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Abstract Recent ray tracing suggests that plasmaspheric hiss can originate from chorus observed outside
of the plasmapause. Although a few individual events have been reported to support this mechanism, the
number of reported conjugate events is still very limited. Using coordinated observations between Time
History of Events and Macroscale Interactions during Substorms (THEMIS) and Van Allen Probes, we report on
an interesting event, where chorus was observed at a large L shell (~9.8), different from previously reported
events at L < 6, but still exhibited a remarkable correlation with hiss observed in the outer plasmasphere
(L ~ 5.5). Ray tracing indicates that a subset of chorus can propagate into the observed location of hiss on
a timescale of ~5–6 s, in excellent agreement with the observed time lag between chorus and hiss. This
provides quantitative support that chorus from large L shells, where it was previously considered unable to
propagate into the plasmasphere, can in fact be the source of hiss.

1. Introduction
Plasmaspheric hiss is a broadband incoherent whistler mode emission observed predominantly in the
plasmasphere or high-density plumes [Thorne et al., 1973; Meredith et al., 2004]. Since its discovery in
the 1960s, hiss emissions have been shown to effectively scatter energetic electrons over various energies
and thus play an important role in controlling the overall structure and dynamics of the Earth’s radiation
belts [Lyons and Thorne, 1973; Albert, 1994; Meredith et al., 2007; Summers et al., 2007; Thorne et al., 2013].
Despite its importance, the elusive origin of hiss has been a topic of intense debate for over four decades
[e.g., Thorne et al., 1973; Church and Thorne, 1983; Green et al., 2005; Meredith et al., 2006; Bortnik et al., 2008,
2009, 2011a, 2011b and references therein]. Two mechanisms were initially proposed for the origin of hiss: in
situ growth by unstable electron distributions [Thorne et al., 1979; Church and Thorne, 1983; Solomon et al.,
1988] and lightning-generated whistlers [Sonwalkar and Inan, 1989; Draganov et al., 1992; Green et al., 2005].
Although wave power above 2–3 kHz from lightning-generated whistlers shows some correlation with hiss
[Green et al., 2005], the result is nevertheless controversial [Thorne et al., 2006; Green et al., 2006], since the
majority of hiss wave power is below 2 kHz. Regarding in situ growth, previous studies [Huang and Goertz,
1983; Huang et al., 1983] have shown that the total ampliﬁcation arising from local electron instability was too
small to account for the observed hiss wave intensity; in response, Church and Thorne [1983] suggested that
an “embryonic source” is required to lead to the observed wave intensity. However, local growth from the
background thermal noise seems to be possible [e.g., Solomon et al., 1988]. Recent observations of hiss by Van
Allen Probes reported unusually low frequency hiss emissions (20–100 Hz) [Li et al., 2013]. Li et al. [2013]
suggested that these emissions are likely to be locally excited in association with the injection of energetic
electrons into the outer plasmasphere, because embryonic wave energy from chorus at that frequency
[Bortnik et al., 2008] would need to originate at unrealistically high L shells. A follow-up study by Chen et al.
[2014] used a ray tracing simulation to demonstrate that these low-frequency hiss can undergo cyclic
trajectories and experience multiple wave ampliﬁcation to yield sufﬁcient net wave gain to observed
amplitudes out of the thermal background noise.
LI ET AL.
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On the other hand, a detailed ray tracing simulation in a realistic magnetospheric model has demonstrated
that hiss can also originate from a subset of chorus waves, which propagate from an equatorial source
region outside the plasmasphere to higher latitudes and are subsequently refracted into the plasmasphere,
where they ultimately evolve into incoherent hiss [Bortnik et al., 2008, 2011a, 2011b; Chen et al., 2012a, 2012b;
Meredith et al., 2013]. Chen et al. [2012a] also showed that this mechanism contributes to hiss within ~3 RE
distance from the plasmapause from a subset of chorus rays launched at L < 8. Using this model chorus
from higher L shells, even when launched with intense initial wave power, cannot access the plasmasphere
due to its longer ray propagation path and consequent severe Landau damping at higher L. A fortuitous
event, where chorus and hiss wave intensities observed at <6 RE at two Time History of Events and
Macroscale Interactions during Substorms (THEMIS) spacecraft exhibited a one-to-one correlation, was
reported by Bortnik et al. [2009] and provided clear observational evidence for the proposed mechanism of
chorus as the source of hiss. Wang et al. [2011] using Cluster observations reported two more events at <5 RE
where the intensity of chorus observed outside the plasmapause and plasmaspheric hiss exhibits a fairly
good correlation. Despite these studies, the observations showing a link between chorus and hiss are still
very limited due to the difﬁculty of simultaneously capturing coordinated events, where modulated chorus
and hiss can be clearly identiﬁed with sufﬁciently high resolution in both time and frequency.
A recent planned coordination campaign between THEMIS and Van Allen Probes on the dayside, where
plasmaspheric hiss preferentially occurs [e.g., Meredith et al., 2004], provided an unprecedented opportunity
to capture chorus and hiss simultaneously. After systematically searching the coordinated events between
THEMIS and Van Allen Probes from January to August in 2014, when the apogees of THEMIS and Van Allen
Probes were located on the dayside, we report a particularly interesting event exhibiting a remarkable
correlation between chorus and hiss, which we interpret as causal. The chorus waves were observed at a large
L shell of ~9.8, which is surprising because previous modeling suggested that chorus should be unable to
propagate into the plasmasphere from such large distances without being severely Landau damped. Our ray
tracing simulation supports our assertion and explains why chorus observed at such a large L shell can
propagate into the plasmasphere and contribute to hiss formation.

2. Data Analysis From THEMIS and Van Allen Probes
The chorus waves reported in this study were measured by the Search-Coil Magnetometer (SCM) [Le Contel
et al., 2008] on the THEMIS spacecraft [Angelopoulos, 2008]. High-resolution wave power spectra data (Fast
Fourier-transformed Fast-survey or FFF data product) provided by the SCM instrument are recorded with a
cadence of 8 s over 32 or 64 logarithmically spaced frequency bands between 4 and ~4000 Hz [Cully et al.,
2008]. Several particle burst data are available per day with duration of ~10 min each, which has a higher time
resolution of 0.5 or 1 s. The background magnetic ﬁeld is measured by the Flux Gate Magnetometer (FGM)
[Auster et al., 2008] and the total electron density is inferred from the spacecraft potential and the electron
thermal speed measured by the Electric Field Instrument (EFI) [Bonnell et al., 2008] and Electrostatic Analyzer
(ESA) instruments [McFadden et al., 2008], respectively.
Wave measurements from the Van Allen Probes are obtained from the Electric and Magnetic Field Instrument
Suite and Integrated Science (EMFISIS) wave instrument [Kletzing et al., 2013]. Plasmaspheric hiss reported in
this study was measured by the Waveform Receiver (WFR), which provides wave power spectral density
measurements from 10 Hz up to 12 kHz every 6 s. Total electron density can be calculated from the upper
hybrid resonance frequency detected by the Waves High Frequency Receiver and can also be inferred from
the spacecraft potential measured by the Electric Field and Waves (EFW) instrument [Wygant et al., 2013].

3. Coordinated Observation of Chorus and Plasmaspheric Hiss
Figure 1 shows an overview plot of the coordinated observation between THEMIS E (TH-E) and Van Allen Probe
B (RB-B). During the depicted period from 20:40 to 21:50 UT, the geomagnetic activity was very quiet (with Kp
of 1!). The location of TH-E and RB-B with respect to the plasmapause location is shown schematically in
Figure 4d. TH-E was located at 9–10 RE and ~13 magnetic local time (MLT) and observed modulated whistler
mode chorus waves (Figure 1b). Since TH-E crossed the plasmapause at ~19 UT at L ~ 6.5–8 (not shown),
these chorus waves were believed to be observed outside the plasmapause, where plasma density was low
(<2 cm!3) (Figure 1a). During the same period, RB-B was traveling at a slightly earlier MLT (~11.5–12.5 MLT)
LI ET AL.
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Figure 1. A coordinated event between TH-E and RB-B, which occurred on 2 February 2014. (a) Total electron density
inferred from the spacecraft potential and (b) frequency-time spectrogram of magnetic spectral density observed on
TH-E. (c) Frequency-time spectrogram of magnetic spectral density and (d) total electron density observed on RB-B.
(e) Wave amplitudes integrated over 200–600 Hz observed by TH-E (blue) and RB-B (red). The white or black lines in
Figures 1b and 1c represent 0.5 fce, 0.1 fce, and fLHR, where fce is the local electron cyclotron frequency and fLHR is the
lower hybrid resonance frequency. The gray-shaded region represents the time period, when burst-mode data from TH-E with
a high time resolution (0.5 s) were available.

inside the plasmapause, where the plasma density was 100–200 cm!3, and observed modulated hiss
emissions in a similar range of wave frequencies to that of chorus waves on TH-E. We note that the plasma
density inferred from the spacecraft potential, shown in Figure 1d, is consistent with the values calculated
from the upper hybrid line (not shown). As shown in Figure 1e, the comparison of chorus and hiss wave
amplitudes integrated over 200–600 Hz observed by TH-E and RB-B exhibits a fairly good correlation over this
entire interval.
Particle burst data on TH-E were available during the interval 21:29–21:40 UT (Figure 1, gray-shaded interval),
which enables us to examine the chorus wave spectra with a higher time resolution (0.5 s). Figure 2 shows the
observation from both TH-E and RB-B during this period when the high-resolution wave spectra data from
TH-E were available. Lower band chorus wave modulation with each wave cluster lasting for 10–30 s is clearly
observed at ~9.8 RE by TH-E, as shown in Figure 2b, where this chorus wave modulation does not appear
to be correlated with plasma density (Figure 2a). Interestingly, RB-B detected hiss wave modulation inside the
plasmasphere at ~5.8 RE, in excellent correlation with the chorus wave modulation but with a time delay of
5–8 s. It is also interesting to note that the hiss waves intensiﬁed in association with plasma density increases
particularly during 21:34–21:37 UT, which is consistent with the previous modeling by Chen et al. [2012c]
showing that hiss wave power tends to be concentrated in plasma density enhancements. The good
LI ET AL.
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Figure 2. A zoom-in version of Figure 1 during the period from ~21:29 to 21:40 UT on 2 February 2014, when the burst-mode
data on TH-E were available. (a) Total electron density and (b) frequency-time spectrogram of magnetic spectral density
from TH-E. (c) Frequency-time spectrogram of magnetic spectral density and (d) total electron density from RB-B. (e) Wave
amplitudes integrated over 200–600 Hz observed on TH-E (blue) and RB-B (red). The white or black lines in Figures 2b and 2c
represent 0.5 fce, 0.1 fce, and fLHR.

correlation between chorus and hiss wave amplitude (integrated over 200–600 Hz) is also shown in Figure 2e,
although the amplitude of chorus is generally larger than that of hiss.
Since hiss modulation during 21:34–21:37 UT is likely to be closely related to the density modulation, the
correlation coefﬁcients between chorus and hiss were calculated during two separate time intervals (shown as
red horizontal bars in Figure 2; Period 1, 21:29:15–21:33:30 UT, and Period 2, 21:37:30–21:40 UT), when the
plasma density was relatively constant, and were evaluated at various wave frequencies by varying the time lag
between these two wave spectra. Figure 3 shows the calculated correlation coefﬁcients, and the positive
(negative) values of time lag indicate that chorus waves are observed earlier (later) than hiss. The highest
correlation >~0.7 was obtained in the frequency range of 225–350 Hz with a time lag of ~5–8 s, which is
remarkable considering that the two spacecraft were separated by ~4 RE, i.e., ~25,000 km. Because the chorus
modulation precedes hiss modulation by ~5–8 s, these observations suggest that hiss may originate from chorus
and the propagation time from the chorus source region to the observed location of hiss is ~5–8 s. This time lag
is consistent with the propagation time of whistler mode waves (discussed further in section 4) but is inconsistent
with a common modulating mechanism for hiss and chorus (e.g., magnetosonic ultra low frequency waves)
which would require ~1 min to propagate from ~9.8 to ~5.8 RE, if traveling at approximately the Alfven speed. It is
worth noting that there could be some uncertainty in timing from the EMFISIS hiss wave measurements, since
each wave spectrum was obtained from the waveform data lasting 0.5 s but with 6 s time cadence.

4. Ray Tracing Simulation
To evaluate whether the aforementioned time delay is consistent with chorus being the embryonic source of hiss,
we performed a 2-D ray tracing simulation using the HOTRAY code [e.g., Horne, 1989; Chen et al., 2012a, 2012b].
LI ET AL.
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Figure 3. (a) Cross-correlation coefﬁcients as a function of time lag and frequency calculated between chorus and hiss
wave spectral intensity over 100–600 Hz observed by TH-E and RB-B, respectively, during 21:29:15–21:33:30 UT. (b) The
same as Figure 3a but during the time interval of 21:37:30–21:40:00 UT.

We adopted a dipole magnetic ﬁeld, but 18 nT was uniformly added in the z direction in the solar magnetic
coordinate system to represent the compressed magnetic ﬁeld conﬁguration on the dayside (similar to
previous studies, such as Horne and Thorne [1997]), to closely match the in situ magnetic ﬁeld measured by
TH-E. An equatorial plasma density model (Figure 4a, red line) was constructed based on the density
observation from TH-E (green) and RB-B (blue), with the plasmapause inner boundary at L = 6.5 and width
~1.5 RE. For the latitudinal variation of the plasma density inside the plasmasphere, we adopted an empirical
model derived from the Imager for Magnetopause-to-Aurora Global Exploration (IMAGE) Radio Plasma
Imager (RPI) [Ozhogin et al., 2012], as shown in equation (1):
!
"
π λ
NðL; λÞ ¼ Neq ðLÞ % cos!0:75
;
(1)
%
2 λINV

Figure 4. Electron density and ray tracing results of the evolution of chorus waves launched at ~9.8 RE. (a) The observed equatorial plasma density by TH-E (blue) and
RB-B (green) and the modeled density based on observations (red). (b) The evolution of raypath in the meridional plane launched with various wave normal angles
(color-coded) for α = 1.0. The latitudinal distribution of plasma density is shown with the gray color bar and the black dashed line represents the dipole magnetic
ﬁeld line. (c) The evolution of raypath as a function of time and magnetic latitude for various initial wave normal angles (color-coded) for the case of α = 1.0. (d) The
location of the TH-E and RB-B during this coordinated event with respect to the plasmapause location, and the gray-shaded region represents the high-density
plasmasphere. (e and f) Similar to Figures 4b and 4c but for α = 2.5.
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where N and Neq are the local and equatorial electron density, λ is the magnetic latitude, and λINV is the
invariant latitude. Outside the plasmapause, using IMAGE RPI data, Denton et al. [2006] demonstrated that the
latitudinal density distribution generally follows a power law distribution, as shown in equation (2):
NðλÞ ¼ Neq =ðcosλÞ2α ;

(2)

where α lies in typically between 1 and 2.5. Since the ray propagation is affected by the plasma density, we
performed the ray tracing simulation by varying the latitudinal distribution of plasma density for both α = 1.0
and α = 2.5. It is worth noting that in both cases, the equatorial plasma density proﬁle and the density
distribution inside the plasmasphere were kept the same.
An overview of the ray tracing results for a wave frequency of 300 Hz based on these two density models is
shown in Figures 4b, 4c, 4e, and 4f during this coordinated event, where TH-E observed chorus outside the
plasmapause at ~9.8 RE and RB-B observed plasmaspheric hiss at ~5.8 RE (Figure 4d). In Figures 4b and 4e,
the plasma density distribution in the meridional plane is shown in a gray color bar, together with the ray
trajectories color-coded for rays launched with various initial wave normal angles. Ray tracing is shown for a
wave frequency of 300 Hz, which is a representative wave frequency where the highest correlation was
obtained (Figure 3). These rays were initially launched at 9.8 RE at the magnetic equator, where chorus waves
were observed by TH-E, and subsequently propagated toward higher latitudes. Positive (negative) wave
normal angles in Figures 4b, 4c, 4e, and 4f indicate rays pointing away from (toward) the Earth. The rays are
terminated when they return to the equator for the ﬁrst time after their launch, or when they are subject
to severe damping of !60 dB, or when they reach a large L shell of 12 (and thus will not contribute to form
hiss). Rays launched with various initial wave normal angles (θ) exhibit signiﬁcantly different propagation and
evolution; the overall trend however is similar for the two extreme latitudinal density models with α = 1.0
and α = 2.5. Rays launched with θ > 15° (yellow to red) are subject to severe damping and do not propagate
far off the equator. For the case of α = 1.0, rays (light blue to yellow) launched with !25° < θ < 15°
(!33° < θ < 15° for α = 2.5) propagate to higher latitudes but still reach L ~ 12 before reﬂection. Interestingly,
rays (blue) with !41° < θ < !26° (!43° < θ < !34° for α = 2.5) propagate to high latitudes, where the
ambient density gradients cause a refraction toward lower L shells. Thus, those rays can enter into the
plasmasphere, experience internal reﬂection, and subsequently propagate toward the equator crossing
the L ~ 5.6–5.8 (~4.5–5) for α = 1.0 (2.5), very close to the region where RB-B observed hiss. The propagation
time for this group of rays from the chorus source region at the L shell of 9.8 to the magnetic equator is
about 5–6 s in both cases, which is in excellent agreement with the observed time delay where the highest
correlation was obtained (Figure 3). A smaller electron density at high latitudes with α = 1.0 led to a slightly
longer propagation time with the difference <0.5 s primarily due to longer ray propagation paths compared to
the case using α = 2.5. Nonetheless, the propagation time difference is relatively small and this ray tracing
simulation provides quantitative support for the concept of hiss originating from chorus waves.
It is important to note that the source of the chorus waves responsible for the formation of plasmaspheric hiss
was located at a large L shell of 9.8, where chorus was previously considered to be too far away to enter the
plasmasphere due to the severe Landau damping and longer raypath that it needs to travel [e.g., Chen et al.,
2012a]. In this coordinated event, this evolution was shown to be possible because the plasmapause was
located at very large L shells (inner edge at ~6.5) and because the Landau damping is likely to be relatively weak
on the dayside due to the lower suprathermal electron ﬂux during this quiet time period [Li et al., 2010].
We also calculated the local linear growth rate of plasmaspheric hiss using the measured electron
distributions and plasma density and found that it is too small (<1 dB/RE) to account for the observed hiss
wave intensity. This is probably because this event occurred during a very quiet time (AL ~ –20 nT) and is
different from the event reported by Li et al. [2013], where hiss is likely to be locally ampliﬁed due to the
energetic electron injection in association with substorms.

5. Summary and Discussion
Using a coordinated observation from THEMIS and Van Allen Probes, we report a particularly interesting
event, where plasmaspheric hiss appeared to originate from modulated chorus waves at large L shells (~9.8),
different from the previously reported events observed at smaller L shells (<6) [Bortnik et al., 2009; Wang
et al., 2011]. The reported event occurred on 2 February 2014 during a geomagnetically quiet period, when
LI ET AL.
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the plasmapause location on the dayside was at ~6.5–8 RE, which is much larger than previously considered
values [Bortnik et al., 2011a, 2011b; Chen et al., 2012a, 2012b]. TH-E was located at ~9.8 RE and observed
chorus waves well outside the plasmapause, while RB-B observed hiss inside the plasmasphere at ~5.5–6 RE
both near the noon sector. The observed wave intensity of chorus and hiss at ~300 Hz exhibits the highest
correlation with a time delay of ~5–8 s.
Ray tracing simulation was performed to evaluate the propagation of rays starting from the chorus source
location and showed that a fraction of rays with wave normal angles between ~!40° and ~!25° could
propagate toward high latitudes, where they refract toward lower L shells, enter the plasmasphere, and
ultimately reach an equatorial location close to the region where hiss was observed by RB-B. The propagation
time from the chorus source region to the observed location of hiss was found to be about 5–6 s and a
smaller electron density at high latitudes outside the plasmapause with α = 1.0 led to a slightly longer
propagation time with the difference <0.5 s compared to the case using α = 2.5. Our ray tracing results
are consistent
with the observed time delay and provide quantitative support to the concept that the observed hiss
originates from chorus waves excited at a much higher L shell. Different from the previously reported events
at relatively low L shells (<6) [e.g., Bortnik et al., 2009; Wang et al., 2011], our study clearly shows that chorus
waves observed at a larger L shell (>8) can also enter the plasmasphere during relatively quiet times,
when the plasmapause is located far away and Landau damping is sufﬁciently weak.
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