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Abstract The duration of chorus elements is an important parameter to understand chorus excitation
and to quantify the eﬀects of nonlinear wave-particle interactions on energetic electron dynamics. In this
work, we analyze the duration of rising tone chorus elements statistically using Van Allen Probes data.
We present the distribution of chorus element duration (𝜏 ) as a function of magnetic local time (MLT) and
the geomagnetic activity level characterized by auroral electrojet (AE ) index. We show that the typical
value of 𝜏 for nightside and dawnside is about 0.12 s, smaller than that for dayside and duskside by about
a factor of 2 to 4. Using a previously developed hybrid code, DAWN, we suggest that the background
magnetic ﬁeld inhomogeneity might be an important factor in controlling the chorus element duration. We
also report that 𝜏 is larger during quiet times and shorter during moderate and active periods; this result is
consistent with the MLT dependence of 𝜏 and the occurrence pattern of chorus waves at diﬀerent levels of
geomagnetic activity. We then investigate the correlation between 𝜏 and the frequency chirping rate (Γ). We
show that, from observation, 𝜏 scales with Γ as 𝜏 ∝ Γ−1.1 , suggesting that statistically the frequency range of
chorus elements (𝜏Γ) should be roughly the same for diﬀerent elements. These ﬁndings should be useful to
the further development of a theoretical model of chorus excitation and to the quantiﬁcation of nonlinear
wave-particle interactions on energetic electron dynamics.

1. Introduction
Whistler mode chorus emissions are commonly observed electromagnetic plasma waves in the inner magnetosphere of Earth. Chorus consists of quasi-coherent discrete wave elements with frequency chirping (Burtis
& Helliwell, 1975; Tsurutani & Smith, 1974). A power minimum around 0.5Ωe0 is also frequently observed,
forming lower and upper band chorus (Burtis & Helliwell, 1976; Tsurutani & Smith, 1974). Here Ωe0 is the
electron cyclotron angular frequency at equator. These waves can eﬀectively accelerate a few hundred keV
electrons to MeV energies in the outer radiation belt (Horne et al., 2005; Reeves et al., 2013; Thorne et al.,
2013) and cause precipitation of electrons from a few hundred eV to MeV energy range into the atmosphere, forming MeV electron microburst (Lorentzen et al., 2001; Kersten et al., 2011), diﬀuse aurora (Thorne
et al., 2010), pulsating aurora (Nishimura et al., 2010), and pancake distributions (Meredith et al., 1999; Tao
et al., 2011).
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Previous research about chorus waves have mainly focused on two aspects. One is about the nature of
wave-particle interactions between energetic electrons and chorus. Quasi-linear theory is typically used to
model the global eﬀects of these interactions. This approach, however, has been questioned because chorus
elements are narrowband and quasi-coherent (Albert et al., 2012; Artemyev et al., 2012; Bell, 1984; Bortnik
et al., 2008; Inan et al., 1978; Kellogg et al., 2010; Omura et al., 2007; Tao & Bortnik, 2010; Tao, Bortnik, Thorne,
Albert, et al., 2012; Tao, Bortnik, et al., 2014), while in quasi-linear theory waves are assumed to be broadband
so that particles move stochastically in phase space (Kennel & Engelmann, 1966). A coherent or quasi-coherent
large-amplitude chorus element (Cattell et al., 2008; Wilson III et al., 2011) might lead to phase trapping or
phase bunching of electrons, which cannot be described by quasi-linear theory. The other aspect of research
about chorus focuses on its generation mechanism. Although it is widely accepted that this process is nonlinear (Helliwell, 1967; Nunn, 1971; Omura et al., 2008; Soto-Chavez et al., 2014; Tao et al., 2017a, 2017b;
Trakhtengerts, 1995; Vomvoridis et al., 1982), more research is needed to develop a self-consistent theory
about chorus excitation.
1
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Relevant to both aspects of research are the detailed properties of chorus elements; for example, their amplitude, frequency chirping rate, the duration, and the period of repetition. These properties are needed in
quantifying the nonlinear wave-particle interactions and in constraining theoretical chorus wave models.
Some of these properties have been studied statistically using satellite data. Macús̆ová et al. (2010) and Tao,
Bortnik, Thorne, Albert, and Angelopoulos (2012) used Cluster and Time History of Events and Macroscale
Interactions during Substorms (THEMIS) observations, respectively, to test the relationship between chorus
frequency chirping rate and several background plasma parameters. Shue et al. (2015) used THEMIS data to
investigate the statistical distribution of the repetition period of rising tone chorus. Santolik, Nemec, et al.
(2004) analyzed the subpacket period and its dependence on wave amplitude. Santolík et al. (2014) used Van
Allen Probes data and studied ﬁne structures of chorus elements including the subpackets and the instantaneous wave normal angle. In this work, we focus on the duration of chorus elements, which has never been
studied before theoretically and observationally as far as we are aware of.
The remainder of the paper is organized as follows. We present our criteria of event selection, the method of
data analysis and the distribution of our selected events in section 2. The dependence of duration on magnetic
local time and the geomagnetic activity level, and the relation between duration and the frequency chirping
rate are discussed in section 3. Our work is summarized in section 4.

2. Data Analysis
In this study, we use Van Allen Probes data from January 2014 to October 2015 during which the spacecraft
complete one full precession (Kessel et al., 2013; Mauk et al., 2013) and therefore cover all magnetic local
time (MLT). High time resolution measurements from burst mode of Electric and Magnetic Field Instrument
Suite and Integrated Science (EMFISIS) (Kletzing et al., 2013) are used to investigate chorus element properties. These continuous waveform samples cover up to 6 s with a sampling rate of 35 kHz. We deﬁne each 6 s
waveform data as a chorus event. Note that in our work, only Van Allen Probe A data are used.
To minimize the eﬀects of wave propagation, we consider only events that are located within 3∘ in latitude,
which is believed to be the boundary of the characteristic source region of chorus waves parallel to the magnetic ﬁeld line (e.g., Santolik, Gurnett, et al., 2004). Then by visually inspecting the power spectrogram of each
event, we select only events containing rising tone elements with clearly identiﬁable starting and ending frequencies. We limit our analysis to quasi-parallel propagating chorus waves to minimize the eﬀect of wave
normal angle. Only chorus elements with wave normal angle less than 40∘ are included. We further require
that the starting frequency of the chorus element is smaller than 0.5fce0 , where fce0 ≡ Ωe0 ∕2𝜋 , but we do
not limit the ending frequency to be less than 0.5fce0 . Therefore, a few selected events have chorus elements
sweeping through 0.5fce0 .
Figure 1 (top) shows a typical chorus event used in this analysis. This event was observed by Van Allen Probe
A from 19:15:02 to 19:15:08 UT on 30 April 2014. Color coded is the power spectral density (PSD) of the wave
magnetic ﬁeld. The observation was made at the magnetic latitude (MLAT) of −1.2∘ . The upper limit of y axis
in Figure 1 is fce0 . As can be seen, there are two bands in the event, but only the lower band is included in
the analysis. An example of the visually determined starting and ending frequencies of a chorus element is
shown. From the starting (t1 , f1 ) and the ending points (t2 , f2 ) of each element, the duration (𝜏 ) can be easily
calculated as 𝜏 = t2 − t1 and the frequency range Δf = f2 − f1 or Δ𝜔 = 2𝜋Δf . We also calculate the frequency
chirping rate (Γ ≡ 𝜕𝜔∕𝜕t) of each selected element to analyze the relation between 𝜏 and Γ. To calculate Γ, we
search for the peak PSD along the line from the starting point to the ending point. A linear regression using
the points of peak PSD gives the frequency chirping rate of the element. Note that, for a given event, not all
elements are selected, because frequently, elements in the same event show similar properties such as the
chirping rate. We typically choose 6–10 clear and distinguishable representative elements from each event.
Using the selection criteria above, we ﬁnd in total 458 chorus events, from which we select 3,577 chorus elements. The distributions of all selected events in MLT, L shell and MLAT are shown in Figure 1 (bottom). Here
the MLT, MLAT, and L shell parameters are calculated using the TS04 magnetic ﬁeld model (Tsyganenko &
Sitnov, 2005). Color coded is the average value of the element duration for each event. We use the average value of the duration here, because each event consists of several diﬀerent elements and the location
information (MLT, MLAT, and L) for all elements within a given event is the same. There are more nightside
(MLT from 21 h to 0 h to 3 h) and dawnside (3 h ≤ MLT < 9 h) events than dayside (9 h ≤ MLT < 15 h) and
duskside (15 h ≤ MLT < 21 h) events. These features are related to the properties of chorus wave excitation
TENG ET AL.
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Figure 1. (top) An example frequency-time spectrogram of the power spectral density of magnetic ﬁeld ﬂuctuations observed on 30 April 2014 starting from
19:15:02 UT (L = 5.2, MLT = 8.9 h, MLAT = −1.2∘ ). (bottom) The distribution of selected chorus events as a function of (left) MLT and L and (right) MLAT and L.
Color coded is the logarithm of the average value of the duration of selected chorus elements within each event.

and the trajectory of Van Allen Probes. The distribution in the L-MLT domain, Figure 1 (bottom left), shows
strong day-night asymmetry in the chorus element duration. Chorus elements from dayside and duskside
typically last longer than those from nightside and dawnside. This feature will be analyzed in detail in the next
section. Figure 1 (bottom right) shows the event distribution in L-MLAT domain. As mentioned in the criteria
of event selection, all selected chorus events are located within |MLAT| ≤ 3∘ . The L shell range of the selected
chorus elements is limited to 4 < L < 6, and most elements are located between L = 5 and 6. Because of the
narrow L shell coverage, the L shell dependence of 𝜏 is not clear from this data set. Therefore, in the following
analysis, we will focus on the dependence of 𝜏 on MLT and the geomagnetic activity level characterized by
the AE index.

3. Results
3.1. The Dependence of 𝝉 on MLT
In this section, we analyze the MLT dependence of the chorus element duration. We divide MLT into four
sectors: nightside, dawnside, dayside, and duskside as described in the previous section. Figures 2a and 2b
show the normalized histogram of 𝜏 for all four groups. There are in total 1,645 nightside elements, 1,436
dawnside elements, 163 dayside elements, and 333 duskside elements. The distributions of 𝜏 of nightside
and dawnside chorus elements have a pronounced peak at about 0.12 s. On the other hand, the duration
of dayside and duskside elements has a much wider distribution. The duration of most dayside elements is
between 0.25 s and 0.8 s, while that of duskside elements is between 0.15 s and 0.55 s. The 𝜏 distribution
TENG ET AL.
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Figure 2. Normalized histogram of the duration of chorus elements from (a) nightside and dawnside, and (b) dayside and duskside. DAWN code simulation of
chorus for (c) 𝜉 = 𝜉N and (d) 𝜉 = 𝜉D . The white markers in Figures 2c and 2d indicate the starting and ending points of the elements. (e) The averaged 𝜏 for a
given event as a function of the inhomogeneity factor calculated using the TS04 magnetic ﬁeld model.

of dayside elements peaks at about 0.4 s, while that of duskside peaks at about 0.25 s. Therefore, in general,
chorus elements from dayside and duskside last longer by about a factor of 2 to 4 than those from nightside
and dawnside.
One possible reason for the day-night asymmetry in the 𝜏 distribution might be the asymmetry in the background magnetic ﬁeld inhomogeneity (Tao, Lu, et al., 2014), which has been shown to play an important role
in determining the frequency chirping rate of chorus elements (Helliwell, 1967; Tao et al., 2012) and the minimum threshold condition for chorus excitation (Keika et al., 2012; Tao, Lu, et al., 2014; Spasojevic & Inan, 2010).
Because of the compression of the magnetosphere by solar wind, dayside magnetosphere has a smaller inhomogeneity factor near the equator than nightside for a given L. This results in a smaller frequency chirping
rate and a lower threshold linear growth rate to excite chorus at dayside than at nightside. It is therefore
possible that the day-night asymmetry in 𝜏 is also related to the asymmetry in the background magnetic
ﬁeld inhomogeneity.
To verify this conjecture, we ﬁrst perform simulations of chorus using previously developed 1-D hybrid code
DAWN (Tao, 2014). In this code, the background magnetic ﬁeld is parabolic, B = B0 (1 + 𝜉z2 ), to approximate
the magnetic ﬁeld near its minimum (typically the magnetic equator), which is the source region of chorus.
Here B is the magnetic ﬁeld strength, B0 = B(z = 0), and z is the distance along a ﬁeld line from the equator.
The parameter 𝜉 characterizes the inhomogeneity of the background magnetic ﬁeld, and 𝜉 = 4.5∕(LRp )2 for
a dipole ﬁeld, where Rp is the planet radius. There are two components in the electron distribution: a cold
component and a hot component with bi-Maxwellian distribution. The cold component is modeled using
ﬂuid equations, and the hot component is modeled using particle-in-cell techniques, following Katoh and
Omura (2007). For other details of the DAWN code, we refer readers to Tao (2014).
We perform two simulations with 𝜉D = 2.16 × 10−5 c2 Ω2e0 and 𝜉N = 8.62 × 10−5 c2 Ω2e0 . The subscript “D” (“N”)
means that the corresponding 𝜉 is chosen to represent the dayside (nightside) magnetosphere. The simulation parameters are the same as those used by Tao, Lu, et al. (2014), who investigated the role of day-night
asymmetry in determining the minimum linear drive to excite chorus. For simplicity, we only list the most relevant parameters here. The temperature anisotropy used in both simulations is A ≡ T⟂ ∕T‖ − 1 = 2.06. Here
T denotes hot electron temperature, and subscripts “⟂” (“‖”) the direction with respect to the background
magnetic ﬁeld. The ratio of the hot to cold electron number density for 𝜉N is 1.53%, and that for 𝜉D is 0.6%.
To ﬁnd the exact number of hot electron number density (nh ) for a given 𝜉 , we ﬁx A and perform a series of
simulations, increasing nh step by step until chorus elements are generated. Therefore, these chosen parameters (A and nh ) give the minimum linear growth rate to excite chorus waves for the two 𝜉 s. We use the same
temperature anisotropy in the two simulations because observations (Li et al., 2010) show that temperature
anisotropy at dayside might be comparable to that at nightside due to pitch angle scattering of electrons
TENG ET AL.
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Figure 3. (a) The probability distribution of 𝜏 for three diﬀerent levels of
geomagnetic activity characterized by the AE index. (b–d) The distribution
of events of diﬀerent geomagnetic activity levels in the MLT-L plane.
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by whistler mode waves as electrons drift from nightside to dayside. At
the same time, the scattering leads to loss of energetic electrons to the
atmosphere, leading to a reduction in the hot electron number density.
The chosen A and nh are therefore qualitatively consistent with observations. The generated chorus elements for two diﬀerent 𝜉 s are shown in
Figures 2c and 2d using wave magnetic ﬁeld recorded at z = 12c∕Ωe0 for
𝜉N and z = 24c∕Ωe0 for 𝜉D corresponding to 𝜆 = 3∘ for these two 𝜉 s. Here
c is the speed of light in vacuum, and 𝜆 is the latitude. The distance corresponding to 𝜆 = 3∘ for a given 𝜉 is calculated, assuming a dipole ﬁeld,
by integrating dz = LRp (1 + 3 sin2 𝜆)1∕2 cos(𝜆)d𝜆, where LRp is obtained
√
from 𝜉 by LRp = 4.5∕𝜉 . The generated chorus element for 𝜉N has a larger
amplitude compared with that for 𝜉D ; this is probably related to the larger
linear drive required to excite chorus element for 𝜉N . The duration of the
element for 𝜉D is about 2, 000Ω−1
, while that for 𝜉N is about 1, 000Ω−1
. This
e0
e0
is consistent with our earlier conjecture that the background magnetic
ﬁeld inhomogeneity is an important factor in determining the duration of
chorus elements.
To further test the conjecture using observations, we use TS04 magnetic
ﬁeld model to calculate the inhomogeneity factor for each selected event.
We calculate the magnetic ﬁeld strength B as a function of s̃, which is the
distance along the ﬁeld line from the equator in unit of Earth radius, and
̃s2 ) (Tao, Bortnik, Thorne, Albert, &
model this function using B = B0 (1 + 𝜉̃
2
Angelopoulos, 2012). Here 𝜉̃ = 4.5∕L for a dipole ﬁeld and it is dimensionless. We plot 𝜏 as a function of 𝜉̃ for all events from four sectors in Figure 2e.
It is clear that all dayside events have smaller 𝜉̃ than nightside events, and
most of the duskside events have an inhomogeneity 𝜉̃ ∼ 0.2, smaller than
most dawnside and all nightside events. Typically, these dayside and duskside events have a longer duration than dawnside and nightside events.
A few duskside events have a larger inhomogeneity factor, 𝜉̃ ∼ 0.28 and
∼0.4, and these events have a duration comparable to that of nightside
events. For duskside and dawnside events with similar inhomogeneity factor (𝜉̃ ∼ 0.2), their range of duration is also similar. In general, the 𝜏 − 𝜉̃
relation qualitatively agrees with our earlier conjecture.
However, Figure 2(e) also shows that for a given 𝜉̃, the duration has a large
spread, especially for smaller 𝜉̃, suggesting that the inhomogeneity factor
is not the only parameter that determines the duration. Further detailed
theoretical and numerical work are needed to understand what parameters control the duration and the underlying physical mechanism; for
example, following the theoretical framework outlined in Chen and Zonca
(2016) and Zonca et al. (2017). This is, however, beyond the scope of this
study, and we leave it to future work.

18h

(d)
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3.2. The Dependence of 𝝉 on the AE Index
Figure 3a shows the dependence of 𝜏 on the geomagnetic activity level,
characterized by the instantaneous AE index. We sort these elements into
three categories depending on the AE index (quiet: AE < 100 nT, moderate:
100 nT ≤ AE ≤ 300 nT, and strong: AE > 300 nT). During quiet conditions,
the duration of most chorus elements are between about 𝜏 = 0.25 s and
0.65 s. However, during moderate and active conditions, the distribution of
𝜏 is sharply peaked at 0.12 s. Therefore, chorus elements generated during
disturbed times have a shorter duration compared with those generated
during quiet times.
The dependence of 𝜏 on the AE index is related to its dependence on MLT.
To demonstrate this, we plot the MLT distribution of elements during three
5
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diﬀerent levels of geomagnetic activity in Figures 3b–3d. It is clear that most chorus elements during quiet
times are generated at dayside and duskside, while most of those during more disturbed times (AE > 100 nT)
are generated at dawnside and nightside. This explains the dependence of 𝜏 on the AE index. Note that the
occurrence pattern of chorus distribution with the AE index is fully consistent with previous statistical results
reported by Li et al. (2009) and is explained by Tao, Lu, et al. (2014). Therefore, the AE dependence of the chorus
element duration can be understood in the same way as the dependence of 𝜏 on MLT.
3.3. The Relation Between 𝝉 and 𝚪
It is well known that each chorus element consists of so-called subpackets (Crabtree et al., 2017; Santolík
et al., 2004). Tao et al. (2017a) suggest that the subpacket is caused by the motion of phase-trapped electrons and that the period of the subpacket is about the typical phase-trapping period (Ttr ) at generation. The
latter fact has also been demonstrated and explained using the so-called sequential triggering process by
Shoji and Omura (2013) and Omura and Nunn (2011). Therefore, it is natural to measure 𝜏 in terms of the
typical phase-trapping period for a given element; that is, 𝜏 = 𝛼Ttr with 𝛼 the normalized duration. On the
other hand, Vomvoridis et al. (1982) and Omura et al. (2008) have shown that the frequency chirping rate of
parallel-propagating chorus waves is related to the trapping frequency 𝜔tr = 2𝜋∕Ttr by
(
)
v −2 2
1
𝜕𝜔
=
1− r
Γ=
𝜔tr ,
(1)
𝜕t
2
vg
where vr is the resonant velocity and vg is the wave group velocity. For cyclotron resonance with lower band
parallel-propagating whistler mode waves, |vr | = (|Ωe | − 𝜔)∕k ∼ vp ∼ vg , where vp = 𝜔∕k is the wave phase
velocity with k the wave number. Therefore,
Γ∼

𝜔2tr
(10)

.

(2)

The fact that both 𝜏 and Γ are related to 𝜔tr suggest that the two are naturally connected. Therefore, we
investigate the relationship between 𝜏 and Γ from observation.
The correctness of equation (1) has been demonstrated by several studies (Hikishima & Omura, 2012; Katoh
& Omura, 2013; Tao et al., 2017a, 2017b). However, as far as we are aware of, none of previous theoretical
or numerical studies about chorus waves have predictions about 𝜏 . Therefore, we here try two extremely
simpliﬁed models of 𝜏 to investigate the relation between 𝜏 and Γ. The ﬁrst one is that, for simplicity, 𝛼 ≡ 𝜏∕Ttr
is a constant of order 10; that is,
2𝜋
𝜏 ∼ (10)Ttr = (10) ,
(3)
𝜔tr
which means that a typical chorus element consists of about 10 subpackets, as frequently shown in observation and simulation, regardless of the frequency chirping rate. Equations (2) and (3) lead to
2𝜋
∼ (10)Γ−1∕2 .
𝜏 ∼ (10) √
(10)Γ

(4)

The second approach is to assume that the frequency range of chorus elements Δ𝜔 ≈ 𝜏Γ is roughly the same
for all chorus elements, which could be due to, for example, the presence of the gap at 0.5Ωe0 . Therefore,
𝜏 ∝ Γ−1 .

(5)

These two simpliﬁed models give diﬀerent scaling laws for 𝜏 as a function of Γ. Both of them will be tested
using observation.
Figure 4a shows the distribution of normalized duration (𝜏Ωe0 ) for each chorus element with respect to the
normalized frequency chirping rate (Γ∕Ω2e0 ). A linear ﬁtting to all data points is performed and shown by the
red line. The ﬁtting gives 𝜏Ωe0 = 0.04(Γ∕Ω2e0 )−1.1 . For comparison, we also plot 𝜏 = 30(Γ∕Ω2e0 )−0.5 in green;
the constant factor 30 is chosen for the reference line to match the range of data. Clearly, observation results
support equation (5), which means that the frequency range of chorus elements is roughly the same for
all chorus elements. This is further demonstrated in Figure 4b, where we plot the normalized frequency
range Δ𝜔∕Ωe0 as a function of Γ∕Ω2e0 . Most chorus elements have a frequency range of about 0.05–0.15Ωe0 ,
regardless of the chirping rate. The typical starting and ending frequencies of chorus elements are shown
TENG ET AL.
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Figure 4. (a) The distribution of observed normalized chorus element duration (𝜏Ωe0 ) versus the normalized frequency
chirping rate (Γ∕Ω2e0 ). The red line is the corresponding linear ﬁtting of these elements, and the green line is a model
estimate that 𝜏 ∝ Γ−1∕2 . (b) The distribution of normalized frequency bandwidth (Δ𝜔∕Ωe0 ) versus the normalized
frequency chirping rate (Γ∕Ω2e0 ). The distribution of the normalized (c) starting and (d) ending frequencies of all chorus
elements.

in Figures 4c and 4d. These plots demonstrate that the selected chorus elements typically have a starting frequency near about 0.25–0.35Ωe0 and an ending frequency near 0.45Ωe0 . Only a small percentage of chorus
elements have an ending frequency larger than 0.5Ωe0 .
Another implication of the relation between 𝜏 and Γ is about the relation between 𝜏 and the wave amplitude
at generation, 𝛿B. Because the wave amplitude can change signiﬁcantly after generation even if we only consider events with |MLAT| less than 3∘ , the dependence of 𝜏 on the wave amplitude at generation cannot be
investigated directly. However, because Γ ∝ 𝜔2tr ∝ 𝛿B, and 𝜏 ∝ Γ−1 , our study suggests that 𝜏 ∝ 1∕𝛿B.

4. Summary and Discussion
In this work, we analyzed the distribution of lower-band rising tone chorus element duration. Our statistical
analysis demonstrates that chorus elements from nightside and dawnside typically have a shorter duration
than those from dayside and duskside by about a factor of 2 to 4. Combining Van Allen Probes observation
and the DAWN code simulation, we suggest that a possibly important factor in controlling the observed MLT
dependence of the duration is the background magnetic ﬁeld inhomogeneity. We also analyzed the dependence of 𝜏 on the geomagnetic activity level characterized by the AE index. We showed that the duration in
general decreases with increasing level of geomagnetic activity, and this is consistent with the dependence of
𝜏 on MLT and the occurrence pattern of chorus waves. We then investigated the correlation between the duration and the frequency chirping rate. We showed from observation that 𝜏 ∼ Γ−1 , suggesting that statistically,
the frequency range of lower-band chorus elements should roughly be the same, regardless of the duration
or the frequency chirping rate. Therefore, the background magnetic ﬁeld inhomogeneity factor is not a key
factor in determining the frequency range of chorus elements. The 𝜏 -Γ relation also suggests that 𝜏 ∝ 1∕𝛿B.
We did not investigate the dependence of 𝜏 on L shell because of the limited L shell coverage of our data set.
Finally, we remark that further theoretical and numerical studies are needed to understand fully what controls
the duration of chorus elements and the underlying physical mechanism. This mechanism might be related
TENG ET AL.
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to the one that stops chirping of chorus, as shown by the DAWN code simulation. If this is the case, we will
also need to understand what controls the frequency range of chorus elements and why 𝜏 ∝ 1∕Γ. On the
other hand, the mechanism might be related to the one that produces the gap near 0.5Ωe0 . In this case, it is
relatively easy to explain the 𝜏 -Γ relation, as discussed in previous sections, and the dependence of 𝜏 on MLT,
which is because of the dependence of Γ on MLT. Note that the mechanism for the gap at 0.5Ωe0 might be
diﬀerent from the one for the stopping of chirping in case of no gap, and it is a hot research topic by itself.
While we cannot determine which mechanism is responsible to explain our observation, our study should be
helpful to the further development of a self-consistent theory about chorus generation.
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