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[11 Gyroresonant wave particle interactions with whistler mode chorus play a
fundamental role in the dynamics of the Earth’s radiation belts and inner magnetosphere,
affecting both the acceleration and loss of radiation belt electrons. Knowledge of the
variability of chorus wave power as a function of both spatial location and geomagnetic
activity, required for the computation of pitch angle and energy diffusion rates, is thus a
critical input for global radiation belt models. Here we present a global model of lower

band (0.1f.. < f< 0.5f..) and upper band (0.5f.. < f'< f..) chorus, where /.. is the local
electron gyrofrequency, using data from five satellites, extending the coverage and
improving the statistics of existing models. From the plasmapause out to L* = 10 the
chorus emissions are found to be largely substorm dependent with the largest intensities
being seen during active conditions. Equatorial lower band chorus is strongest during
active conditions with peak intensities of the order 2000 pT? in the region 4 < L* <9
between 2300 and 1200 MLT. Equatorial upper band chorus is both weaker and less
extensive with peak intensities of the order a few hundred pT? during active conditions
between 2300 and 1100 MLT from L* =3 to L* = 7. Moving away from the equator
midlatitude chorus is strongest in the lower band during active conditions with peak
intensities of the order 2000 pT? in the region 4 < L* < 9 but is restricted to the dayside

between 0700 and 1400 MLT.
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1. Introduction

[2] Space weather is an increasingly important natural
hazard as society becomes ever more heavily dependent on
satellite technology for communications, navigation, defense
and Earth observation. The impacts of space weather on
satellite operations range from momentary interruptions of
service to a total loss of capabilities when a satellite fails.
For example, during the 2003 Halloween geomagnetic
storms 47 satellites experienced anomalies while one satel-
lite, the $450 M Midori-2 environmental research satellite,
was a complete loss [Webb and Allen, 2004]. A major cause
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of radiation damage to satellites in Earth orbit is relativistic
electrons (£ > 1 MeV). These so-called “killer” electrons
cause deep dielectric charging, the subsequent discharge of
which may lead to unwanted commands and/or damage to
components [e.g., Wrenn, 1995].

[3] Relativistic electrons in the Earth’s radiation belts are
usually confined to two distinct regions. The inner radiation
belt, which lies between 1.1 and 2 Earth radii (Rg) in the
Earth’s geomagnetic equatorial plane, is relatively stable. In
sharp contrast, the outer radiation belt, which lies between 3
and 7 R, is highly dynamic. In this region the flux of rela-
tivistic electrons can change by several orders of magnitude
on a variety of different timescales ranging from minutes to
tens of days [e.g., Blake et al., 1992; Baker et al., 1994]
resulting from the delicate interplay of various transport,
acceleration and loss processes [Thorne, 2010]. These pro-
cesses all tend to be enhanced during geomagnetic storms
which are ultimately driven by activity on the Sun. Intrigu-
ingly, geomagnetic storms may increase (50%), decrease
(20%) or leave the flux of relativistic electrons in the radia-
tion belts essentially unchanged (30%) [Reeves et al., 2003],
emphasizing the need to include both source and loss pro-
cesses in radiation belt models.

[4] Gyroresonant wave particle interactions play a key
role in radiation belt dynamics [e.g., Horne, 2002; Thorne
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et al., 2005a]. Such interactions break the first and second
adiabatic invariants leading to heating and acceleration by
absorption of the waves and pitch angle scattering and loss
to the atmosphere. One particularly important plasma wave
that plays a crucial role in radiation belt dynamics is whistler
mode chorus.

[5] Whistler mode chorus is an intense electromagnetic
emission typically observed in the frequency range from 0.1—
0.8 .. [ Tsurutani and Smith, 1977; Koons and Roeder, 1990]
with a gap at 0.5 f.. [Tsurutani and Smith, 1974] separating
the emissions into so-called lower band (0.1f;, < f'< 0.5f..)
and upper band (0.5f., < f<f..) chorus. Chorus is generated
outside the plasmapause near the geomagnetic equator
[LeDocq et al., 1998; Lauben et al., 2002; Santolik et al.,
2004, 2005] by cyclotron resonant interaction with supra-
thermal electrons [Katoh and Omura, 2007, Omura et al.,
2008; Li et al., 2008, 2009a] injected into the inner magne-
tosphere during storms and substorms. Consequently, chorus
is observed largely outside the plasmapause and is substorm-
dependent with the largest amplitudes being seen during
active conditions [Meredith et al., 2001, 2003; Li et al.,
2009b, 2011].

[6] Chorus waves play a dual role in radiation belt
dynamics contributing to both the acceleration and loss
of relativistic electrons [Bortnik and Thorne, 2007]. For
example, chorus waves are thought to be largely responsible
for the generation of radiation belt electrons on a timescale
of 1-2 days during the recovery phase of geoeffective storms
[e.g., Horne et al., 2005, 2006]. In contrast, storm-time
chorus at high latitudes causes microburst precipitation and
may lead to losses of radiation belt electrons on the timescale
of the order of a day [Lorentzen et al., 2001; O Brien et al.,
2004; Thorne et al., 2005b]. There is also growing and
compelling evidence to suggest that whistler mode chorus is
the dominant source of plasmaspheric hiss [Bortnik et al.,
2008a, 2009, 2011; Chen et al., 2012a, 2012b, 2012c],
which is itself responsible for the formation of the slot region
between the inner and outer radiation belts [Lyons and
Thorne, 1973; Meredith et al., 2007, 2009] and the quiet
time decay of energetic electrons in the outer radiation belt
[Meredith et al., 2006a; Summers et al., 2007; Lam et al.,
2007]. At lower electron energies, pitch angle scattering by
whistler mode chorus is largely responsible for both the
diffuse aurora [Thorne et al., 2010; Ni et al., 2011a] and the
pulsating aurora [Nishimura et al., 2010].

[7] There are several dynamic global models of the radi-
ation belts which are based on diffusion models [e.g.,
Varotsou et al., 2005, 2008; Fok et al., 2008; Subbotin et al.,
2010; Albert et al., 2009]. They require diffusion rates that
are proportional to the wave magnetic field intensity. Since
wave intensities can vary significantly with spatial location
and geomagnetic activity accurate modeling requires the
development of global models of the wave magnetic field
intensity for the various relevant wave modes using data
from several satellites. Here we develop a new model of
whistler mode chorus by combining data from five satellites
equipped to study plasma waves in the inner magnetosphere.
The coordinate system used to describe the new model is
introduced in section 2. The satellites, associated instru-
mentation, and data analysis techniques used to develop the
model are described in section 3. Methods used to distin-
guish between chorus and other wave modes are described
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in section 4. The chorus wave database and statistical survey
are described in section 5 followed by a discussion of the
inter comparison of the satellite data in section 6. The global
morphology of lower and upper band chorus as a function of
geomagnetic activity is then presented in section 7. Finally
the results are discussed and the conclusions presented in
sections 8 and 9 respectively.

2. Magnetic Coordinates

[8] Global statistical models of the wave intensities have
traditionally been computed as a function of Mcllwain L,
magnetic local time (MLT) and magnetic latitude (\,,) [e.g.,
Meredith et al., 2001, 2003; Li et al., 2009b, 2011]. How-
ever, radiation belt models calculate the phase space density
of the electrons as a function of energy, pitch angle, L* and
time. Here, L* is related to the third adiabatic invariant, ®,
and is given by:

*271'/{0
L* = TR, (1)

where ky is the Earth’s magnetic dipole moment. Physically,
L* is the radial distance in Earth radii to the equatorial points
of the symmetric shell on which the particles would be found
if all the non-dipolar components of the trapping magnetic
field were adiabatically removed.

[s] Since the particle data and global radiation belt models
are ordered by L* we develop our new global models of the
chorus wave intensities as a function of L*, MLT and \,,.
For the database L* and MLT are computed using the
ONERA-DESP library V4.2 (D. Boscher et al., ONERA-
DESP library V4.2, 2008), using the IGRF field at the
middle of the appropriate year and the Olson-Pfitzer quiet
time model [Olson and Pfitzer, 1977]. There are several time
dependent external magnetic field models that can be used to
represent active conditions but large uncertainties still
remain during very disturbed periods [e.g., McCollough
et al., 2008] and most require solar wind parameters,
which are not fully available for the earlier missions (DE1
and CRRES) used here. For our study we need to select a
model that does not depend on solar wind parameters such
as Mead-Fairfield 1975, Olson-Pfitzer quiet 1977 and the
Tsyganenko 1987 and 1989 models. We choose the Olson-
Pfitzer quiet time model here because it has been shown to
be a good average external magnetic field model when
compared to measurements [Friedel et al., 2005] and has
recently been adopted by the Panel for Radiation Belt
Environment Modeling for improving space radiation mod-
els. Since the software is designed for particles and we are
applying it to waves we assume a local pitch angle of 90° in
the calculation of L*. The magnetic latitude is calculated
using a simple dipole magnetic latitude.

[10] To aid comparison with previous models we note that
there is no simple transformation from L* to L. However, as
a general rule of thumb, at any given location the difference
between L* and L depends mostly on L* and increases with
increasing L*. At low L* the difference is relatively small
with L* = 2 mapping to L values in the range 2.05 to 2.10. At
intermediate values of L*, L* = 5 maps to L values in the
range 5.3 to 5.6. The difference is largest at large L* with,
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for example, L* = 8 typically mapping to L values in the
range 8.5 to 9.0.

3. Instrumentation and Data Analysis

[11] The instrumentation and data analysis techniques used
in the development of the global model of whistler mode
chorus from each of the five satellites are briefly described in
sections 3.1-3.5. The data coverage provided by the relevant
instrumentation on the five satellite missions is described in
section 3.6.

3.1. Dynamics Explorer 1

[12] The NASA Dynamics Explorer 1 (DE1) spacecraft
was launched on 3 August 1981 into a high altitude elliptical
polar orbit with a perigee of 568 km, an apogee of
23,289 km and an inclination of 89.9°. The Plasma Wave
Instrument (PWI) [Shawhan et al., 1981] measured two
components of the electric field and one component of the
magnetic field in the frequency range between 1.78 Hz and
410 kHz. The full data set is available from September 1981
to June 1984, after which measurements above 100 Hz
ceased due to a hardware failure. The SFC Step Frequency
Correlator, composed of two Step Frequency Receivers,
provided the spectral density of the electric and magnetic
field coming from 128 frequency channels, logarithmically
spaced between 105 Hz and 410 kHz. The temporal resolu-
tion of the SFR was 32 s: one measurement was performed
each second for 4 frequencies and 32 seconds were needed
for full frequency coverage. Since DE1 measures one com-
ponent of the wave magnetic field in the spin plane, on
average, over many rotations, the other spin plane compo-
nent should have a similar intensity, and we estimate the
total intensity in the spin plane by multiplying the single
component by a factor of two. The power parallel to the spin
axis, which is normal to the orbital plane, is not measured.
The ambient magnetic field, used to calculate the local
electron gyrofrequency, was provided by the magnetic field
instrument (MAG) [Farthing et al., 1981].

[13] To aid our analysis of the data, we first put the DEI
data into ISTP Common Data Format files (CDF) (http://
spdf.gsfc.nasa.gov/sp_use of cdfhtml). These files contain
all the information necessary to construct the wave data base
(electric and magnetic field of the waves, position of the
spacecraft, electron cyclotron frequency measured by the
spacecraft, L*, local and equatorial magnetic field magni-
tude calculated with the ONERA library). Most of these
parameters have a flag in the CDF files to state whether the
data is good or not. Thus, the data were filtered, and only
good data were used to develop the wave data base. Any
remaining periods of corrupt data and sporadic bad points
(“spikes”) were then removed from the data. Finally, all
measurements outside the magnetosphere, which are outside
the scope of this study, were removed using a magnetopause
model [Shue et al., 1998].

3.2. CRRES

[14] The Combined Release and Radiation Effects Satel-
lite (CRRES), a joint NASA/Department of Defense (DOD)
mission, was launched on 25 July 1990 into a highly ellip-
tical geosynchronous transfer orbit, with a perigee of
350 km, an apogee of 33,584 km and an inclination of 18.1°.
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The Plasma Wave Experiment (PWE) [4nderson et al.,
1992] provided measurements of wave electric fields from
100 Hz to 400 kHz in the spin plane, using a 100 m tip to tip
long wire antenna, with a dynamic range covering a factor of
at least 10° in amplitude. The sweep frequency receiver
covered the frequency range from 100 Hz to 400 kHz in four
bands with 32 logarithmically spaced steps per band. Band 1
(100 to 810 Hz) was sampled at one step per second with a
complete cycle time of 32.768 s. Band 2 (810 Hz to 6.4 kHz)
was sampled at two steps per second with a complete cycle
time of 16.384 s. Band 3 (6.4 kHz to 51.7 kHz) and band 4
(51.7 kHz to 400 kHz) were each sampled four times per
second, with a complete cycling time of 8.192 s. The wave
electric field data consists of one component in the spin
plane and we estimate the total power in the spin plane by
multiplying the single component of the power by a factor of
two, as in previous work. The power parallel to the spin axis,
which lies in the ecliptic plane and points 12° ahead of the
Sun in celestial coordinates, is not measured. The ambient
magnetic field, used to calculate the characteristic frequen-
cies, was provided by the fluxgate magnetometer instrument
[Singer et al., 1992]. The data set runs from 20 August 1990
until the satellite failed on 11 October 1991.

[15] The CRRES PWE data were initially corrected for the
instrumental background response and smoothed using a run-
ning 3 minute average to take out the beating effects due to
differences in the sampling and 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 non-traditional configurations were
deployed for testing purpose, were also excluded from the
analyses. Reliable measurements of the wave magnetic field at
VLF frequencies are not available from CRRES. Therefore,
the wave electric field spectral intensities, Sg, were converted
to magnetic field spectral intensities, S, using the expression:

2
Jpe

1
Bz (1 7 —f))SE @

derived from Maxwell’s third equation and using the cold
plasma dispersion relation for parallel-propagating whistler
mode waves. Here ¢ is the speed of light, f'is the wave fre-
quency, fc. is the electron gyrofrequency, and £,,. is the electron
plasma frequency determined from the plasma wave data as
described in Meredith et al. [2002]. Briefly, in the plasma-
sphere f,,. is determined from emissions at the upper hybrid
frequencys, £, Further out, in the trough region, £, is usually
not well defined and the electron plasma frequency is esti-
mated from the lower frequency limit of the electromagnetic
continuum radiation, which is taken to be a plasma wave cutoff
at the plasma frequency [Gurnett and Shaw, 1973]. The wave
magnetic field intensities for lower band and upper band cho-
rus, together with the corresponding number of samples, were
subsequently rebinned as a function of half orbit (inbound and
outbound) and L* in steps of 0.1 L*. The data were recorded
together with the Universal Time (UT), MLT, and ), at the
same resolution.

3.3. Cluster 1

[16] Cluster 1, one of the four spacecraft of the ESA
Cluster mission, was launched on 9 August 2000 and
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initially operated in a highly elliptical polar orbit with a
perigee of 17,200 km, an apogee of 120,500 km and an
inclination of 90.7°. The Spatiotemporal Analysis of Field
Fluctuations (STAFF) experiment [Cornilleau-Wehrlin et al.,
1997, 2003] consists of a three-axis search coil magnetome-
ter to measure the wave magnetic field, a waveform unit and
a Spectrum Analyzer. The Spectrum Analyzer combines the
three magnetic components with the two electric field com-
ponents measured by the Electric Fields and Waves (EFW)
experiment [Gustafsson et al., 1997] to compute the 25 auto
and cross correlation coefficients of the spectral matrix at
27 frequencies distributed logarithmically in the range 8 Hz
to 4 kHz. From the matrix we use the sum of the magnetic
power spectral densities in three orthogonal directions. The
WHISPER instrument [Décréau et al., 1993, 1997] consists
of a receiver, a transmitter and a Spectrum Analyzer, com-
pleted by the sensors of EFW and functions of the Digital
Wave Processing Experiment. The WHISPER instrument
provides measurements of the total electron density of the
plasma, via relaxation sounder, and one component of wave
electric field in the spin plane at 480 frequencies distributed
logarithmically in the frequency range 2—80 kHz. The total
power in the spin plane is then obtained by multiplying the
single component by a factor of 2. The ambient magnetic
field, used to calculate the electron gyrofrequency, is pro-
vided by the fluxgate magnetometer (FGM) [Balogh et al.,
2001]. For this study we used the data from Cluster 1 from
1 January 2001 to 31 December 2010. We assume that the
three other spacecraft will not give more information, taking
into account the similarity of the orbits.

[17] The wave electric field spectral intensities measured
by WHISPER were initially converted to magnetic field
spectral intensities using the cold plasma dispersion relation
for parallel propagating waves described above. We then put
the Cluster 1 data from the two instruments into the ISTP
Common Data Format files (CDF). This resulted in a full
wave magnetic field spectrum from 8 Hz to 80 kHz com-
prising 497 frequency channels with a transition between the
two instruments at about 3.57 kHz. Periods of corrupt data
and sporadic bad points (“spikes”) were excluded from the
analysis together with measurements outside the magneto-
sphere as determined by a magnetopause model [Shue et al.,
1998].

3.4. Double Star TC1

[18] Double Star TC1, a joint China National Space
Administration (CNSA)/ESA mission, was launched on
29 December 2003 into a highly elliptical equatorial orbit
with a perigee of 562 km, an apogee of 78,970 km and an
inclination of 28.2°. The STAFF experiment [Cornilleau-
Wehrlin et al., 2005] on TC-1 consisted of a search coil
antenna, three pre-amplifiers, a magnetic waveform unit, and
power supply provided by CETP, and a Digital Wave Pro-
cessor (DWP) provided by the University of Sheffield. The
DWP computed the spectral matrix (3 power spectra plus the
cross phase between each component) at 27 frequencies
between 10 Hz and 4 kHz with a 1 s time resolution.
Unfortunately the STAFF antenna boom failed to deploy,
which meant interference from the spacecraft subsystems
was very high. As a consequence of this, the DWP data were
subsequently analyzed on the ground to minimize the
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interference resulting from the non deployment of the
antenna boom. Spectra acquired when large interference
spikes occurred were rejected and the signals from two axes
of the antenna were combined to synthesize a measurement
in a direction where the continuous interference was least.
The optimum direction has an inclination of between 11 and
17° from the spin plane depending on frequency, so the
antenna is mostly sensitive to spin plane wave power. The
measurements were averaged over approximately one spin
period (4 s) and the total wave power spectral density in the
spin plane was estimated by multiplying by a factor of 2. For
this study we use the ground-processed wave data which
cover the period from 5 January 2004 to 31 December 2004.
The ambient magnetic field, used to calculate the character-
istic frequencies, was provided by the magnetic field inves-
tigation [Carr et al., 2005].

[19] The ambient magnetic field, used to determine the
electron gyrofrequency, was determined from the fluxgate
magnetometer at 4 s time resolution [Carr et al., 2005], and
the position in GSE coordinates was provided at a 1 minute
time resolution from the European Payload Operations Ser-
vice (EPOS) catalogue. The ambient magnetic field and
spacecraft position were subsequently computed for the time
of each STAFF measurement by linear interpolation. The
wave magnetic field intensities for lower band and upper
band chorus, together with the corresponding number of
samples, were then rebinned as a function of half orbit
(inbound and outbound) and L* in steps of 0.1 L*. The data
were recorded together with the Universal Time (UT), MLT,
and ), at the same resolution. Data outside the magneto-
sphere were excluded from the analysis.

3.5. THEMIS A, D, E

[20] The five spacecraft of the NASA THEMIS (Time
History of Events and Macroscale Interactions during Sub-
storms) mission were launched on 17 February 2007 into
near-equatorial orbits with apogees above 10 Rz and peri-
gees below 2 Ry [Angelopoulos, 2008]. The three inner
probes, THEMIS A, D, and E, sample whistler mode waves
in the inner magnetosphere from 5 to 10 Rx. The wave data
used in this study were provided by the Search Coil Mag-
netometer (SCM) [Le Contel et al., 2008; Roux et al., 2008],
which measures magnetic field fluctuations in the frequency
range from 0.1 Hz to 4 kHz. The high resolution (fff) data
used here consists of measurements of one component of the
magnetic wave spectral density in the spacecraft spin plane,
with a frequency resolution with 32 or 64 frequency bands
logarithmically spaced over 4-4000 Hz [Cully et al., 2008a].
This high resolution data was obtained by averaging spectra
over 1 or 0.5 sec and recorded with a cadence of § s. The
total wave power spectral density in the spin plane was
then estimated by multiplying by a factor of 2. The high
resolution wave power spectra data have been available
since 1 May 2010 during the fast survey, with approximately
12 hours coverage per day. The ambient magnetic field used
to calculate the electron gyrofrequency was provided by the
Fluxgate Magnetometer (FGM) [Auster et al., 2008].

[21] For this study, fff magnetic wave spectra data col-
lected between 1 May 2010 and 1 October 2011 on THEMIS
A, D, and E were used to investigate the global distribution
of whistler mode chorus wave intensities. Waves observed
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Table 1. Satellite Initial Orbits and Instrumentation

Perigee Apogee  Inc.
Satellite (km) (km) (deg) Instrument  Frequency Range
DE1 568 23,2890 899 PWI 1.78 Hz to 410 kHz
CRRES 350 33,584  18.1 PWE 100 Hz to 400 kHz
Cluster 1 17,200 120,500 90.7 STAFF 8 Hz to 4 kHz
Cluster 1 17,200 120,500 90.7 WHISPER 2 kHz to 80 kHz
TC1 562 78,970 282 STAFF 8 Hz to 4 kHz
THEMIS 470 87,330  16.0 SCM 0.1 Hz to 4 kHz

inside the plasmasphere or outside the magnetopause were
excluded following the method by Li et al. [2010a].

3.6. Data Coverage

[22] The satellite initial orbits together with the relevant
instrumentation, and associated frequency ranges are tabu-
lated for reference in Table 1. The data coverage of the
missions used in the creation of the chorus model is plotted
in Figure 1, together with a trace of the sunspot number, to
show the coverage of the various satellites with respect to
the phase of the solar cycle, and, for reference, traces of the
daily averaged AE and Dst indices, which are measures of
substorm and storm activity respectively. For this study we
used approximately 3 years of data from DE1, 15 months of
data from CRRES, 1 year of data from Double Star TCl1,
10 years of data from Cluster 1 and 17 months of data from
THEMIS. In terms of the phase of the solar cycle, the
CRRES data were collected during the maximum of solar
cycle 22, the DE1 and Double Star TC1 data were collected
during the declining phase of solar cycles 21 and 23
respectively, the THEMIS data were recorded during the
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ascending phase of solar cycle 24 and the Cluster data cover
an entire solar cycle. All the different phases of the solar
cycle are thus covered in our study.

4. Identification of the Wave Mode

[23] In the inner magnetosphere, plasmaspheric hiss and
lightning generated whistlers, which are typically observed
in the frequency ranges 100 Hz < f < 2 kHz and
2 kHz < f'< 5 kHz respectively [Meredith et al., 2006b], can
overlap in frequency with whistler mode chorus which is
typically observed in the frequency range 0.1/, < < 0.8/,
[Tsurutani and Smith, 1977, Koons and Roeder, 1990].
These wave emissions cannot, therefore, be clearly identified
based on frequency alone. However, whistler mode chorus
waves are largely observed outside the plasmapause [Burtis
and Helliwell, 1976; Tsurutani and Smith, 1974, 1977]. In
contrast, plasmaspheric hiss is characteristically confined to
the higher density regions associated with the plasmasphere
[Dunckel and Helliwell, 1969; Russell et al., 1969; Thorne
et al., 1973] and plasmaspheric plumes [Chan and Holzer,
1976; Cornilleau-Wehrlin et al., 1978; Parrot and Lefeuvre,
1986; Summers et al., 2008] and lightning generated whis-
tlers are largely confined to the plasmasphere [Carpenter
et al., 1968, 1969; Platino et al., 2005]. Establishment of
the spacecraft environment can therefore be used to dis-
criminate between these plasmaspheric and trough emissions.

[24] Electrostatic waves in the frequency band f., < f <
2f.., which contain contributions from both electron cyclo-
tron harmonic waves and thermal noise, tend to be excluded
from the high density region inside the plasmapause. For
CRRES, where electric field measurements are available in

Satellite Coverage for the Chorus Model
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Figure 1. Satellite coverage for the chorus model together with traces of (top) the sunspot number, (mid-
dle) the daily averaged AE index, and (bottom) the 1 daily averaged Dst index.
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Table 2. Format of the Wave Databases

Parameter Bins

L* 90 linear steps from L* =1 to L* = 10
MLT 24 linear steps from 0 MLT to 24 MLT
A 60 linear steps from —90° to 90°
Activity 10 activity levels as monitored by AE
Location 2 classes, inside or outside the plasmapause

the frequency range f;., <f<2f.., a given location was defined
to be inside or outside the plasmapause when the wave
amplitude in the frequency range. fre <f<2f..was less than or
greater than 5 x 10~ * mVm ™' respectively [Meredith et al.,
2004].

[25] For THEMIS the wave emissions are categorized into
either inside or outside the plasmapause following the
method of Li et al. [2010a]. Specifically, the plasmapause is
located at the position where the total electron density,
inferred from measurements of the spacecraft potential and
the electron thermal speed, is equal to N. where N.= 50 cm
for L* > 4.4 and N, = 10(6.6/L*)* for L* < 4.4.

[26] We were unable to devise a method of uniquely
determining the position with respect to the plasmapause for
DE1 and Cluster 1 using ECH waves, and Double Star TC1
made no measurements of ECH waves. For these satellites
we revert to a model, and define a given location to be
inside or outside the plasmapause when the L value of the
observation is less than or greater than L, where L, = 5.6 —
0.46 Kp*, Kp* being the maximum value of the Kp index in
the previous 24 hours [Carpenter and Anderson, 1992].

5. Chorus Wave Database and Statistical Survey

[27] Previous studies have shown that whistler mode
chorus waves are observed primarily outside the plasma-
pause and the observed intensities depend on spatial location
and substorm-activity, as monitored by the 4F index [e.g.,
Tsurutani and Smith, 1974, 1977, Meredith et al., 2001,
2003; Li et al., 2009b, 2011]. Therefore, for each satellite the
average wave intensities for lower band and upper band
chorus, together with the corresponding number of samples,
were binned as a function of L*, MLT, ), geomagnetic
activity as monitored by the AF index, and location with
respect to the plasmapause as detailed in Table 2.

[28] We subsequently combined the data from each of the
satellites, weighting the data obtained from each individual
satellite by the corresponding number of samples, to produce
a combined chorus wave database as a function of L*, MLT,
Am, geomagnetic activity, and location with respect to the
plasmapause.

[29] For the statistical survey presented here we split geo-
magnetic activity into three intervals which we define as
quiet when AE < 100 nT, moderate when 100 <AE <300 nT,
and active when AE > 300 nT.

6. Intercomparison of the Satellite Data

[30] The instrumentation is different on each of the five
satellites and no inter-calibration between missions is pos-
sible since the satellites operated at different times and in
different environments. However, each instrument has been
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calibrated by the respective instrument teams, and we rely on
these calibrations here.

[31] Differences in sensitivity between the instruments can
affect the average intensities but are limited to very low
intensity levels when the spectral intensity is below the
threshold for detection in one or more of the instruments.
The effect is negligible when the wave power is well above
the threshold for detection for all of the instruments, which
roughly equates to wave power above 1 pT?. Since chorus
wave power below 1 pT? is insignificant and has an insig-
nificant affect on diffusion rates our model captures all of the
important chorus wave power.

[32] We calculate the lower and upper band chorus wave
intensities at any given time for any given instrument by
integrating the wave spectral intensity over the frequency
ranges 0.1f.. < f < 0.5f.. and 0.5f.. < f < f.. respectively.
When all or part of a given frequency band lies outside the
frequency range of a given instrument the data are discarded.
When the frequency band of interest lies within the fre-
quency range of the detector there are a number of frequency
steps inside the band ranging from 9 to more than 20 for
lower band chorus and 4 to more than 10 for upper band
chorus depending on instrument. The frequency bands are
thus well sampled and, for any given instrument, the inte-
grated intensity should provide a good measure of the lower
and upper band chorus wave power.

[33] The time resolution of the data sets used in this study
ranges from 1 s to 32 s, which, for any given orbit, results in
many samples in a given 0.1 L* bin. However, the time
resolution is not high enough to resolve the very large
amplitude chorus waves which have been observed recently
by several spacecraft [e.g., Cattell et al., 2008; Cully et al.,
2008b]. These waves typically last for few tenths of a sec-
ond and do not appear as very large amplitudes in the time
averages of the wave data used in this study.

[34] Our database uses data from five satellites and six
different instruments, all providing slightly different mea-
surements of the wave magnetic field. The STAFF instru-
ment on Cluster 1 is the most comprehensive providing three
orthogonal components of the wave magnetic field, and we
determine the total power by summing the power from these
three components. For the other instruments we estimate the
total power in the spin plane, noting that this treatment may
underestimate the total power by up to a factor of two for a
given whistler mode wave, depending on the orientation of
the spin plane with respect to the ambient magnetic field.

[35] To compare the satellite observations we first inves-
tigate the behavior of the average lower band chorus
intensities outside the plasmapause in the equatorial region
(—15° < )\, < 15°) as a function of spatial location and
geomagnetic activity. Figure 2 shows the average wave
intensities of lower band chorus outside the plasmasphere in
the equatorial region as a function of L*, MLT and geo-
magnetic activity for each of the five satellites. From top to
bottom the panels show the results from DE1, CRRES,
Cluster 1, Double Star TC1 and THEMIS as a function of L*
and MLT for, from left to right, quiet, moderate and active
conditions respectively. Each plot extends linearly out to
L* = 10 with noon at the top and dawn to the right.

[36] The data coverage provided by all five satellites
extends from the plasmapause out to L* = 10. Inside L* = 5,
which includes the heart of the outer radiation belt, the
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Figure 2. Equatorial wave intensity of lower band chorus as a function of L*, MLT and geomagnetic

activity for each of the five satellites.

equatorial coverage is largely provided by DE1, CRRES,
Cluster 1 and THEMIS. Further out, in the region 5 < L* <6,
the data comes mostly from CRRES, THEMIS and Double
Star TC1, and beyond L* = 6 the equatorial coverage is
largely provided by THEMIS and Double Star TC1. In
particular, the gap in the coverage in the region 4 < L* <6
for 0800-1200 MLT in global wave models derived from
CRRES data [e.g., Meredith et al., 2001, 2003] is filled in,
primarily with data from Double Star TC1 and THEMIS.
The largest intensities, of the order 2000 pT?, are seen dur-
ing active conditions on the dawn-side.

[37] Figure 3 shows a comparison of the average intensity
of lower band chorus observed within +9° of the magnetic
equator during active conditions measured by each of the

satellites as a function of MLT for a selection of L* values
for, from bottom to top, L* = 5.5 £ 0.3, 6.5 + 0.3 and
7.5 £ 0.3 respectively. In each case the data have been
smoothed by performing a running mean over 3 hours of
MLT. At L* = 7.5 (Figure 3, top) there is generally good
agreement, largely to within a factor of 3 or so, between the
THEMIS and Double Star TC1 data despite the average
intensities varying by almost two orders of magnitude with
MLT. Moving in, at L* = 6.5 (Figure 3, middle) there is
again good agreement, largely to within a factor of 3 or so
between the THEMIS and Double Star TC1 data between
0200 and 0800 MLT. The two Cluster 1 measurements also
show good agreement with the THEMIS and Double Star
TC1 data at 0500 and 0600 MLT. From 1000 to 1300 MLT
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Figure 3. Average lower band chorus intensities within £9° of the magnetic equator from each of the
five spacecraft as a function of MLT at, from bottom to top, L* = 5.5, 6.5 and 7.5, respectively.

THEMIS measures consistently higher average intensities
than Double Star TC1. At L* = 5.5 (Figure 3, bottom) there
is more scatter but generally good agreement between the
CRRES, THEMIS and Double Star TC1 values between
0200 and 1700 MLT. From 1900 to 2200 MLT CRRES
generally measures larger intensities than THEMIS.

7. Global Morphology of Lower and Upper Band
Chorus

7.1. MLT Distribution

7.1.1. Equatorial Region (|\,,| < 15°)

[38] The average equatorial (|\,,| < 15°) lower band chorus
intensities are shown as a function of L*, MLT and geo-
magnetic activity in Figure 4 (bottom). The average inten-
sities are shown in the large panels and the corresponding
sampling distributions are shown in the small panels. The
results are shown for, from left to right quiet, moderate and
active conditions. During quiet conditions the lower band
chorus intensities are generally weak and less than 100 pT?
inside L* = 6. Further out the intensities remain weak and
below 100 pT? in the region from 1600 to 0400 MLT.

However, larger intensities in the range of several hundred to
1000 pT? are observed in the region 7 < L* < 9 from 0400
to 1600 MLT even though the AE index is below 100 nT.
The average lower band chorus intensities increase during
moderate conditions with the largest intensities, of the order
1000 pT?, being seen primarily in the region 6 < L* <9 in the
pre-noon sector from 0500 to 1100 MLT. The lower band
chorus is strongest and covers the largest region of geospace
during active conditions, with peak intensities of the order
2000 pT? predominantly in the region 4 < L* <9 from 2300
to 1200 MLT.

[39] The average equatorial upper band chorus intensities
are shown as a function of L*, MLT and geomagnetic activity
in Figure 4 (top). The equatorial upper band chorus is gen-
erally weaker and less extensive than the corresponding
lower band chorus. During quiet conditions weak intensities
in the range 10—40 pT? are seen in the region 5 < L* <7 from
0100 to 1500 MLT. Elsewhere, the intensities fall below
10 pT? Larger intensities, up to about 100 pT? are seen
during moderate conditions in the region 4 < L* < 7 from
2300 to 0100 MLT. During active conditions intensities
can exceed 100 pT? in the region 3 < L* < 7 from 2300 to
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Figure 4. Combined satellite model of the equatorial wave intensity for (top) upper band chorus and
(bottom) lower band chorus as a function of L*, MLT and geomagnetic activity. The average intensities
are shown in the large panels and the corresponding sampling distributions in the small panels.

1100 MLT, but are largest, up to several hundred pT? from
4 < L* <6 from 0000 to 0600 MLT.

[40] These results confirm that lower and upper band
chorus are largely substorm dependent with the largest
intensities being seen during active conditions. The local
time dependence of these intensity enhancements is gener-
ally consistent with electron injection from substorms near
midnight and subsequent drift around dawn to the dayside.
7.1.2. Midlatitude Region (15° <|\,,| <30°)

[41] The average midlatitude (15° < |A,| < 30°) lower
band chorus intensities are shown as a function of L*, MLT
and geomagnetic activity in Figure 5 (bottom). The midlat-
itude lower band chorus is also largely substorm-dependent
with peak intensities of the order of 2000 pT? during active
conditions. However, the spatial dependence is different
from the equatorial lower band chorus with the largest
intensities being restricted to the region 4 < L* <9, primarily
from 0700 to 1400 MLT.

[42] The average midlatitude upper band chorus intensities
are shown in the same format in Figure 5 (top). In sharp
contrast, midlatitude upper band chorus is extremely weak,
even during active conditions, with intensities typically less
than 1 pT2.

7.2. Latitudinal Distribution

7.2.1. Evening to Dawn Sector (2100-0600 MLT)

[43] The average lower and upper band chorus wave
intensities for the evening to dawn sector (2100-0600 MLT)
are shown as a function of the radial distance from the center
of the Earth projected onto the plane of the magnetic equa-
tor, », Solar Magnetospheric (SM) z and geomagnetic
activity in Figure 6. Dipole field lines and lines of constant
magnetic latitude are included to help visualize the behavior

of the wave intensities as a function of L* and ),,,. As before
the average intensities are plotted in the large panels and the
corresponding sampling distributions in the small panels.
Upper band chorus (Figure 6, top) occurs predominantly in
the region 3 < L* <7 and is tightly confined to the equatorial
plane, lying largely within 6° of the magnetic equator. Lower
band chorus covers a larger region of geospace, extending
from 4 < L* < 10. The largest lower band chorus intensities in
this region are seen during active conditions and are confined
to within about 12° of the magnetic equator.

7.2.2. Dawn to Afternoon Sector (0600-1500 MLT)

[44] The average lower and upper band chorus wave inten-
sities for the dawn to afternoon sector (0600-1500 MLT) are
shown in Figure 7. The upper band chorus remains confined
within 6° of the magnetic equator. In contrast, the lower band
chorus is substorm dependent and extends to higher latitudes,
up to about 30° in this sector. Beyond 30° there is little lower
band chorus wave power.

8. Discussion

[45] Our global statistical model of whistler mode chorus
combines information from five satellites, extending the
coverage and improving the statistics of existing models. An
important difference between this model and preceding
models based on CRRES data [Meredith et al., 2001, 2003 ]
is the use of L* rather than Mcllwain L so that the wave
models can be directly incorporated into radiation belt
models. From the plasmapause out to L* = 10 the chorus
emissions are found to be largely substorm dependent with
the largest intensities being seen during active conditions.
The global morphology of the chorus emissions is broadly
consistent with previous observations of chorus occurrence
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Figure 5. Combined satellite model of the midlatitude wave intensity for (top) upper band chorus and
(bottom) lower band chorus as a function of L*, MLT and geomagnetic activity. The average intensities
are shown in the large panels and the corresponding sampling distributions in the small panels.
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Figure 6. Combined satellite model of the distribution of the wave intensity for (top) upper band chorus
and (bottom) lower band chorus as a function of radial distance from the center of the Earth projected onto
the plane of the magnetic equator, », and SM z and geomagnetic activity for the 2100-0600 MLT sector.
The average intensities are shown in the large panels and the corresponding sampling distributions in the
small panels.
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Figure 7. Combined satellite model of the distribution of the wave intensity for (top) upper band chorus
and (bottom) lower band chorus as a function of radial distance from the center of the Earth projected
onto the plane of the magnetic equator, », SM z and geomagnetic activity for the 0600—1500 MLT sector.
The average intensities are shown in the large panels and the corresponding sampling distributions in the

small panels.

statistics with equatorial emissions being observed primarily
on the dawn-side [Tsurutani and Smith, 1977; Koons and
Roeder, 1990] while emissions at higher latitudes are
largely confined to the dayside [Tsurutani and Smith, 1977].

[46] The global model of lower band chorus magnetic
field intensities that has been used in several recent radiation
belt models [Varotsou et al., 2005, 2008; Fok et al., 2008;
Albert et al., 2009] was derived from CRRES electric field
data using the cold plasma dispersion relation and assuming
parallel propagation. Observations suggest that this may be a
reasonable assumption since the wave normal angles of
lower band chorus in the equatorial region are predomi-
nantly small and less than 20° [Li et al., 2011]. Indeed,
comparison of the equatorial lower band chorus intensities in
the region of overlap with Double Star TC1 and THEMIS
show good general agreement with intensities of the order of
2000 pT? during active conditions in the region 4 < L* < 6
from 2300 to 0800 MLT.

[47] During active conditions enhanced lower band chorus
is observed primarily on the dawnside from the plasmapause
out to L* =9. Lower band chorus can thus cause acceleration
and loss of electrons over a wide range of geospace. Current
radiation belt models driven by chorus wave data from
CRRES extend out to geosynchronous orbit in the magnetic
equatorial plane which roughly corresponds to L* = 6. The
next generation of radiation belt models should include the
effects of lower band chorus at larger values of L* out to

the outer boundary of the model. Nevertheless, the most
favorable conditions for acceleration to relativistic energies
are likely to remain near the plasmapause where f,./f. is
low [Li et al., 2010b].

[48] On the nightside lower band chorus is confined to
magnetic latitudes less than 15° due to strong Landau
damping by suprathermal electrons [Bortnik et al., 2007].
On the dayside the flux of suprathermal electrons is much
weaker [Meredith et al., 2004; Li et al., 2010a] and lower
band chorus is observed at higher latitudes, up to +30°.
Chorus wave power is observed at even higher latitudes on
the dayside [e.g., Bunch et al., 2011, 2012] but, at these
higher latitudes, the frequency of the waves typically falls
below 0.1 times the local gyrofrequency and is consequently
outside the range of lower band chorus as defined in this
paper. In contrast, upper band chorus is largely confined to
within about 6° of the magnetic equator at all local times due
to stronger Landau damping at higher frequencies [Bortnik
et al., 2007].

[49] Upper band and lower band chorus both contribute to
the diffuse aurora, with upper band and lower band chorus
typically interacting with electrons with energies less than
and greater than a few keV respectively [e.g. Thorne et al.,
2010]. Our results show that there is little or no upper
band chorus wave activity beyond L* = 7, consistent with
previous studies [Santolik et al., 2005; Li et al., 2011]. At
higher values of L* upper band chorus cannot be responsible
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for the diffuse auroral electron precipitation at energies less
than a few keV. Electron cyclotron harmonic(ECH) waves,
which can also resonate with electrons with energies less
than a few keV, extend beyond L* = 7 out to 10-12 R
[Roeder and Koons, 1989; Ni et al., 2011b]. ECH waves,
which do not play a significant role in the formation of the
diffuse aurora at low L* [Thorne et al., 2010], may thus
ultimately play an important role at higher values of L*.
Indeed, a recent case study involving conjugate ground and
space measurements suggests that ECH waves can be the
dominant driver of the diffuse aurora in the outer magneto-
sphere [Liang et al., 2011; Ni et al., 2012].

[s0] This study does not take into account the very large
amplitude (E,, > 100 mV/m) whistler mode chorus waves
which have been observed recently by several spacecraft
[e.g., Cattell et al., 2008; Cully et al., 2008b]. These waves
typically last for a few tenths of a second and do not appear
as very large amplitudes in the time averages of the wave
data used in this study. These very large amplitude waves
lead to pronounced non-linear effects and, as such, may also
be very effective for acceleration [e.g., Omura et al., 2007,
Cattell et al., 2008; Bortnik et al., 2008b; Tao et al., 2012]
and loss [Kersten et al., 2011] of relativistic electrons,
depending on how often they occur. The relative roles of
non-linear versus quasi-linear interactions with whistler
mode chorus remain an important and challenging question
in radiation belt physics, and one that will be addressed by
ongoing studies and future missions such as the US Radia-
tion Belt Storm Probes and the Japanese ERG satellite.

9. Conclusions

[51] We have developed a new global model of whistler
mode chorus using data from five satellites to extend the
coverage and improve the statistics of existing models
developed from single satellites. Our main conclusions are
as follows.

[52] 1. From the plasmapause out to L* = 10 the chorus
emissions are found to be largely substorm dependent with
the largest intensities being seen during active conditions.

[53] 2. Equatorial lower band chorus is strongest durin%
active conditions with peak intensities of the order 2000 pT
in the region 4 < L* <9 between 2300 and 1200 MLT.

[s4] 3. Equatorial upper band chorus is both weaker and
less extensive with peak intensities of the order a few hun-
dred pT? between 2300 and 1100 MLT but only extending
from L* =3 to L* =7.

[55] 4. Midlatitude lower band chorus is strongest in the
lower band during active conditions with peak intensities of
the order 2000 pT? in the region 4 < L* < 9 but only on the
dayside between 0700 and 1400 MLT.

[s6] 5. Midlatitude upper band chorus is extremely weak,
even2 during active conditions, with intensities less than
1 pT-.

[57] Our model of whistler mode chorus will be used to
compute pitch angle and energy diffusion coefficients from
the plasmapause out to L* = 10. The new diffusion coeffi-
cients will be incorporated into the BAS and ONERA global
radiation belt models to improve the modeling and fore-
casting of the radiation belt environment.
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