STAFF-SA onboard Cluster spacecraft to model
the initial (equatorial) chorus wave spectral power, as well as
PEACE and RAPID measurements to model the properties
of energetic electrons (~ 0.1-100 keV) in the outer radiation
belt. The dependence of this distribution upon latitude ob-
tained from Cluster STAFF-SA is then consistently repro-
duced along a certain L-shell range (4 < L < 6.5), employ-
ing WHAMP-based ray tracing simulations in hot plasma
within a realistic inner magnetospheric model. We show here
that, as latitude increases, the chorus peak frequency is glob-
ally shifted towards lower frequencies. Making use of our
simulations, the peak frequency variations can be explained
mostly in terms of wave damping and amplification, but
also cross-L propagation. These results are in good agree-
ment with previous studies of chorus wave spectral extent
using data from different spacecraft (Cluster, POLAR and
THEMIS). The chorus peak frequency variations are then

employed to calculate the pitch angle and energy diffusion
rates, resulting in more effective pitch angle electron scatter-
ing (electron lifetime is halved) but less effective accelera-
tion. These peak frequency parameters can thus be used to
improve the accuracy of diffusion coefficient calculations.

Keywords. Electromagnetics (wave propagation) — magne-
tospheric physics (energetic particles precipitating) — space
plasma physics (wave—particle interactions)

1 Introduction

The assessment of radiation belt dynamics is one of the most
important objectives of space weather programmes (Baker,
2002), because of the impact of energetic particles on tech-
nology (e.g. Wrenn et al., 2002; Daglis et al., 2004; lucci
et al., 2005) and Earth’s environment (e.g. Thorne, 1977;
Lanzerotti, 2012). Energetic electrons are thought to be ac-
celerated (up to ~MeV energies) and lost into the atmo-
sphere to a large extent by resonant wave—particle interac-
tions (see the comprehensive review by Thorne, 2010), es-
pecially during high geomagnetic activity (see Horne, 2002;
Chen et al., 2007; Shprits et al., 2008).

To define the dynamics of radiation belts, the timescale
for electron loss and acceleration is calculated by numerical
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models (Bourdarie et al., 1996; Li et al., 2001; Glauert and
Horne, 2005; Summers et al., 2007; Fok et al., 2008; Moure-
nas et al., 2012a, b, 2014), that are based on the quasi-linear
theory. Using this approach, in which resonant wave—particle
interactions are described in terms of particle pitch angle
and energy diffusion (Kennel and Petschek, 1966; Trakht-
engertz, 1966; Lyons and Williams, 1984), it has been shown
that chorus-type whistler waves play a major role in both the
loss and local acceleration of radiation belt electrons (see
e.g. Bortnik and Thorne, 2007; Summers et al., 2007; Sh-
prits et al., 2008; Santolik et al., 2010; Thorne, 2010, and
references therein).

Realistic distributions of chorus wave power in the radi-
ation belts should thus be included in diffusion models to
accurately reproduce the effects of wave—particle interac-
tions on energetic electrons (Summers, 2005; Shprits et al.,
2006; Albert, 2007), in particular the latitudinal distribu-
tions on which diffusion rates can depend sensitively (Sum-
mers and Ni, 2008). In these models, the diffusion rates are
determined in terms of plasma and magnetic field param-
eters, wave power distribution upon amplitude, frequency
and wave-normal angle propagation (see e.g. Lyons, 1974;
Glauert and Horne, 2005; Artemyev et al., 2012a). Because
of the large latitudinal extent of chorus wave power in the day
side (e.g. Bunch et al., 2012; Tsurutani et al., 2012; Agapitov
et al., 2013), parameters of chorus wave distributions have
been determined recently along magnetic field lines up to
high latitudes. These parameters have made it possible to
estimate the effects of the latitudinal dependence of chorus
wave-normal angle and amplitude on the electron diffusion
rates. However, observed field-aligned dependence of cho-
rus spectral parameters have not been provided nor explained
yet. These parameters would enable the accurate calculation
of chorus spectral extent impact on the outer radiation belt
dynamics, notably at high latitudes (Bunch et al., 2013).

Bunch et al. (2013) have used observations carried out
on POLAR spacecraft to determine the off-equatorial cho-
rus spectral extent for different L-shells and latitude ranges,
and to deduce first estimations of their impact on diffusion
rates. However, due to the POLAR orbit and the time range
of the statistics used, the full range of chorus latitudinal ex-
tent could not be covered for each specific L-shell. The re-
sults obtained in Bunch et al. (2013) overall agree with pre-
vious results obtained (e.g. Burtis and Helliwell, 1969; Ni
et al., 2011) showing the decrease of peak frequency as lat-
itude increases along a specific L, but hint an inflection at
about 25° latitude which cannot be explained by the ray trac-
ing calculations in Burtis and Helliwell (1969). In the latter
paper, only the decrease of the peak frequency with increas-
ing latitude has been observed, and interpreted as the inward
propagation of waves from higher L, thus with a lower fre-
guency. Bunch et al. (2013) concluded that the inflection ob-
served on POLAR is likely the result of competing effects of
wave growth/damping and cross-L propagation, and that an
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extensive ray tracing study is needed to sort out the different
factors.

In this study, 10 years of Cluster data are analysed to de-
termine the parameters of field-aligned chorus spectral char-
acteristics as a function of latitude, in such a way that these
parameters can be easily employed in numerical models to
calculate the resulting diffusion rates. The measured statis-
tics are in good agreement with our ray tracing simulations
in a realistic model of Earth’s inner magnetosphere, that ex-
plains the observed chorus spectral extent in terms of both
wave growth/damping and cross-L propagation. In the fol-
lowing sections we first present the field-aligned frequency
distribution of chorus waves obtained from 10 years of mea-
surements onboard Cluster spacecraft. Then we show how to
model the spectral extent of chorus waves in the outer radi-
ation belt using the ray tracing technique. Finally, we evalu-
ate the impact of the frequency peak variation with latitude
on electron diffusion rate, followed by some discussion and
conclusions. In the Appendices the data set and analysis are
described, as well as the numerical model employed in this
study, in particular the energetic electron distributions used to
reproduce wave growth/damping in the inner magnetosphere.

2 Chorus wave spectral extent observed in the outer
radiation belt

In this section we first present the equatorial properties of
chorus waves in the inner magnetosphere, observed by dif-
ferent spacecraft since first space missions, that are used to
model the chorus “equatorial source region” in Sect. 3. Then
we show the spectral extent of chorus waves as a function
of latitude, obtained from statistics of 10 years of measure-
ments by STAFF-SA instrument (Cornilleau-Wehrlin et al.,
1997) onboard Cluster spacecraft, that are used to compare
with numerical simulations and previous studies in Sect. 3.

Chorus waves typically appear as short (~ 0.2s) coherent
bursts of wave packets propagating in two distinct bands,
scaling on the equatorial electron gyrofrequency Qeg. The
upper-band frequency range is generally observed to be w ~
0.5-0.7%2¢p and the lower band frequency range is w ~ 0.1~
0.45Q¢0 (see Burtis and Helliwell, 1969, 1976, for exam-
ple). In this study, we show only results for the lower-band
chorus waves because the full frequency range of the upper
band cannot be entirely covered by Cluster STAFF-SA (see
Agapitov et al., 2011). Moreover, upper-band chorus waves
are substantially less intense than lower-band chorus waves
(Meredith et al., 2001; Haque et al., 2010).

In Earth’s magnetosphere, chorus waves are usually ob-
served in the day, dawn and night sectors (Agapitov et al.,
2011; Meredith et al., 2003a; Li et al., 2009) with a maxi-
mum in occurrence and wave intensity between 06:00 and
12:00 MLT (see e.g. Li et al., 2009; Agapitov et al., 2011).
Additionally, the chorus source region is known to lie beyond
the plasmapause and, as stated above, is generally located in

www.ann-geophys.net/33/583/2015/



H. Breuillard et al.: Field-aligned chorus power spectrum

the vicinity of the magnetic equator (see also LeDocq et al.,
1998; Santolik et al., 2005a, b; Agapitov et al., 2010). Addi-
tionally, according to Agapitov et al. (2012), the equatorial 6o
distribution is not uniform but has a maximum at 6y ~ 15°.
Recent studies of chorus wave-normal distributions using ex-
tensive sets of observations from different spacecraft (see
Agapitov et al., 2011; Li et al., 2011; Meredith et al., 2012)
have also shown that the wave power distributions of intense
chorus emissions have generally a non-zero mean value.

Recently, an extensive study (Li et al., 2013) presented for
the first time the distribution of the azimuthal component of
the wave-normal vector, for lower-band chorus waves at the
equator as observed on THEMIS. Statistical measurements
reveal that this distribution can be fitted by a Gaussian func-
tion in all MLT sectors, and particularly in the dawn sector
with parameters ¢,,, = —3.4 and §¢ = 50.84, i.e. most waves
are generated outward (¢ = 0°). Chorus wave power distri-
bution upon frequency is usually approximated at the equator
by a Gaussian function with a peak value of w,, ~ 0.34Q¢0
(and §w ~ 0.15), as has been observed on OGO1 and OGO3
(Burtis and Helliwell, 1969, 1976) spacecraft (see also Bunch
etal., 2013).

However, in the off-equatorial magnetosphere the spectral
extent of chorus waves is still not well known nor understood.
As stated in the previous section, measurements of chorus
spectral extent as a function of latitude have already been pre-
sented in Burtis and Helliwell (1969) and Bunch et al. (2013).
However, statistics used in these studies are not substantial
enough to cover the whole latitude/L-shell range in which
chorus waves are observed, as well as their whole lower-band
spectrum.

Thus, in this section we process 10 years of magnetic
and electric field wave power measured in a frequency range
from 8 Hz to 4 kHz by STAFF-SA instrument onboard Clus-
ter spacecraft (see Appendix A and Agapitov et al., 2013, for
details). These data, which cover a large range of magnetic
latitudes (0° < A < 45°), are used to determine the lower-
band chorus wave spectral power as a function of latitude.
The obtained probability distribution function is presented in
Fig. 1, where the global decrease of the frequency peak upon
latitude is observed. In the vicinity of the equator (A < 3°),
the peak value of w = 0.33Q¢g confirms the results observed
on OGO1 and OGO3 (Burtis and Helliwell, 1976) in the day-
side although the peak value is slightly lower (~ 0.3Q¢g) in
the nightside. In both cases, a local minimum in chorus wave
intensity is observed at the equator (A < 3°), also in agree-
ment with previous studies (Horne et al., 2005; Artemyev
etal., 2012b). At low latitudes (3° < A < 10°) the peak value
increases up to ~ 0.4Q¢o in the dayside, which indicates the
presence of nonlinear wave—particle interaction (this point
is discussed in Sect. 4), whereas in the nightside the peak
value is steady in this latitude range. At mid-latitudes (10° <
A < 30°) the peak value in the dayside decreases almost lin-
early to ~ 0.12Q¢g at A ~ 25° before a sharp inflection to-
wards o =~ 0.2 is observed, consistent with results ob-
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tained by Bunch et al. (2013), whereas in the nightside the
peak value dramatically drops to ~ 0.15¢0 and stays con-
stant up to the highest latitude (40° here). At high latitudes
A > 30° in the dayside the peak frequency slowly decreases
and its value reaches the value observed there in the night-
side (~ 0.13Q¢p), in agreement with previous results (Bur-
tis and Helliwell, 1969; Ni et al., 2011). Moreover, the off-
equatorial chorus wave power is stronger on the dayside than
on the nightside, which is consistent with previous statistics
(see Meredith et al., 2012, and references therein).

The parameters obtained from Cluster statistics shown
above, that can be used to calculate diffusion rates, are pre-
sented in Sect. 4, and in the following section we present the
distribution obtained from numerical simulations in the day-
side.

3 Modelling the field-aligned spectral extent of chorus
waves

In this section we present how to model chorus spectral ex-
tent in the inner magnetosphere, using the numerical model
described in the Appendix B (see also Breuillard et al.,
2012a, b), in such a way that it can be compared with mea-
surements carried out on Cluster (see Sect. 2) and POLAR
(see Bunch et al., 2013) spacecraft. First, chorus wave power
distribution is to be defined using realistic parameters from
observations in the source region supposed to be at the equa-
tor (e.g. LeDocq et al., 1998; Santolik et al., 2005a; Agapitov
etal., 2010). Then waves are numerically propagated through
thermal (core and energetic) plasma by means of the ray trac-
ing technique (Breuillard et al., 2012a, b), using the realistic
model of the inner magnetosphere described above. Here we
show that chorus frequency distribution as a function of lati-
tude 2, observed by Cluster, can be quite well reproduced us-
ing numerical calculations of ray propagation from the cho-
rus source region.

In order to reconstruct chorus frequency distribution statis-
tics, we have calculated numerous ray trajectories in the in-
ner magnetosphere (in terms of L-shell, latitude A and longi-
tude ¢). Rays are generated at the equator at L =5, where
we launch a set of waves with frequencies in the range
0.1R¢0 < w < 0.5Q4¢0, spaced at intervals of Aw = 0.05Q¢0,
to reproduce the lower-band chorus spectral extent. The 3-D
obliqueness of chorus waves propagation is represented by
the two angles 6 and ¢, with 6 being the latitudinal angle be-
tween k-vector and magnetic field, and ¢ the azimuthal an-
gle. For each L and w, the range of initial angles ¢ between
k-vector and the background magnetic field By in the equa-
torial XY plane is —180° < ¢p < +180° with A¢gp = 10°,
¢o = 0° pointing away from the Earth. The range of initial
wave-normal angles 6p between k-vector and By in the XZ
plane is defined as 0 < 6y < 40° since in the vicinity of the
magnetic equator chorus waves are observed to be mostly
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Figure 1. Number of measurements (left panels) and amplitude in pT (right panels) of chorus waves as a function of latitude obtained from
10 years of STAFF-SA instrument measurements onboard Cluster spacecraft on the nightside (top panels) and dayside (bottom panels) for
4 < L < 6. The peak frequency (data is fitted by a Gaussian function) for each 1° latitude range in right panels is indicated by a black

rectangle.

quasi-parallel (see e.g. Agapitov et al., 2012). The interval
step between each g is Afy = 5°.

This numerical ray distribution is uniform in terms of w,
6o and ¢g for the chorus wave frequency range, unlike the ob-
served distributions described in Sect. 2. Our ray distribution
thus needs to be intensity weighted at the injection points
to properly model the chorus source region. This weight-
ing is divided into three individual components representing
the dependence on 6p, ¢o and w. Therefore, at the magnetic
equator we use the typical chorus wave power distribution
in frequency and azimuthal angle described in Sect. 2, and a
weight function &g(6g) for 6y distribution which is simply a
cross-section of the experimental distribution in Fig. 2e from
Agapitov et al. (2012) at > = 0°, for 0° < 6p < 90°.

Each ray is then propagated throughout the magneto-
spheric model described in Appendix B and recorded at dif-
ferent latitudes in a certain L-shell range, weighted in each
point of its trajectory with an intensity given by its amplitude
A at this point. As a result, each ray trajectory is weighted

Ann. Geophys., 33, 583-597, 2015

with an intensity given by the following weight function:
8o, w, ¢, A) = ho(6o)

[ (o — 0.3496,0)2}
xexp| ———

2(0.158¢.0)°

(- (=34 |
xexp|: 250.84)? :| A, (1)

where the subscript 0 denotes the initial (equatorial) value.
The spectral extent of all rays is then reconstructed in
Fig. 2 as a function of latitude, here in the same L-shell range
(4 < L <6.5)asinFig. 1, so that their peak frequency can be
compared. Naturally, in the vicinity of the equator in Fig. 2,
we do not reproduce the local minimum in wave intensity
observed in Fig. 1 as our code does not reproduce such am-
plification observed at 3 < A < 10° in this figure. This can be
explained by the fact that our model does not take into ac-
count (see Ronnmark, 1982; Breuillard et al., 2012b, for de-
tailed explanation) the nonlinear mechanism thought to be re-
sponsible for chorus wave generation (see e.g. Dysthe, 1971;
Omura et al., 1991, 2013; Trakhtengerts, 1999; Katoh and
Omura, 2007, and references therein). This point is briefly
discussed in the next section. Nevertheless, the global ten-
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Figure 2. Power spectrum of chorus waves as a function of latitude
obtained from our simulations for MLT =09:00, 4 < L <6 and
Kp = 4. The peak frequency (data is fitted by a Gaussian function)
for each 1° latitude range is indicated by a black square. Colourbar
indicates the normalized PDF value.

dency of a decreasing peak frequency with increasing lat-
itude, as well as the inflection at mid-latitudes, that is ob-
served in Fig. 1 in the dayside (panel d) is reproduced in our
simulations in Fig. 2.

In this figure, the peak frequency (squares) simulated
in the dayside (MLT =09:00) decreases quite rapidly from
w ~ 0.33Q¢0 at the equator to w ~ 0.2Q¢eg at . =~ 15°. Then,
at mid-latitudes (. ~ 16 — 23°) we observe an inflection of
the peak frequency towards higher frequencies (~ 0.25Q¢0)
before it starts decreasing linearly down to ~ 0.14Q¢o at
A =40°. It is interesting to note that, according to our sim-
ulations, the peak frequency value seems to be constant at
very high latitudes (A > 40°). Thus, the peak frequency vari-
ations upon latitude obtained in our ray tracing simulations
at MLT =09:00 quite well reproduce the tendency observed
in Cluster statistics in the dayside, i.e. the global decrease of
the peak frequency with increasing latitude and the inflection
at mid-latitudes. These results are also consistent with pre-
vious statistics obtained from different spacecraft, that are
described in the following section. The explanation for such
peak frequency variations with latitude in the frame of ray
tracing technique is also presented in Sect. 4.

4 Discussion

In this paper we study the field-aligned spectral extent of cho-
rus waves in the radiation belts by means of 10 years (2001-
2010) of Cluster measurements and ray tracing simulations
in a realistic model of Earth’s inner magnetosphere. As sug-
gested by Bunch et al. (2013), this study is crucial to sort out
the competing effects of wave growth/damping and cross-L
propagation on chorus spectrum, and the parameters obtained
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have a significant impact on diffusion rate calculations in the
outer radiation belt.

Here 10 years of statistics recorded onboard Cluster space-
craft in the dayside show a global decrease of the normal-
ized frequency peak value with increasing latitude, from
w ~ 0.33Q¢p near the equator to w ~ 0.14Q¢ at A = 40°, in
agreement with different previous studies (see e.g. Burtis and
Helliwell, 1969; Ni et al., 2011). Moreover, we also observe
an inflection of the peak value at middle latitude (A ~ 25°),
which is also consistent with results from a recent study us-
ing POLAR spacecraft data (Bunch et al., 2013). In our pa-
per, these trends are confirmed by ray tracing simulations
performed in the dayside (MLT =09:00) of a realistic inner
magnetosphere model, using observed properties of waves
and particles during a typical chorus wave event.

These numerical simulations allow us to interpret the
causes of such peak frequency variations observed on Cluster
in terms of cross-L propagation and wave growth/damping.
First, near the magnetic equator (A < 10°) the chorus fre-
quency peak value (~ 0.33%¢p) results from the nonlinear
mechanisms of chorus generation induced by “resonant”
electrons (~ 10-100keV) that are injected from the plas-
masheet (see Omura et al., 2009, 2013; Summers et al., 2011,
and references therein). Chorus waves are then amplified by
this mechanism as they propagate away from equator, up to
A~ 10° where “resonant” electrons are more scarce, result-
ing in a local wave intensity minimum at the equator (Horne
et al., 2005; Artemyev et al., 2012b). In this latitude range
on the dayside, the peak frequency is also observed to be
shifted to ~ 0.4Q¢0, that can be due to a decrease of the ra-
tio wpe /2, With increasing latitude (Meredith et al., 2003b;,
Horne et al., 2005) which results in the increase of the carrier
frequency of the nonlinear growth rate (see Fig. 1 in Omura
et al., 2009). This effect is not reproduced in our simulations
since nonlinear interactions are not taken into account in the
code (see e.g. Rénnmark, 1982), and instead we observe a
decrease of the peak frequency due to high-frequency wave
damping, whereas low-frequency waves are linearly ampli-
fied (Kennel and Petschek, 1966).

At low/mid latitudes (10° < A < 25°), this rapid decrease
is observed on Cluster since resonant electrons are scarcer
there and high-frequency waves are thus preferably damped
by “Landau” (~ 0.1-1keV) electrons (Kennel and Thorne,
1967). A sharp inflection of the peak value up to w > 0.2Q¢0
at middle latitudes (A ~ 25°) is then observed, in agreement
with previous results obtained on POLAR (Bunch et al.,
2013). This trend is also seen in the simulations, and can be
explained by the fact that at mid-latitudes “high-frequency
waves” (~ 0.3-0.5Q¢0) are more damped than low-frequency
waves (~ 0.1-0.2Q¢0). However, the latter propagate mostly
outward (towards higher L, see e.g. Breuillard et al., 2013)
thus their normalized frequency is slightly increased (up
to ~0.2-0.25Q). Finally, we observe a slow decrease of
the peak frequency down to ~ 0.13Q¢o for higher latitudes
(A > 30°), due to the damping of the waves that remains (here
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Table 1. Coefficients of the quartic function used to fit the peak
frequency as a function of latitude in the dayside and nightside.

Coefficients a; Dayside Nightside
ag 0.29962728 0.29700697
ay 0.035828465 0.0075855753
az —0.0041511747  —0.0022720173
as 0.00013766823  0.00010067242
ag —1.4784885e-6  —1.3031819¢e-6

also higher frequencies of such remaining waves, i.e. ~0.2—
0.25%Q¢0 are preferably damped out).

Cluster statistics in the nightside presented in this pa-
per show a chorus peak frequency near the equator close
(~ 0.3%2¢0) to that observed in the dayside, indicating that
the wave generation process (Omura et al., 2009, 2013; Sum-
mers et al., 2011) is similar. However, a dramatic drop in the
peak frequency value (~ 0.13Q¢g) for A > 10° is observed.
This behaviour could be due to a simpler scenario: due to the
strong electron fluxes (see e.g. Meredith et al., 2004; Bort-
nik et al., 2007; Li et al., 2010a) coming from the tail, the
high frequencies (> 0.2Q¢0) of the chorus elements are heav-
ily damped out (e.g. Bortnik et al., 2007; Chen et al., 2013)
at A > 10°, because the scarceness of “resonant” electrons in
this region, unlike near the equator, cannot balance the strong
damping of high-frequency waves by “Landau” electrons. In
this off-equatorial region the peak frequency value is thus
observed to be ~ 0.13Q¢p up to A = 40° (i.e. most of chorus
frequencies have been damped), where the peak frequency
in the dayside is similar. This frequency is very close to the
typical frequency of hiss (i.e. whistler) waves, thus chorus
waves recorded in this range and considered in this study can
be mixed with hiss.

The behaviour of the chorus peak frequency as a function
of latitude strongly affects the dynamics of the outer radia-
tion belt. As a matter of fact, the distribution of mean wave
frequency along field lines plays an important role for elec-
tron resonant scattering by waves. For each value of electron
energy the most effective resonant interaction corresponds
to a certain latitude domain. For example, MeV electrons
with small equatorial pitch angles resonantly interact with
whistler waves propagating parallel to the magnetic field at
latitudes ~ 30-40° (Mourenas et al., 2012b; Artemyev et al.,
2013a). Thus, the 3 times decrease of wave frequency be-
tween the equatorial plane and high latitudes can change the
efficiency of scattering of small pitch angle electrons. To de-
termine this effect we calculate pitch angle and energy dif-
fusion rates, using the scheme of diffusion rate calculation
described by Glauert and Horne (2005), for 1 MeV electrons
with constant mean wave frequency w/eo = 0.35 and with
variation of » with latitude presented in Fig. 1. To be able
to implement the latter into the scheme of calculation, we fit
the peak frequency variations as a function of latitude from
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Figure 3. Pitch angle and energy diffusion coefficients as a function
of electron equatorial pitch angle for 1 MeV electrons interacting
with parallel whistler waves (wave parameters are the same as in
Glauert and Horne, 2005) at L = 5. Grey colour shows results for
“standard” constant wave frequency, while colour shows results for
wave frequency varying with latitude (parameters from Table 1) as
shown in Fig. 1 in the dayside (red) and nightside (blue).

Cluster statistics presented in Fig. 1 with a simple quartic (i.e.
polynomial of degree 4) function for the dayside and night-
side separately, and the coefficients of these quartic functions
are shown in Table 1.

To follow the “standard” scheme (Glauert and Horne,
2005), we assume a constant wave magnetic field amplitude
B, =100 pT, constant plasma frequency wpe/S2e0 = 4.5 and
dipole magnetic field at L = 5.0. The comparison of the pitch
angle and energy diffusion rates for dayside (red) and night-
side (blue) with the standard constant value @/ = 0.35
(grey) is shown in Fig. 3. One can see that the decrease of
the wave peak frequency with the increase of latitude re-
sult in more effective electron scattering and less effective
acceleration. The pitch angle diffusion coefficient increases
by ~ 40% and more than 50 % for the dayside and the night-
side, respectively, for relatively small equatorial pitch angles
oeq < 45° compared to the standard value. This significant
effect should reduce the lifetime of these MeV electrons by
50%. In the nightside the pitch angle diffusion is even in-
creased for almost all pitch angles due to the drop of the peak
frequency at A ~ 10°. In contrast to the increase of the pitch
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Figure 4. Equatorial distribution functions of a typical chorus event observed on 15 July 2010 onboard Cluster C1 at L ~ 5. Top panels
present the electron wheel plots (distribution of pitch angle as a function of energy) measured by PEACE (upper-left panel) and RAPID
(upper-right panel) instruments. Bottom panels show the electron differential fluxes (the different pitch angle ranges are colour-coded) as a
function of energy observed during this event by the same instruments. These observed values are used to compute the electron distribution

functions in our model.

angle diffusion coefficient, the energization rate decreases
for relatively small pitch angles in the model with mean fre-
quency varying with latitude for both dayside and nightside,
compared to the constant frequency value.

The chorus wave spectral power presented in this study
can thus be used to improve the accuracy of the diffusion co-
efficient calculations (see e.g. Summers, 2005; Shprits et al.,
2006; Albert, 2007), which often assume that wave spectrum
does not vary with latitude (see examples of exceptions in
Summers and Ni, 2008; Mourenas et al., 2014; Ni et al.,
2014). Additionally, our inner magnetospheric model could
be useful to techniques aiming to construct the global distri-
bution of chorus wave intensity (Ni et al., 2014), since sim-
plified models of plasma density and magnetic field can lead
to inaccuracies especially under active conditions (see e.g. Ni
et al., 2014, and references therein).
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5 Conclusions

The 10 years of Cluster statistics presented in this study are
in agreement with previous measurements of chorus spectral
extent (Burtis and Helliwell, 1969; Ni et al., 2011; Bunch
et al., 2013), and well reproduced by the numerical simula-
tions performed in this study. We show that the observed cho-
rus wave spectral extent is resulting not only from cross-L
propagation, as suggested by Burtis and Helliwell (1969), but
also from wave growth/damping as advanced by Bunch et al.
(2013). Therewith, we demonstrate that the chorus spectral
extent, in the range 0° < A < 40°, is mostly driven by wave
growth/damping (decrease of the peak frequency) and out-
ward propagation of low-frequency waves (inflection at mid-
latitudes), but the inward propagation of chorus waves only
contributes very little at low latitudes — in contrast to the
suggestion of Burtis and Helliwell (1969). The parameters
obtained from Cluster statistics (see Table 1) are provided
in such a way that they can be employed in any diffusion
rate calculation to determine the effects of such chorus spec-
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Figure 6. Damping (blue) and growth (red) rate  of 1 and 2kHz chorus waves at L =5 obtained by our simulations as a function of
wave-normal angle 6, using typical parameters described in Chen et al. (2013). On the left panel, only “Landau” (~ 0.1-1 keV) electrons are
included along with the core plasma, and on the right panel “resonant” (~ 10-100 keV) electrons are also added.

tral extent more accurately. Its impact on MeV electrons is
calculated in this study using the “standard” model (Glauert
and Horne, 2005) of diffusion rates to compare with standard
constant frequency. Results show, for both dayside and night-
side, a decrease of the energization rate whereas pitch angle
diffusion increases by ~ 50 % for relatively small pitch an-
gles, which should reduce the lifetime of these electrons in
the outer radiation belt by half.

Ann. Geophys., 33, 583-597, 2015

Beside the electron resonant scattering by small-amplitude
whistler waves, the nonlinear electron interaction with high-
amplitude waves (Bortnik et al., 2008; Artemyev et al.,
2012c) also strongly affects the energetic electron dynamics.
Two main resonances contributing to such nonlinear inter-
action are Landau and first cyclotron resonances. The wave
frequency variation with latitude seems to be not very im-
portant for Landau resonance since phase velocity of oblique
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waves propagating with Gendrin angle does not depend on
the wave frequency (Artemyev et al., 2013b). In contrast,
for the first cyclotron resonance, observed and model wave
frequency variation with latitude can be very important. The
classical scenario assumes that electrons are trapped by high-
amplitude waves at high latitudes and are accelerated during
the motion toward the equator. The total energy gain is pro-
portional to change of wave frequency between trapping and
escape latitudes (Demekhov et al., 2006; Tao et al., 2012).
Thus, increase of the wave frequency between high latitudes
and the equatorial plane should increase the efficiency of
nonlinear acceleration. However, more detailed discussion of
this topic is beyond the scope of the present study and should
be subject to further investigation.
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Appendix A: Data set and analysis

In this study we partially use a large data set, described in
detail in Agapitov et al. (2013), to compute the chorus wave
spectral power as a function of latitude in Earth’s outer radi-
ation belt. The data set used here is composed of ELF/VLF
waves observed in the range |A| <45° and 4 < L < 6.5 by
Cluster spacecraft fleet between February 2001 and Decem-
ber 2010. Data are collected by the Spatio-Temporal Anal-
ysis of Field Fluctuations-Spectrum Analyzer (STAFF-SA)
experiment (Cornilleau-Wehrlin et al., 2003), which pro-
vides the complete spectral matrix (real and imaginary parts)
of the three magnetic field components measured by the
STAFF search-coil magnetometer and the two components
of wave electric field (Gustafsson et al., 2001). The sur-
vey includes STAFF-SA data from the Cluster 4 spacecraft
(Samba) in order to avoid different statistical contributions
due to different cross-spacecraft distances during the pro-
cessing period. Spectral matrices and PSD data provided
by Cluster Active Archive are used in SR2 (Spin Refer-
ence) frame. The spectral matrix was computed onboard for
27 frequency channels that were logarithmically spaced be-
tween 8.8Hz and 3.56 kHz (central frequencies), with the
full range of L-shells and magnetic latitudes available for
lower-band chorus. The considered wave frequency range
(0.1fce < f < 0.5f¢e) in this study is indeed dominated by
the lower-band chorus. Hiss waves can also be observed
above 0.1 fe, but their intensity rapidly falls above 1kHz
(Meredith et al., 2004). The sensitivity of the STAFF search-
coil magnetometers is about 3.10~° nT/Hz2 between 100 Hz
and 4kHz (Cornilleau-Wehrlin et al., 2003). As stated in
Agapitov et al. (2013), this data set contains a sufficient num-
ber of measurement points to perform a statistical study for
the ranges of MLTs, L-shells, and K considered in this study
(see Fig. 1 in Agapitov et al., 2013). We present also in Fig. 5
the data coverage of the employed data set as a function of
the Dst index. Figure 5 shows that this data coverage is sta-
tistically significant even for high Dst values, and roughly
indicates the number of storms included in the data points.

Appendix B: The Earth’s inner magnetosphere model

To simulate the chorus wave power distribution upon fre-
quency along a magnetic field line we use a 3-D ray-tracing
code that includes a realistic model of the Earth’s inner mag-
netosphere, described in detail in Breuillard et al. (2012b).
The magnetic field and thermal plasma densities parameters
- e.g. MLT=09:00 and K, =4, see also Breuillard et al.
(2012b) for details — are chosen to be typical of the period in
which most chorus waves occur in the inner magnetosphere
(Agapitov et al., 2011, 2013). Ray tracing (here the WHAMP
solver) is sensitive to density variations in the chosen model.
The trajectories of rays in the radiation belts are strongly af-
fected by core plasma density gradients, and in particular the
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plasmapause (Wang et al., 2011), which are mostly driven
by the K, index value in this model (Gallagher et al., 2000).
In fact, it has been shown (Zhou et al., 2011) that rays’ tra-
jectories (for & < 40°), launched at L = 6 in this region, are
not really modified in this model by the different K val-
ues, since rays do not approach plasmapause. However, in
the range 4 < L < 6 considered here, rays’ trajectories could
be affected during quiet times (K < 3), since plasmapause
can reach L > 4 during those periods. This question, as well
as a comparative study between magnetospheric core plasma
models (Wang et al., 2011), should be addressed in a separate
study. Nevertheless, a weaker chorus activity is observed for
Kp < 3 (Agapitov et al., 2011, 2013), and making use of the
“standard” parameters in this core plasma model, described
in this study, appear to be suitable for studying chorus wave
properties (see Breuillard et al., 2012a, b, 2014).

Density of suprathermal electrons has a small effect on
rays’ trajectories since, according to the measured statistics
used in this study, the values of the two suprathermal electron
populations (= 10 and ~ 100 keV) are respectively 200 and
2000 times smaller than core (0.5eV) plasma density values
at L =5 in the vicinity of the equator, for instance. While
the cross- L propagation weakly affects the wave power spec-
trum, as described in this study, and the effect of core
plasma is negligible on the rays’ amplitudes (see e.g. Breuil-
lard et al., 2014), the damping/amplification by suprathermal
electrons plays a primary role in defining chorus wave dis-
tributions in the radiation belts (Bortnik et al., 2006, 2007;
Chen et al., 2013). In order to accurately reproduce the vari-
ations of the waves’ amplitude (i.e. damping/growth) dur-
ing their propagation, in this study we include two popu-
lations of energetic electrons into the code, in addition to
the four background species. The energies defining each
electron population are described in terms of a Maxwellian
function (Ronnmark, 1982), whose maximum value is cho-
sen to be typically resonant with chorus waves in the in-
ner magnetosphere, i.e. to be responsible for chorus wave
damping/growth in the radiation belts. In this region, the so-
called “Landau electrons” (roughly from 100eV to 1keV)
are thought to be mainly responsible for the Landau damping
of chorus waves (see e.g. Kennel and Thorne, 1967), whereas
“resonant electrons” (~ 10-100keV) are considered to im-
ply linear (as well as nonlinear) chorus wave growth (see
e.g. Kennel and Petschek, 1966). The values of omnidirec-
tional fluxes for each population used in this study are based
on observed properties of a typical chorus event recorded on
15 July 2010 at 02:20:00 UT onboard Cluster C1 (see bot-
tom panels of Fig. 4), which was located in the vicinity of
the magnetic equator (A = —0.4°) at L ~5 in the morning
side (MLT =07:30) at that time. The values of anisotropy
for each population are also based on measurements from
PEACE (Johnstone et al., 1997) and RAPID (Wilken et al.,
1997) instruments onboard C1 during this event (see top pan-
els of Fig. 4). The anisotropy observed is about 5 for “Lan-
dau electrons” and 2.5 for “resonant electrons”, which is con-
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sistent with measurements of such electron populations per-
formed on THEMIS during typical chorus events (see e.g. Li
et al., 2010b; Cully et al., 2011).

The density of these two suprathermal electron popula-
tions in the inner magnetosphere has then to be defined in
order to include them into our model. The density value for
each population is taken from statistics at the equator (de-
pending on K, value) measured by MEPED and TED sen-
sors onboard NOAA spacecraft (D. Boscher and S. Bour-
darie, private communication, 2011), and is computed along
the closed magnetic field lines (in our case for 4 <L <7)
taking as a basis a theoretical model of electron density along
the dipolar field lines in the radiation belts. A 2-D density
grid has thus been generated and implemented into our global
model of the inner magnetosphere, in addition to the different
core plasma species. Making use of the density grids of all
particle populations, and implementing their parameters de-
scribed in the previous paragraph into the WHAMP solver, it
is possible to obtain the imaginary part Jw of the frequency
(i.e. the growth/damping rate ) from which one can deduce
the amplitude A of the wave (see Breuillard et al., 2012b).
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The growth/damping rate y, obtained using our model
with typical chorus wave parameters in the radiation belts,
i.e. L =5 MLT=09:00, f =1,2kHz and K, =4 (see e.g.
Breuillard et al., 2012b; Chen et al., 2013, and references
therein), is presented in Fig. 6 as a function of the wave-
normal angle 6. In Fig. 6, the damping rates (negative y,
in blue) are consistent (in particular when adding resonant
electrons in Fig. 1b) with the one obtained in Fig. 2 by Chen
etal. (2013), where similar parameters for the “Landau” elec-
trons are used but in a different model. Note that damping
rates obtained using our model at L =6 (not shown) are
also consistent with results obtained by Chen et al. (2013)
in Fig. 2. However, by adding into our model the “resonant”
electron population one can see in Fig. 6b that we obtain also
a growth rate (positive y, in red) for quasi-parallel waves
(6 < 25°), which means that quasi-parallel waves are ampli-
fied by the resonant electrons, as predicted by the quasi-linear
theory (see e.g. Kennel and Petschek, 1966; Ginzburg and
Rukhadze, 1975). These results are in good agreement with
previous results that have shown that whistler wave damping
(Bortnik et al., 2006; Chen et al., 2013) and amplification
(Chen et al., 2012; Watt et al., 2012) can be studied using
quasi-linear theory and ray tracing. Thus, our model makes
it possible to study the combined effects of damping and am-
plification on chorus wave propagation properties for the first
time in a realistic model of the inner magnetosphere.
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