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Abstract We extend our database of whistler mode chorus, based on data from seven satellites, by
including ∼3 years of data from Radiation Belt Storm Probes (RBSP)-A and RBSP-B and an additional
∼6 years of data from Time History of Events and Macroscale Interactions during Substorms (THEMIS)-A,
THEMIS-D, and THEMIS-E. The new database allows us to probe the near-equatorial region in detail,
revealing new features. In the equatorial source region, |𝜆m| < 6◦, strong wave power is most extensive in
the 0.1–0.4fce bands in the region 21–11 magnetic local time (MLT) from the plasmapause out to L∗ = 8 and
beyond, especially near dawn. At higher frequencies, in the 0.4–0.6fce frequency bands, strong wave power
is more tightly confined, typically being restricted to the postmidnight sector in the region 4< L∗

<6. The
global distribution of strong chorus wave power changes dramatically with increasing magnetic latitude,
with strong chorus waves in the region 12< |𝜆m| < 18◦ predominantly observed at frequencies below 0.3fce
in the prenoon sector, in the region 5< L∗

<8.

1. Introduction
Chorus emissions are intense, naturally occurring, right-hand polarized, electromagnetic waves that prop-
agate in the whistler mode. They typically occur in short, ∼0.1 s, relatively coherent and repetitive bursts,
with rising or, less often, falling tones, at frequencies below the local electron gyrofrequency, fce (e.g., Li
et al., 2012; Santolík et al., 2004). The waves are generated outside the plasmapause near the geomagnetic
equator (Lauben et al., 2002; LeDocq et al., 1998) by anisotropic distributions of energetic electrons with
energies in the range of approximately keV to ∼100 keV (e.g., Li et al., 2010; Omura et al., 2008) injected into
the inner magnetosphere during storms and substorms. Consequently, chorus is observed largely outside
the plasmapause and is substorm dependent with the largest intensities being seen during active conditions
(Agapitov et al., 2018; Li et al., 2009; Meredith et al., 2001; Miyoshi et al., 2013). The waves often have a power
gap at 0.5fce, which separates the emissions into so called lower-band (0.1fce < f < 0.5fce) and upper-band
(0.5fce < f < fce) chorus (Koons & Roeder, 1990; Tsurutani & Smith, 1977). The cause of the gap remains an
open question in magnetospheric physics and is particularly challenging since the gap is not an omnipresent
feature (Teng et al., 2019) and, when present, varies in central frequency and bandwidth (Gao et al., 2019).

Chorus is an important magnetospheric emission due to its fundamental roles in radiation belt dynamics
and in the production of the diffuse and pulsating aurora. For example, chorus is largely responsible for
the acceleration of electrons to relativistic energies in the Earth's outer radiation belt that typically occurs
during the recovery phase of geoeffective storms (e.g., Horne et al., 2005; Thorne, 2013; Tu et al., 2014).
In contrast, storm time chorus at high latitudes causes microburst precipitation and may lead to losses of
radiation belt electrons on the time scale of the order of a day (Lorentzen et al., 2001; Miyoshi et al., 2015;
Thorne et al., 2005). Chorus has also been proposed as a source of plasmaspheric hiss (Bortnik et al., 2008;
Bortnik et al., 2009), which is itself responsible for the formation of the slot region between the inner and
outer radiation belt (Lyons & Thorne, 1973; Meredith et al., 2007, 2009), but its overall contribution to the
observed magnetic local time (MLT) distribution of plasmaspheric hiss wave power is still a topic of debate
(Hartley et al., 2019). At lower electron energies, pitch angle scattering by whistler mode chorus is largely
responsible for both the diffuse aurora (Thorne et al., 2010) and the pulsating aurora (Nishimura et al., 2010).

Accurate models of whistler mode chorus are essential for radiation belt models. In this study we extend our
existing database of whistler mode chorus (Meredith et al., 2012) by including ∼3 years of data from Van
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Allen Probes, Radiation Belt Storm Probes (RBSP)-A and RBSP-B, and an additional ∼6 years of data from
each of Time History of Events and Macroscale Interactions during Substorms (THEMIS)-A, THEMIS-D,
and THEMIS-E spacecraft, greatly improving the statistics and coverage in the near-equatorial region
(|𝜆m| < 18◦). The improved statistics allows us to study the global distribution of the emissions at a higher
spatial resolution and to clearly separate generation from propagation effects in the global distribution of the
chorus waves as a function of position and normalized frequency. The satellites, associated instrumentation,
and data analysis techniques used to develop the model are briefly described in section 2. The global mor-
phology of chorus as a function of spatial location and normalized frequency is then presented in section 3.
Finally, the results are discussed and the conclusions are presented in sections 4 and 5, respectively.

2. Instrumentation and Data Analysis
To construct a comprehensive database of near-equatorial chorus in the inner magnetosphere, we combined
data from seven satellites. We used 2.8 years of data from Dynamics Explorer 1, 1 year of data from Double
Star TC1, 7.8 years of data from THEMIS-A, THEMIS-D, and THEMIS-E, and 2.8 years of data from RBSP-A
and RBSP-B. Compared to the original database (Meredith et al., 2012), we exclude the wave measurements
from CRRES and Cluster 1 so that we do not require a potentially inaccurate conversion from wave elec-
tric to magnetic field and also omit any electrostatic wave power in the chorus band. Details of the methods
used to analyze the wave data from DE1, Double Star TC1, and THEMIS-A, THEMIS-D, and THEMIS-E are
given in Meredith et al. (2012), and those used to analyze the RBSP-A and RBSP-B wave data are given in Li
et al. (2015). Chorus waves can overlap in frequency with plasmaspheric emissions such as plasmaspheric
hiss and lightning generated whistlers. We excluded these latter emissions from our study by adopting geo-
magnetic activity dependent templates to separate chorus from plasmaspheric emissions as described in
Meredith et al. (2018).

We binned the chorus wave power from each satellite in nine normalized frequency bands between 0.1fce
and 0.9fce as a function of L∗, MLT, magnetic latitude (𝜆m), and geomagnetic activity as monitored by the
AE index as detailed in Table 2 in Meredith et al. (2012). For the database L∗ and MLT were computed using
the Olson-Pfitzer quiet time model (Olson & Pfitzer, 1977) and the International Geomagnetic Reference
Field (IGRF) at the middle of the appropriate year. Since the software is designed for particles and we are
using it for waves, we assume a local pitch angle of 90◦ in the calculation of L∗. We then combined the data
from each of the satellites, weighting the data from each individual satellite by the corresponding number
of samples, to produce a combined wave database as a function of normalized frequency, L∗, MLT, 𝜆m, and
geomagnetic activity.

Addition of the new wave data significantly improves the statistics and coverage in the near-equatorial
region. For example, the average number of samples of lower-band chorus per L∗, MLT bin in the region
|𝜆m| < 15◦ for 5 < L∗

< 10 during active conditions, 300 < AE < 1,000 nT, with and without the new wave
data is 9,847 and 94, respectively, increasing the average number of samples in each L∗, MLT bin by a factor
of greater than 100. The improved database enables us to examine the global distribution of the wave power
in the near-equatorial region at a latitudinal resolution of 6◦, compared with 10◦ in Li et al. (2009) and 15◦

in Meredith et al. (2012), revealing new features.

3. Global Morphology
3.1. Global Distribution of Lower and Upper-Band Chorus in the Equatorial Region

Figure 1 presents the global distribution of the average wave intensity of lower-band chorus (bottom panels)
and upper-band chorus (top panels) in the equatorial region (|𝜆m| < 6◦) as a function of L∗ and MLT, for, from
left to right, increasing geomagnetic activity as monitored by the AE index. Each plot extends linearly out to
L∗ = 10 with noon at the top and dawn to the right. The average intensities are shown in the large panels, and
the corresponding sampling distributions in the small panels. Both the lower- and upper-band chorus are
substorm dependent, with the strongest wave power being observed during active conditions, as found in
previous studies. The region of strong lower-band chorus wave power extends from about 21 MLT through
dawn to noon. The lower-band chorus is most extensive in L∗ around dawn, ranging from L∗ = 4 to 10. The
upper-band chorus is also substorm dependent but much weaker. The upper-band chorus power is strongest
during active conditions over a similar range of local times but is not as extensive as the lower-band chorus,
tending to be confined to the region 4 < L∗

< 7. However, the frequency bands of lower- and upper-band

MEREDITH ET AL. GLOBAL MODEL OF WHISTLER MODE CHORUS 2 of 10



Geophysical Research Letters 10.1029/2020GL087311

Figure 1. Global maps of the average wave intensity of lower- and upper-band chorus in the equatorial region, |𝜆m| < 6◦, as a function of L∗ and MLT for three
geomagnetic activity levels as monitored by the AE index. The maps extend linearly out to L∗ = 10 with noon at the top and dawn to the right. The average
intensities are shown in the large panels, and the corresponding sampling distributions in the small panels.

chorus are quite broad, masking any frequency dependence within each respective band. In the next section
we investigate the spatial and frequency dependence of the chorus waves in detail.

3.2. MLT Distribution

To investigate the spatial and frequency dependence of lower-band chorus we plot the average wave intensity
during active conditions, when the strongest waves are observed, as a function of L∗ and MLT in Figure 2,
for, from bottom to top, increasing frequency and, from left to right, increasing magnetic latitude. Strong
waves, which we define as those with intensities greater than 500 pT2, are observed in the equatorial region,
|𝜆m| < 6◦, in each of the four normalized frequency bands (left panels). However, the spatial extent of the
strong waves is frequency dependent. Strong waves cover the largest region of geospace in the 0.2–0.3fce
band (Figure 2g). Here they are observed predominantly in the region 21 MLT through dawn to 11 MLT.
The radial extent of the strongest waves is MLT dependent, being typically observed in the range 4.5 < L∗

<

8 near midnight, 5 < L∗
< 10 near dawn and 6 < L∗

< 9 near 09 MLT. The spatial extent of the strong waves
is not quite as large in the 0.1–0.2fce (Figure 2j) and 0.3–0.4fce (Figure 2d) bands compared to the 0.2–0.3fce
band (Figure 2g). However, in the highest frequency band, 0.4–0.5fce, the region of strong wave power is
much reduced, typically being confined to the postmidnight sector for 4 < L∗

< 6 (Figure 2a).

The spatial distribution of the wave power changes dramatically with increasing magnetic latitude. Mov-
ing away from the equator, in the region 6 < |𝜆m| < 12◦, strong waves are observed in the frequency bands
between 0.1 and 0.4fce. Strong waves in this region cover the largest region of geospace in the 0.2–0.3fce band.
On the dayside the spatial extent of the strong waves (Figure 2h) is similar to that observed in the equa-
torial region (Figure 2g). However, on the nightside the spatial extent of the strong waves is much smaller
(Figure 2h), typically being confined to the region 4 < L∗

< 6 in the postmidnight sector. In particular,
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Figure 2. (a–l) Global maps of the average wave intensity of lower-band chorus during active conditions (300 < AE <

1,000 nT) as a function of L∗ and MLT for, from bottom to top, increasing frequency and, from left to right, increasing
magnetic latitude. The maps extend linearly out to L∗ = 10 with noon at the top and dawn to the right. The average
intensities are shown in the large panels and the corresponding sampling distributions in the small panels.
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Figure 3. (a–l) Global maps of the average wave intensity of upper-band chorus during active conditions (300 < AE <

1,000 nT) as a function of L∗ and MLT for, from bottom to top, increasing frequency and, from left to right, increasing
magnetic latitude. The maps extend linearly out to L∗ = 10 with noon at the top and dawn to the right. The average
intensities are shown in the large panels, and the corresponding sampling distributions in the small panels.
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Figure 4. (a–p) Global maps of the average wave intensity of lower-band chorus during active conditions (300 < AE < 1,000 nT) in the meridional plane for,
from bottom to top, increasing frequency and, from left to right, increasing MLT. The average intensities are shown in the large panels, and the corresponding
sampling distributions in the small panels.

in contrast to the strong equatorial waves, they do not extend into the premidninght sector and they do
not extend beyond L∗ = 6 in the postmidnight sector. Strong wave power in this region is also seen in the
0.1–0.2fce (Figure 2k) and 0.3–0.4fce (Figure 2e) bands, but it is less extensive, as in the equatorial region. In
contrast to the equatorial region, strong waves are not observed in the 0.4–0.5fce band (Figure 2b).

Moving further from the equator, in the region 12 < |𝜆m| < 18◦, strong waves are restricted to the frequency
bands between 0.1 and 0.3fce. Strong waves in this region cover the largest region of geospace in the 0.1–0.2fce
band. On the dayside strong waves are observed from 06–13 MLT, predominantly in the region 5 < L∗

<

7 (Figure 2l). However, strong waves are largely absent on the nightside. Strong wave power in this region
is seen in the 0.2–0.3fce band (Figure 2i), but it is less extensive. In contrast to the equatorial region, strong
waves are not observed in the either the 0.3–0.4fce or the 0.4–0.5fce bands (Figures 2f and 2c, respectively).

To investigate the spatial and frequency dependence of upper-band chorus, we plot the average wave inten-
sity during active conditions as a function of L∗ and MLT in Figure 3 for, from bottom to top, increasing
frequency and, from left to right, increasing magnetic latitude. Here the power is strongest in the 0.5–0.6fce
band in the region 4 < L∗

< 5.5 closest to the equator (Figure 3j). The upper-band chorus does not extend
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significantly to higher latitudes and is entirely absent in the region 12 < |𝜆m| < 18◦. Furthermore, the
upper-band chorus is more tightly confined in L∗ with little wave power being observed beyond L∗ = 7.

3.3. Latitudinal Distribution

To investigate the latitudinal distribution of lower-band chorus in more detail, we plot the average wave
intensities in the meridional plane in Figure 4 for, from bottom to top, increasing frequency and, from left to
right, increasing MLT. 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 |𝜆m|. The average intensities are shown in the
large panels, and the corresponding sampling distributions in the small panels. We include the wave data
beyond 𝜆m = 18◦ for illustrative purposes, but note that the coverage is much reduced at the higher latitudes.
On the nightside the strongest wave power tends to be confined to within 6◦ of the geomagnetic equator, with
the exception of the region 4 < L∗

< 6 where the stronger wave power can extend to higher latitudes, around
12◦, in the postmidnight sector (Figures 4e, 4i, and 4m). The strongest waves extend to higher latitudes in
the prenoon sector, where large intensities are observed up to 18◦ in the region 5 < L∗

< 8 (Figure 4n). The
maximum radial extent of the strongest waves decreases with increasing frequency typically ranging from
L∗ = 10 in the 0.1–0.2 (Figures 4m and 4n) and 0.2–0.3fce bands (Figures 4i and 4j), L∗ = 8 in the 0.3–0.4fce
band (Figures 4e and 4f), and L∗ = 6 in the 0.4–0.5fce band (Figure 4a).

4. Discussion
The chorus source region is located close to the geomagnetic equatorial plane (LeDocq et al., 1998; Santolík
& Gurnett, 2003; Santolík et al., 2005). For example, Lauben et al. (2002) found that the source region is
typically located within about 5◦ of the magnetic equatorial plane. The global distribution of chorus in the
equatorial region, |𝜆m| < 6◦, thus corresponds to the distribution of the waves in the source region. This
is where the waves are generated and analysis of these global maps essentially reveals where the chorus is
generated as a function of L∗, MLT and normalized frequency.

Our results show that the global distribution of the chorus wave power in the equatorial source region
depends strongly on normalized frequency. Since chorus is generated by anisotropic electron distributions,
the observed distribution of the chorus wave power in this region is likely to be strongly related to the dis-
tributions and anisotropies of the resonant electrons. If we assume that the ratio of the electron plasma
frequency to the electron gyrofrequency, fpe/fce, is 4 in the trough region outside of the plasmapause (see,
e.g., Lam et al., 2010), then the electron minimum resonant energies for interaction with parallel propagat-
ing whistler mode waves will typically be in the range of 10–40 keV for waves with frequencies between
0.2 and 0.4fce, 4–8 keV in the 0.4–0.5fce band, and 2–4 keV in the 0.5–0.6fce band. Large fluxes of 10–30 keV
electrons combined with large anisotropies are typically observed inside L = 8 near midnight and extend
out to larger L values in the prenoon sector (Li et al., 2010), broadly consistent with the region of enhanced
chorus wave power in the 0.2–0.4fce frequency bands. At lower energies (2–10 keV) the flux decreases from
midnight through dawn to noon (Li et al., 2010), confining the strong waves in the 0.4–0.5 and 0.5–0.6 fce
bands to postmidnight sector. Here the electron anisotropies maximize inside L = 6.5 (Li et al., 2010) and
are broadly consistent with the region of enhanced wave power at frequencies between 0.4 and 0.6fce.

We note that the original wave data that is used to determine the average power in the 0.4–0.5 and 0.5–0.6fce
frequency bands may contain a minimum in the wave power spectral density associated with the well-known
gap that can separate lower-band from upper-band chorus (Koons & Roeder, 1990; Tsurutani & Smith, 1977).
However, the gap near 0.5fce is not an omnipresent feature and, when present, varies in central frequency
and bandwidth. Teng et al. (2019) studied over 22,000 whistler mode wave events using Van Allen Probes
data and found that∼53% were lower-band chorus only,∼8% were upper-band chorus only,∼6% had no gap,
and ∼17% had a gap. Furthermore, from a statistical study of 7 years of waveform data from the three inner
THEMIS probes, Gao et al. (2019) showed that, for times when chorus was present in both the lower and
upper bands, about two thirds of the events had a power gap, while a third of the events had no significant
power gap. For the events with power gaps, the central frequency of the power gap had a broad distribution
ranging from 0.36 to 0.7fce, peaking at ∼0.49fce. The frequency bandwidth of the power gap also covered a
wide frequency range (from 0 to 0.3fce), peaking at the frequency of ∼0.07fce. In our study the two frequency
bands on either side of 0.5fce are most likely to be affected by the power gap minimum. However, these bands
may still both contain significant power due to the fact that the gap is not an omnipresent feature and, when
present, due to the variability of the gap position and width.
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Moving away from the equatorial source region the global distribution of chorus wave power during active
conditions changes dramatically as a function of normalized frequency, L∗ and MLT. On the nightside strong
chorus waves are tightly confined to the near-equatorial region, being largely restricted to latitudes below
6◦. The exception is in the postmidnight sector at low L∗ (L∗

< 6) where strong waves below 0.4fce are
also observed at higher latitudes, up to ∼12◦. In contrast, on the dayside strong lower-band chorus is also
observed at higher latitudes, principally in the prenoon sector. Here, there is a clear frequency dependence
with strong chorus power observed at frequencies below 0.3fce but not above. We suggest that the behavior of
the chorus wave power outside of the generation region is dominated by Landau damping by suprathermal
electrons which is known to be more efficient at higher frequencies and larger values of L∗ and less efficient
in the prenoon sector (Bortnik et al., 2007).

The chorus wave power is generally strongest at the equator. However, the prenoon sector at low L∗

(4< L∗
<5) is a notable exception. Here the wave power increases with increasing latitude. This is most

likely due to a reduction in the flux of source electrons in this region (Bortnik et al., 2007; Meredith et al.,
2011) and relatively low inhomogeneity in the ambient magnetic field, meaning that chorus waves have to
travel further along the field line to achieve the threshold level required for nonlinear growth (Bortnik et al.,
2007). They are able to do this in the prenoon sector due to the reduction in Landau damping and reduced
inhomogeneity (Zhou et al., 2015) as the waves move away from the equatorial region (Bortnik et al., 2007).

Lam et al. (2010) showed that, inside L= 7, the global distribution of the precipitating flux of E > 30 keV elec-
trons is well correlated with the global distribution of lower-band chorus waves as observed by the CRRES
satellite. The global model presented here extends the coverage to L∗ = 10. During active periods follow-
ing the passage of a high speed solar wind stream, large fluxes of precipitating E > 30 keV electrons are
observed from 21 through dawn to 11 MLT, with confinement to lower L shells on the nightside and extend-
ing to higher L shells on the dayside (Meredith et al., 2011). This is similar to the spatial extent of the strong
wave power observed in the equatorial region in the 0.2–0.3fce frequency band, suggesting that these waves
are responsible for the precipitation beyond L = 7.

We now have excellent coverage of whistler mode chorus in the 0.1–1.0fce range in the near-equatorial region
(|𝜆m| < 18◦). However, the coverage is much less extensive at higher latitudes and lower relative frequen-
cies. Results suggest that lower-band chorus can be strong on the dayside in the region 15 < |𝜆m| < 30◦

(Meredith et al., 2012) and that low frequency chorus, flhr < f < 0.1fce, where flhr is the lower hybrid reso-
nance frequency, can be strong on the dayside in the midlatitude region, 15 < |𝜆m| < 45◦ (Meredith et al.,
2014). In pursuit of a complete and fully global set of observations of chorus in the Earth's inner magneto-
sphere, we require more information at frequencies in the range flhr < f < 0.1fce and more data from the
midlatitude region, specifically 18 < |𝜆m| < 45◦.

5. Conclusions
We have extended our database of whistler mode chorus by including ∼3 years of plasma wave data from
RBSP-A and RBSP-B and an additional ∼6 years of data from THEMIS-A, THEMIS-D, and THEMIS-E. Our
main conclusions are as follows:

(1) The global distribution of strong chorus waves as a function of L∗ and MLT, during active conditions,
changes dramatically as a function of both normalized frequency and magnetic latitude.

(2) Close to the equator (|𝜆m| < 6◦) the global distribution of strong chorus waves during active conditions
essentially reveals the chorus source region as a function of L∗, MLT, and normalized frequency. Here
strong wave power is most extensive in the 0.1–0.4 fce bands in the region 21–11 MLT from the plasma-
pause out to L∗ = 8 and beyond, especially near dawn. At higher frequencies, in the 0.4–0.6fce frequency
bands, strong wave power is more tightly confined, typically being restricted to the postmidnight sector
in the region 4 < L∗

< 6.
(3) The global distribution of strong chorus wave power evolves systematically with increasing magnetic

latitude, reflecting propagation effects and broadly consistent with Landau damping by suprathermal
electrons. In the region 12 < |𝜆m| < 18◦ strong waves are largely restricted to the 0.1–0.3 fce bands in
the prenoon sector, where they typically extend from 5 < L∗

< 8.

The new global model of whistler mode chorus has greatly improved the coverage and statistics of our exist-
ing model in the near-equatorial region. The new model will be incorporated into the British Antarctic
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Survey (BAS) radiation belt model (e.g., Glauert et al., 2014) leading to more accurate space weather models
and forecasts. The new model will also enable more accurate testing of current theories on the generation
and propagation of whistler mode chorus in the near-equatorial region of the inner magnetosphere.

Data Availability Statement
The results and data shown in this paper can be downloaded from the U.K. Polar Data Centre (https://data.
bas.ac.uk and https://doi.org/10.5285/2b0afaea-6931-4a7a-b72f-23feeed2d22a).
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