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Abstract Using observations from the Van Allen Probes EMFISIS instrument, coupled with ray tracing
simulations, we determine the fraction of chorus wave power with the conditions required to access the
plasmasphere and evolve into plasmaspheric hiss. It is found that only an extremely small fraction of
chorus occurs with the required wave vector orientation, carrying only a small fraction of the total chorus
wave power. The exception is on the edge of plasmaspheric plumes, where strong azimuthal density
gradients are present. In these cases, up to 94% of chorus wave power exists with the conditions required
to access the plasmasphere. As such, we conclude that strong azimuthal density gradients are actually a
requirement if a significant fraction of chorus wave power is to enter the plasmasphere and be a source of
plasmaspheric hiss. This result suggests it is unlikely that chorus directly contributes a significant fraction
of plasmaspheric hiss wave power.

Plain Language Summary Plasmaspheric hiss waves are typically observed inside a
high-density region of geospace known as the plasmasphere. Chorus waves are typically observed at higher
altitudes, beyond the plasmasphere region, where the density is substantially lower. Despite the differences
between these two wave types, it has been proposed that chorus waves may propagate in such a way that
they enter the plasmasphere, where they become a source of plasmaspheric hiss. However, this mechanism
can only occur if chorus waves have a specific set of initial conditions. In this study, we find that chorus
waves are rarely observed with these required conditions. Only in a spatially limited region close to the
edge of plasmaspheric plume structures, where chorus wave power is typically weaker, do we observe a
significant fraction of chorus waves that exist with the conditions required to propagate into the
plasmasphere. This result qualitatively indicates that chorus waves may not be a substantial source of
plasmaspheric hiss.

1. Introduction

The dynamics of Earth's outer electron radiation belt are, in part, driven by interactions with a diverse array
of electromagnetic waves (e.g., Thorne, 2010; Xiao et al., 2009, 2010, 2015). Two waves that play critical roles
are whistler-mode chorus waves (e.g., Bortnik & Thorne, 2007; Summers et al., 2007) and plasmaspheric hiss
(e.g., Lyons et al., 1972; Lyons & Thorne, 1973; Selesnick et al., 2003; Thorne et al., 2013). These two wave
modes are typically separated by the plasmapause, with hiss occurring in the high-density, plasmasphere
(e.g., Hartley, Kletzing, De Pascuale, et al., 2018; Meredith et al., 2004; Thorne et al., 1973), and chorus
waves occurring in the lower density region beyond this boundary (e.g., Burtis & Helliwell, 1969; Meredith
et al., 2003). Chorus waves occur at frequencies from ~ 100 Hz up to several kHz (e.g., (Gurnett & O'Brien,
1964; Xiao et al., 2017). They are typically observed as coherent burst emissions that scale with the electron
cyclotron frequency, f,,, in the equatorial source region, with characteristic frequencies between 0.05 and
0.90 f,,. By comparison, plasmaspheric hiss is a more broadband emission with frequencies ranging from
several kHz down to ~ 30 Hz (Chen et al., 2014; Li et al., 2013; Malaspina et al., 2017; Ni et al., 2014). Despite
the apparent differences between these two whistler-mode waves, ray tracing studies suggest that there may
be a causal link between them (Bortnik et al., 2008; Chum & Santolik, 2005; Santolik et al., 2006).
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It has been proposed that the lower portion of the chorus frequency band can propagate to high latitudes
and low altitudes, enter the plasmasphere, and evolve into plasmaspheric hiss (Bortnik et al., 2008; Chum
& Santolik, 2005; Santolik et al., 2006). Observations have supported this theory, with multi-spacecraft
measurements of enhancements in chorus wave power within approximately three Earth radii, R, of
the plasmapause correlating with enhancements in plasmaspheric hiss observed between 1 and 7 s later
(Bortnik et al., 2009; Wang et al., 2011). Further investigation revealed chorus at larger radial distances,
~10 Ry, could be a source of plasmaspheric hiss with observed time delays of 5-8 s, consistent with propa-
gation times predicted by ray tracing (Li et al., 2015). Agapitov et al. (2018) showed substantial correlation
between chorus and hiss wave power observed by the Time History of Events and Macroscale Interactions
during Substorms (THEMIS) mission, occurring most frequently in the post-noon sector, with ~20% of cho-
rus observed between 12 and 16 in magnetic local time (MLT) being well correlated with hiss waves observed
inside of the plasmasphere immediately afterward. Through extensive modeling efforts it has also been
demonstrated that this chorus-to-hiss mechanism could reproduce the frequency range, wave power, and
the spatial structure of plamsaspheric hiss (e.g., Chen, Bortnik, et al., 2012a, 2012b; Chen, Li, et al., 2012;
Meredith et al., 2013).

From ray tracing simulations (e.g., Bortnik, Chen, Li, Thorne, & Horne, 2011; Bortnik, Chen, Li, Thorne,
Meredith, & Horne, 2011; Bortnik et al., 2016; Chum & Santolik, 2005) it is apparent that in order for chorus
waves to access the plasmasphere, they must exist with a specific wave vector orientation. The polar wave
vector angle, 6, is defined as the angle between the wave vector and Earth's magnetic field vector, whereas the
azimuthal wave vector angle, ¢, is defined as the angle of the wave vector around the background magnetic
field with respect to the anti-Earthward direction. When the magnetospheric plasma is represented by a dif-
fusive equilibrium density model with no longitudinal dependence and a superimposed plasmapause, an
oblique polar wave vector angle, between 30° and 60°, and an azimuthal wave vector angle oriented approx-
imately toward the Earth is required in order for a chorus wave to enter the plasmasphere (e.g., Bortnik
et al., 2008, 2009; Hartley, Kletzing, Santolik, et al., 2018; Zhou et al., 2016). Chen, Bortnik, et al. (2012a)
identified the key parameters for chorus to enter the plasmasphere as follows; source locations within ~3 Ry
of the plasmapause, wave vectors oriented toward Earth with polar angles between 30° and 60°, and wave
frequencies of f/f,, <0.3. Implementing an asymmetric density model with azimuthal density gradients to
account for the storm time magnetosphere and the duskside plasmaspheric plume/bulge (Chen et al., 2009)
permits chorus waves with a broader range of wave vector orientations to gain access to the plasmasphere,
but only close to the edge of the plume.

While numerous studies have shown that this chorus-to-hiss process is possible, and even consistent with
satellite observations, one missing piece is the direct measurement of chorus waves with the initial condi-
tions required to penetrate into the plasmasphere. In a previous simulation by Chen, Bortnik, et al. (2012a),
it was assumed that the equatorial wave normal distribution was centered on the background magnetic field
direction with an angular width of 45° in the meridian plane. This assumed distribution has not been obser-
vationally verified. Only now, with systematic observations from the Electric and Magnetic Field Instrument
and Integrated Science (EMFISIS) suite (Kletzing et al., 2013) housed on the Van Allen Probes dual-satellite
mission (Mauk et al., 2012), is it possible to conclusively test whether chorus waves with these initial condi-
tions exist in the geospace environment and determine whether they are observed frequently enough, and
with sufficient power, to be a significant source of plasmaspheric hiss.

2. EMFISIS Observations

EMFISIS routinely measures the wave magnetic and electric field every 6 s, using onboard calculation of
six-dimensional spectral matrices from 500-ms waveform captures. From this survey data, the singular value
decomposition (SVD) method is used to calculate wave propagation characteristics (Santolik et al., 2003).
Since whistler-mode chorus waves are typically coherent, right-handed, and circularly polarized, data are
only included in the present study if both the polarization and ellipticity are greater than 0.5 (Santolik et al.,
2002). Since only the magnetic field is used for determining these values, this analysis is not subject to
antenna sheath impedance effects associated with electric field observations (e.g., Hartley et al., 2015, 2016,
2017). The spacecraft must be located outside of the plasmasphere for waves to be identified as chorus (den-
sity below 10 x (6.6/L)* or 30 cm?3, whichever is smaller, as in Bingham et al., 2018; Hartley et al., 2015,
2016; Li et al., 2014).
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To ensure sufficient power for reliable wave normal angle estimates, observations are restricted to periods
when the power spectral density is greater than 10~7 nT?/Hz, ensuring a signal of at least 10 times instrument
background levels. Since SVD methodology assumes the presence of a single plane wave, a threshold of
planarity >0.6 is imposed, allowing for a maximum of 10% of total power, and 16% of power with respect
to the largest axis of the 3-D polarization ellipsoid, outside of the polarization plane (e.g., Hartley, Kletzing,
Santolik, et al., 2018). These high-planarity, more intense chorus waves account for over 90% of the total
chorus wave power observed in the survey data captured by the Van Allen Probes satellites over the mission
duration. That is, the cumulative chorus wave power after imposing the planarity and power spectral density
thresholds divided by the cumulative chorus wave power prior to imposing these thresholds yields a value
greater than 0.9. This is due to the fact that more intense chorus waves are usually planar. As such, very little
wave power is neglected by imposing these additional criteria. It should be noted that due to the Van Allen
Probes orbit, EMFISIS data are limited to +20° magnetic latitude.

The polar and azimuthal wave vector angles (6 and ¢, respectively) are direct outputs from the SVD anal-
ysis. As such, it is possible to perform a statistical analysis of wave vector orientations to determine how
frequently, and with how much power, chorus waves occur with the conditions required to enter the
plasmasphere and evolve into plasmaspheric hiss.

3. Results and Discussion

Ray tracing is used to determine the initial conditions required for chorus waves to propagate into the plas-
masphere using a cold plasma medium in the HOTRAY program (Horne, 1989). If a wave trajectory does not
enter the plasmasphere within 2 seconds, it is no longer traced and considered unable to enter the plasmas-
phere at any subsequent times. This 2-s cutoff is based on modeling with explicitly calculated damping rates
shown in Bortnik, Chen, Li, Thorne, and Horne (2011), where for a source location at 6 Ry, ray lifetimes are
less than 2 s for waves that do not enter the plasmasphere and greater than 2 s only for waves that do propa-
gate into the plasmasphere. Since the current study only includes data for L <6.5, and propagation times are
generally shorter for lower L shells, this 2-s cutoff is deemed appropriate. In the simulation presented here,
a diffusive equilibrium density model is used (Angerami & Thomas, 1964; Inan & Bell, 1977; Kimura, 1966)
with a plasmapause fixed at 4.5 R and the same parameter values implemented and described in section
2.2 of Bortnik, Chen, Li, Thorne, and Horne (2011), but without density ducts. Waves are injected at a radial
distance of 6 R; at magnetic latitudes of 0°, 10°, and 20° (matching the range sampled by EMFISIS) with a
wave frequency of 0.20 f,, for the full range of possible wave vector orientations from 0°to 90° in # and —180°
to 180° in ¢ in 5° intervals. These ray tracing results are shown in the meridional plane in Figure 1a with
the plasmasphere shaded in gray. The equatorial electron density profile, n,, is also provided. It is evident
that the majority of wave vector orientations do not result in the wave trajectory entering the plasmasphere
(red ray paths). However, there are a subset of wave vector orientations that propagate in such a way that
they enter the plasmasphere at high latitude, and can potentially be a source of plasmaspheric hiss (green
ray paths). Figure 1b summarizes the initial wave vector orientations that can, and cannot, enter the plas-
masphere, with the polar wave vector angle, 6, shown in the radial direction and the azimuthal wave vector
angle, ¢, shown in the tangential direction, as indicated by the yellow arrows. If a wave can access the plas-
masphere from any one of the source latitudes, this area in & — ¢ is shaded in green, whereas if the wave
cannot access the plasmasphere from any of the source latitudes it is shown in red.

Figure 1c shows a probability distribution function (PDF) of chorus wave occurrences between L = 5.5 and
6.5 in a 0.05 f,, wide frequency band centered at 0.20 f,, as a function of polar and azimuthal wave vector
angles. Data from all MLTs and all sampled magnetic latitudes are included in this analysis. The vast major-
ity of wave vectors are oriented with a component in the anti-Earthward direction (85% of observations)
with similar results obtained for all studied L shells and frequency bands. This structure is a consequence of
propagation, assuming a field-aligned wave vector in the equatorial source region and wave vectors inclin-
ing anti-Earthward during propagation. A bimodal distribution is apparent in the polar direction with a
primary population of waves with & < 40° and a significantly smaller secondary population of very oblique
waves, as in Li et al. (2016). Figure 1d is in the same format but shows the PDF of wave power observed
in this frequency band. The majority of the wave power is contained in the waves that are approximately
field aligned.
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Figure 1. (a) Propagation paths of 0.20 f,, waves and the equatorial density profile. (b) Wave vector orientations that do
(green), and do not (red), enter plasmasphere. Probability distribution functions (PDF) of 0.20 f,, wave (c) occurrences,
and (d) wave power, at L = 6 as a function of § and ¢. (e) Table containing percentage of occurrences and wave power
that can enter plasmasphere (left). Also listed are the total occurrences/power (top right), and the occurrences/power
that can enter the plasmasphere (bottom right).

Comparison between Figures 1b, 1c, and 1d allows for the determination of both the number of occur-
rences and the wave power that occur with the conditions required to gain access to the plasmasphere.
This information is contained in Figure le: percentage of occurrences and wave power that can access
the plasmasphere (left columns), total occurrences (top) and the occurrences that can access the plasmas-
phere (bottom), total wave power (top), and the wave power that can access the plasmasphere (bottom). It
is found that of 368,060 chorus waves observed at 0.20 f,, and 5.5 < L < 6.5, only 447, or 0.12% exist with
the wave vector orientation required to enter the plasmasphere. It is also found that these waves contain
only 0.17 nT?, or 0.094% of the total chorus wave power of 180 nT? observed under these conditions. This
analysis is repeated for different wave frequencies (0.10, 0.15, 0.20 f,,) and source locations (L = 5, 6). Sim-
ilar results are obtained under all conditions with the maximum percentage of occurrences being 0.37% for
0.10f,, waves and a source location of L = 5 and the maximum wave power percentage being 0.56% for 0.20
f.. waves and a source location of L = 5.
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Figure 2. (a) Example of Gaussian angular probability distribution function centered at § = 60° and ¢ = 0° with an
angular width of A@ = A¢ = 20°. (b) Probability distribution function of wave power for 0.20 f,, chorus at L = 6 after
a distribution width of AG = A¢ = 20° has been applied. (c) Percentages of wave power that can enter plasmasphere
after modeling the distribution angular width (left). The wave power in each distribution (top right) and the wave
power that can access the plasmasphere (bottom right).

Thus far in this analysis, it has been assumed that the observed power spectral density occurs with a single
wave vector orientation based on the 6 and ¢ values from the SVD analysis. In actuality, the power spectral
density is a distribution over a range of wave vector orientations, peaked about the SVD inferred direction
(Santolik et al., 2003). This distribution width can be incorporated into the analysis by modeling the power
spectral density as a Gaussian distribution with a polar width (full width half maximum, FWHM), A0, and
an azimuthal FWHM, A¢, where the integral over the full distribution is equal to the power spectral density
observed by the spacecraft at each time instance. Here the wave planarity is used as a proxy for estimating
the angular width of this distribution. The mean and median planarity of waves included in this study are
0.741 and 0.739, respectively. Santolik et al. (2003) computed that for Z-mode waves, a planarity of 0.7 yields
an angular width of around 20°. Similar analysis by Taubenschuss and Santolik (2019) has been done for
whistler-mode waves under the influence of noise and shows that a planarity of 0.7 corresponds to an uncer-
tainty in theta of 20° for approximately five averaged spectral matrices. As such, A6 = A¢ = 20° is used
here as a reasonable approximation.

Figure 2a shows an example of this angular distribution for SVD determined values of § = 60° and ¢ = 0°.
A distribution of this type is generated for each chorus wave observation, with the peak centered on the
SVD wave normal direction at each time instance. Since the integral of this distribution over all § and ¢ is
equal to unity, the power spectral density associated with each chorus wave observation is now scaled by
this distribution in order to incorporate the angular width into the analysis. These power spectral density
distributions for each time instance are then used to recreate the PDFs of magnetic field wave power in
order to establish the impact of this distribution width on the amount of wave power that can access the
plasmasphere.

Applying this distribution width to the magnetic field power spectral density observations and computing
the wave power that exists with the 6 and ¢ values required to access the plasmasphere yields the results
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shown in Figure 2b for the same conditions shown in Figure 1 (0.20f,,, L = 6). By including the distribution
width, the percentage of observed chorus wave power that can access the plasmasphere increases from
0.094% to 0.31%.

This analysis is repeated for all frequencies (0.10, 0.15, 0.20 f,,) and source locations (L = 5, 6), with the
results provided in Figure 2c. For completeness, we also list the total wave power (top), and the amount
of wave power that can access the plasmasphere (bottom). The percentage of magnetic field wave power
that exists in the 0-¢ region that can access the plasmasphere has been increased for all frequencies and
source locations by considering this distribution width. However, these percentages remain extremely low,
peaking at just 0.95% for 0.15f,, waves at L = 5. These results indicate that the distribution assumed in pre-
vious studies (e.g., Chen, Bortnik, et al., 2012a) likely resulted in overestimates of the wave power that can
access the plasmasphere yet still required modest amplification inside of the plasmasphere to match obser-
vations. Assuming that ray-tracing is sufficiently realistic and the neglected nonplanar or small amplitude
chorus waves do not play a role, the results of this analysis raise the question of how great an impact the
chorus-to-hiss mechanism can have on the plasmaspheric hiss population as a whole, given the relatively
low amount of chorus wave power that exists with the conditions required to access the plasmasphere.

One step that can increase the range of chorus wave normal angles that can access the plasmasphere is
to consider an azimuthally asymmetric density model to account for the plasmaspheric plume/bulge on
the duskside. This expansion in the range of wave normal angles that can access the plasmasphere is due
to the increased azimuthal propagation that occurs in the presence of azimuthal density gradients. This
effect may be interepreted, simply, as reducing the propagation distance between the wave source and the
high-density plasmasphere. In the analysis presented here, we use the same density model as in Chen et al.
(2009). This model (Jordanova et al., 2006; Rasmussen et al., 1993) is driven by the Rice Convection Model
(RCM) electric field for the main phase of the 21 April 2001 storm. Additionally, wave damping rates out-
side the plasmasphere are explicitly calculated using the method of Bortnik et al. (2007), where analytical
distribution functions were fit to suprathermal electron observations from the Combined Release and Radi-
ation Effects Satellite (CRRES). Here we use the AE > 300 nT functions, since plume formation is typicaly
associated with geomagnetically disturbed periods. Inside the plasmasphere, the model of Bell et al. (2002)
is used. To study the effect of this asymmetric density, waves are injected from equatorial source locations
at L = 5,6, and MLT = 10, 12, 14, with frequencies of 0.10, 0.15, 0.20 f,, for the full range of wave vector
orientations. We focus on 9 <MLT <15 as this is where azimuthal density gradients are strongest in this
density model, and where higher power chorus waves exist based on statistical distributions (Li et al., 2011;
Meredith et al., 2003, 2012). For MLT >15, azimuthal density gradients are present but chorus wave power is
substantially lower. For MLT <9, high power chorus waves may be observed but the density model becomes
approximately azimuthally symmetric, bringing results closer to those in Figure 1.

Figure 3a shows the azimuthally asymmetric density model, with wave injection locations indicated by white
circles. Since this density model is MLT dependent, EMFISIS data are binned in 2-hr MLT wedges centered
about the wave injection locations, in addition to sorting by L and frequency. The wave power spectral den-
sity is again modeled as a Gaussian distribution witha FWHM of A = A¢ = 20°. The percentages of cho-
rus wave power that can access the plasmasphere are shown in Figure 3b for all frequencies and source loca-
tions. The total occurrences, the total wave power, and the wave power that can access the plasmasphere are
also provided. Sample cases of a 0.20f,, wave injected from L = 5 and MLT = 14, a 0.10f,, wave injected from
L = 6 and MLT = 14, and a 0.15f,, wave injected from L = 5 and MLT = 12 are also shown. Figures 3c-3e
show the wave vector orientations required for chorus waves to enter the plasmasphere (green area),
and Figures 3f-3h show PDFs of wave power.

While the range of wave normal angles that can access the plasmasphere can be increased in the presence
of azimuthal density gradients, we find the percentage of chorus wave power that can access the plasmas-
phere generally remains extremely low, ~1% or lower. The exception is when the chorus source is located
in extremely close proximity to the plasmaspheric plume, and therefore azimuthal density gradients are
strongest. In these cases, chorus with wave vectors that are initially approximately field-aligned are able to
propagate into the plasmasphere as shown in Figures 3¢ and 3d. For the example case shown in Figures 3c
and 3f with a source location right on the edge of the plume at MLT = 14 and L = 5 in this model, 82%
of the measured chorus wave power is able to access the plasmasphere for 0.20f,, waves. This percentage is
even higher for lower frequencies; 86% for 0.15f,, waves, and 94% for 0.10f,, waves.
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Figure 3. (a) Azimuthally asymmetric density model. (b) Percentages of wave power that can enter plasmasphere
(left). Also provided (from top to bottom) are the occurrences, total wave power, and the wave power that can enter the
plasmasphere. (c-e) The wave vector orientation required for waves to enter the plasmasphere. (f-h) Probability
distribution functions of chorus wave power.

However, if the source location is moved radially outward away from the plume to L = 6, this percent-
age decreases rapidly such that only 4.9% of the observed chorus wave power exists with the conditions
required to enter the plasmasphere at a frequency of 0.10f,, (as shown in Figures 3d and 3g). Percentages
are even lower for higher frequencies (much less than 1%). The same is true if the source location is moved
azimuthally in MLT, the percentages drop substantially and are more in line with the results obtained when
using an azimuthally symmetric density model. This is shown in Figures 3e and 3h for 0.15f,, waves injected
from a source at L = 5and MLT = 12.

4. Conclusions

These results demonstrate that, on a global scale, chorus waves rarely exist with the wave vector orientation
required to enter the plasmasphere, and the waves that are observed with the crucial  and ¢ required to
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propagate into the plasmasphere do not carry a substantial fraction of magnetic field wave power. In certain
instances it is possible for a substantial fraction of chorus wave power to enter the plasmasphere in line with
the chorus-to-hiss mechanism, but only from a spatially limited region close to the edge of a plasmaspheric
plume, where azimuthal density gradients are strongest. As such, we conclude that strong azimuthal density
gradients (such as those that occur on the edges of plumes) are actually a requirement if a significant fraction
of chorus waves, and their associated chorus wave power, are to enter the plasmasphere and evolve into
plasmaspheric hiss.

This result qualitatively indicates that the overall direct contribution of chorus to hiss may be small. This
assessment is based on the fact that in the dawn region, where the statistical peak in chorus wave power
is observed (e.g., Li et al., 2011; Meredith et al., 2003, 2012), the occurrence rate of plasmaspheric plumes
is generally low (e.g., Darrouzet et al., 2008; Usanova et al., 2013) and therefore only a minimal fraction of
chorus wave power exists with the wave vector orientation required to propagate into the plasmasphere.
It is only in a small region close to the edge of plasmaspheric plumes, most frequently observed on the
dusk side where the average chorus wave power has been observed to be significantly lower, that azimuthal
density gradients are strong and it is possible for a substantial fraction of chorus wave power to enter the
plasmasphere.

This analysis sheds new light on the chorus-to-hiss mechanism, highlighting that a direct one-to-one corre-
spondence between chorus enhancements and plasmaspheirc hiss enhancements would only be observable
for chorus waves that occur close to the edge of plasmaspheric plumes, which are most frequently observed
in the post-noon and dusk sectors (Darrouzet et al., 2008; Usanova et al., 2013). For chorus waves outside
of this small spatial region that are much less likely to experience the strong azimuthal density gradients
associated with plumes, we conclude that minimal wave power can access the plasmasphere, and therefore
chorus waves outside of this region offer only a negligible direct contribution to plasmaspheric hiss.

It is worth noting that the requirement for strong azimuthal density gradients in the form of plumes pro-
vides an explanation for the spatial structure observed by Agapitov et al. (2018), who found that correlation
between chorus and hiss waves was observed most frequently between 12 and 16 MLT. This spatial limita-
tion is also consistent with the direct observation of concurrent, or slightly delayed, enhancements between
chorus and hiss measured between 13 and 17 MLT by Bortnik et al. (2009) and between 12 and 13 MLT by
Li et al. (2015). Chorus wave power typically peaks on the dawn side (Li et al., 2011; Meredith et al., 2003,
2012), whereas plume occurrence peaks on the dusk side (Darrouzet et al., 2008; Usanova et al., 2013). The
postnoon sector where the shoulders of these two statistical distributions overlap appears key for observing
correlations between chorus and hiss.

The results of this study provide new perspective on the chorus-to-hiss mechanism and its spatial limitations,
with the percentages reported in this study suggesting that it is unlikely that chorus waves directly provide
a significant fraction of plasmaspheric hiss wave power and that additional mechanisms for amplifying
and/or generating hiss (e.g., local instability and/or accumulating lightning whistlers) may be required (e.g.,
Santolik & Chum, 2009).
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