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Abstract

The two classes of whistler mode waves (chorus and hiss) play diﬀerent roles in the dynamics
of radiation belt energetic electrons. Chorus can eﬃciently accelerate energetic electrons, and hiss is
responsible for the loss of energetic electrons. Previous studies have proposed that chorus is the source of
plasmaspheric hiss, but this still requires an observational conﬁrmation because the previously observed
chorus and hiss emissions were not in the same frequency range in the same time. Here we report
simultaneous observations form Van Allen Probes that chorus and hiss emissions occurred in the same
range ∼300–1500 Hz with the peak wave power density about 10−5 nT2 /Hz during a weak storm on
3 July 2014. Chorus emissions propagate in a broad region outside the plasmapause. Meanwhile, hiss
emissions are conﬁned inside the plasmasphere, with a higher intensity and a broader area at a lower
frequency. A sum of bi-Maxwellian distribution is used to model the observed anisotropic electron
distributions and to evaluate the instability of waves. A three-dimensional ray tracing simulation shows that
a portion of chorus emission outside the plasmasphere can propagate into the plasmasphere and evolve
into plasmaspheric hiss. Moreover, hiss waves below 1 kHz are more intense and propagate over a broader
area than those above 1 kHz, consistent with the observation. The current results can explain distributions
of the observed hiss emission and provide a further support for the mechanism of evolution of chorus into
hiss emissions.

1. Introduction
Plasmaspheric hiss is an incoherent emission that propagates in the whistler mode with frequency typically in the range of ∼200 Hz to 2 kHz [Smith et al., 1974; Hayakawa and Sazhin, 1992] and generally occurs
in the high-density plasmasphere and plasmaspheric plumes [Thorne et al., 1973; Chan and Holzer, 1976;
Summers et al., 2008]. Previous studies have shown that plasmaspheric hiss are observed at all magnetic local
times (MLT), but the intensities on the dayside are much larger than those on the nightside [Meredith et al.,
2004, 2006a].
Based on the numerical simulation of raypath, Bortnik et al. [2008] have proposed that the source of plasmaspheric hiss is a result of the evolution of another whistler mode wave—chorus emission. Bortnik et al.
[2009] have reported a strong correlation between hiss and chorus from simultaneous observations with
two Time History of Events and Macroscale Interactions during Substorms (THEMIS) spacecrafts. This idea is
important because ULF wave-derived radial diﬀusion [Ozeke et al., 2014a, 2014b; Shprits et al., 2007] and local
acceleration by chorus [Horne et al., 2003, 2005; Li et al., 2005; Xiao et al., 2009, 2010; Zong et al., 2007] are
considered to be the leading mechanisms responsible for the formation of energetic electrons in the outer
radiation belt. Meanwhile, both hiss and chorus waves can produce precipitation loss of radiation belt energetic electrons [Lyons and Thorne, 1973; Meredith et al., 2006b; Thorne et al., 2005; Fontaine and Blanc, 1983;
Summers et al., 2007].
©2016. American Geophysical Union.
All Rights Reserved.
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[Burtis and Helliwell, 1969; Meredith et al., 2001] and are observed in two frequency bands: a lower band
of 0.1–0.5fce and an upper band of 0.5–0.8fce (fce is the equatorial gyrofrequency of electrons) [Tsurutani
and Smith, 1974, 1977]. The recent statistical studies on global distribution of chorus waves [Li et al., 2009b;
Meredith et al., 2012] have shown that the occurrence rate of chorus on the dayside is larger than that on the
nightside, and upper band chorus is weaker and propagates in a narrower spatial region.
Recently, the connection between chorus and hiss has been supported by an increasing number of studies [Bortnik et al., 2011a, 2011b; Chen et al., 2012a, 2012b, 2012c; Li et al., 2013]. The frequency spectrum
and spatial distribution of hiss have been simulated by treating chorus as the source of hiss waves
[Bortnik et al., 2011a, 2011b]. The simulation results have shown remarkable consistency with the observed
statistical characteristics of hiss. On the basis of observation and modeling, Chen et al. [2012a, 2012b,
2012c] have concluded that chorus as an embryonic source together with cyclotron resonant wave ampliﬁcation inside the plasmasphere can account for the observed intensity of dayside hiss. Li et al. [2013]
have reported Van Allen Probes observations of enhanced hiss and chorus waves associated with substorm injected electrons and proposed that the hiss inside the plasmasphere is enhanced by the instability
of chorus occurring outside the plasmapause. Using coordinated observations between THEMIS and Van
Allen Probes, Li et al. [2015] have reported an event exhibiting the excellent correlation between chorus and hiss, where hiss observed at L ≈ 5.5 appeared to originate from modulated chorus waves at far
locations L ≈ 9.8.
Since the launching of Van Allen Probes on 30 August 2012, new advances have been made in understanding
the radiation belt dynamics. Here we provide a direct observational evidence from Van Allen Probes during the
weak storm on July 3 2014, together with three-dimensional ray tracing, to demonstrate how chorus evolve
into hiss in the same frequency range and close MLT region.

2. Observation
The Van Allen Probes comprise two identically instrumented spacecraft which have nearly identical orbits.
The orbits have a perigee of ∼1.1 RE , apogee of 5.8 RE , and inclination of ∼10∘ [Mauk et al., 2012].
Therefore, the Van Allen Probes are well situated to measure both chorus and hiss. The Electric and Magnetic
Field Instrument Suite and Integrated Science (EMFISIS) provides measurements of direct current magnetic ﬁelds and a comprehensive set of wave electric and magnetic ﬁelds. The High Frequency Receiver
(HFR) of EMFISIS provides spectral information on the wave electric ﬁelds in the frequency range of 10 to
500 kHz. The waveform receiver (WFR) measures electric and magnetic ﬁelds in the frequency range from
∼10 Hz up to 12 kHz and provides the spectral matrix composed of all six components [Kletzing et al.,
2013; Wygant et al., 2013]. The Helium, Oxygen, Proton, and Electron (HOPE) Mass Spectrometer [Funsten
et al., 2013; Spence et al., 2013] and the Magnetic Electron Ion Spectrometer (MagEIS) [Blake et al., 2013;
Spence et al., 2013] measure the diﬀerential ﬂux of electrons from 1 eV to 50 keV and from 20 keV to 5 MeV,
respectively.
Figure 1a shows the time variation of geomagnetic activity Dst and AE during the geomagnetically quiet
(minimum Dst = −21 nT) period of 3–4 July 2014. An intense substorm (the peak AE = 1089 nT) occurred
around 9:20 UT. The shaded area corresponds to the period of the simultaneous observation from 9:00 to
15:00 UT on 3 July. The HFR spectral data recorded by Probes A and B are shown in Figures 1b and 1g,
respectively. The local electron density can be estimated from the upper hybrid frequency [Kurth et al., 2015].
The location of the plasmapause (indicated by the white dashed vertical lines) is determined by the rapid drop
in the upper hybrid line [Kletzing et al., 2013]. During 9:00–15:00 UT, both Probes A and B moved from outside
the plasmapause into the plasmasphere. The plasmapause crossing occurred at L ≈ 4.8, MLT ≈ 9.9 for Probe
A and L ≈ 5.0, MLT ≈ 9.5 for Probe B.
Figures 1c–1f and 1h–1k show the wave magnetic and electric ﬁeld spectral density, the wave normal
angle (𝜃 ), and the ellipticity from the WFR instrument. The wave normal angle and ellipticity are estimated
by the singular value decomposition method [Santolík et al., 2003] and are replaced with blank values if
wave power <10−8 nT2 /Hz. Intense electromagnetic waves at frequencies higher than 100 Hz with the peak
power density slightly above 10−5 nT2 /Hz were observed by both probes. These waves are classiﬁed as
whistler mode waves, because of their quasi-parallel propagation to the ﬁeld and right-hand polarization
(ellipticity ≈1). We focus on the observations between 12:00 and 13:40 UT (indicated by the gray vertical lines).
ZHOU ET AL.
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Figure 1. (a) The Dst index (black) and AE index (red). The gray region indicates the period of the simultaneous observation from Van Allen Probes.
(b) The electric ﬁeld spectral density in the HFR channel, (c) the magnetic and (d) electric ﬁeld spectral density in the WFR channel, (e) wave normal angle,
and (f ) ellipticity observed by Probe A. (g–k) The same as Figures 1b–1f but from Probe B. The white lines represent fce (solid), 0.5fce (dashed), and
0.1fce (dash dotted).

During this interval, Probe A located outside the plasmapause and observed chorus frequency in the range
∼ 300 − ∼1500 Hz. Meanwhile, Probe B located inside the plasmasphere and observed structureless hiss
waves with frequencies from ∼100 to ∼1500 Hz. We focus on the same frequency range ∼300 to 1500 Hz of
chorus and hiss observed by Probes A and B. In this range, low-frequency hiss below 1 kHz is 1–2 orders of
magnitude higher than high-frequency hiss above 1 kHz, with a broader area of MLT and L shells. In particular,
hiss waves were observed at L = 1.6–4.9 and MLT = 9.5–14.5 for 300 Hz and L = 3.0–4.5 and MLT = 10.5–11.6
for 1500 Hz. However, hiss waves lower than 300 Hz may originated from chorus waves at L > 7, beyond the
observation scope of Van Allen Probes. We will provide a further study in the future.
Chorus can be generated by the cyclotron resonance interaction with anisotropic energetic (∼tens of keV)
electrons injected from the plasma sheet [Li et al., 2009b; Summers et al., 2009; Jordanova et al., 2010]. Figure 2
shows the electron phase space density (PSD) from HOPE (for energy 0.015–21 keV) and MagEIS (for energy
32–300 keV) instruments onboard Probe B at L = 6.4, 5.5, 4.5, and 3.5 during 09:28–12:42 UT. Energetic electrons display a pitch angle anisotropy above ∼10 keV, with a higher anisotropy outside the plasmapause,
which should be responsible for the excitation of those observed chorus waves.
ZHOU ET AL.
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Figure 2. (a–d) Modeled bi-Maxwellian distribution (solid) to the observed electron PSD (discrete) for v⟂ = 0 (blue) and
v∥ = 0 (red) measured by Van Allen Probe B at diﬀerent L shells.

3. Numerical Simulation
By using the nonlinear least squares estimation [Marquardt, 1963; Moré, 1978], we ﬁt the observed PSD of
energetic electrons with a sum of ﬁve bi-Maxwellian components:
f=

5
∑

(1)

fs

s=1

The distribution function for each component s is
fs (v∥ , v⟂ ) =

nhs
2
𝜋 3∕2 𝛼⟂s
𝛼∥s

(
exp −

v∥2
2
𝛼∥s

−

v⟂2
2
𝛼⟂s

)
,

(2)

where nhs is the number density, v∥ , v⟂ , 𝛼∥s , and 𝛼⟂s are the velocity components and eﬀective thermal speeds
parallel and perpendicular to the ambient magnetic ﬁeld, respectively. The ﬁtting curves are shown in Figure 2
and the ﬁtted parameters are given in Table 1.
The propagation paths of whistler mode waves are simulated using a previously developed three-dimensional
ray tracing code [Xiao et al., 2007, 2012, 2013, 2015; Zhou et al., 2014], which follows the methodology of the
HOTRAY code [Horne, 1989]. The wave raypath with frequency 𝜔 and vector k is determined by integrating
Hamilton’s equations [Suchy, 1981]:
dR
𝜕D 𝜕D
=− ∕
dt
𝜕k 𝜕𝜔 ,
dk
𝜕D 𝜕D
=
∕
dt
𝜕R 𝜕𝜔

(3)

where t and R represent the group time and the position vector of a point on the raypath; D is the dispersion
relation, and its derivative with respect to R is [Horne, 1989]
𝜕D
𝜕D 𝜕B 𝜕D 𝜕N 𝜕D 𝜕k
=
+
+
.
𝜕R
𝜕B 𝜕R 𝜕N 𝜕R 𝜕k 𝜕R
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Table 1. Fitting Parameters for Observation on 3 July 2013
Components

nhs (m−3 )

𝛼⟂s (m/s)

𝛼∥s (m/s)

L = 6.4, 09:28:32 UT

1

8.2 × 105

2.37 × 106

2.37 × 106

2

1.7 × 105

8.59 × 106

8.59 × 106

3

4.6 × 104

2.90 × 107

2.90 × 107

4

5.0 × 103

4.60 × 107

4.82 × 107

5

2.8 × 104

5.58 × 107

6.92 × 107

1

8.9 × 105

2.37 × 106

2.37 × 106

2

5.0 × 104

7.26 × 106

7.26 × 106

3

2.2 × 104

2.90 × 107

2.90 × 107

4

5.3 × 103

4.13 × 107

4.38 × 107

5

3.9 × 104

6.42 × 107

7.61 × 107

1

6.7 × 105

2.30 × 106

2.30 × 106

2

4.5 × 104

7.02 × 106

7.02 × 106

3

1.1 × 104

1.78 × 107

1.78 × 107

4

9.0 × 103

2.58 × 107

2.58 × 107

5

2.3 × 104

5.82 × 107

6.42 × 107

1

2.5 × 103

2.22 × 106

2.22 × 106

2

3.5 × 103

6.50 × 106

6.50 × 106

3

2.1 × 103

1.62 × 107

1.62 × 107

4

2.7 × 103

2.29 × 107

2.29 × 107

5

6.1 × 103

5.20 × 107

5.73 × 107

L = 5.5, 11:23:00 UT

L = 4.5, 12:09:49 UT

L = 3.5, 12:41:50 UT

Here the background magnetic ﬁeld B is chosen as a dipole magnetic ﬁeld and the background plasma density
N is assumed to follow a realistic plasma density model [Carpenter and Anderson, 1992; Denton et al., 2002,
2006; Chen et al., 2012a]:
N = Ni + Nps (1 − g(L)) + Ntr g(L) ,

(5)

where Ni , Nps , and Ntr respectively denote the density of the ionosphere, the plasmasphere, and the trough.
The explicit expression for them are shown in equations (3)–(5) in the previous work [Chen et al., 2012a]. In
this plasma density model, Ni is constant along each ﬁeld line, and the ﬁeld-aligned variations of Nps and Ntr
increase with latitude following a power law form [Denton et al., 2002, 2006]. The transition function g(L) which
controls the plasmapause shape is deﬁned as
⎧1
if L ≥ Lppo
⎪
( (
)
)
2
g(L) = ⎨
.
L−Lppo
otherwise
⎪ exp − Lppw
⎩

(6)

Based on the observation (Figure 1), the plasmapause outer edge and width are set to be Lppo = 5.0 and
Lppw = 0.7RE , respectively.
The comparison between the modeled density proﬁle and the measurement of the plasma density from Van
Allen Probes is presented in Figure 3. The density proﬁle is modeled at MLT = 10, 𝜆 = 18∘ . The measured
electron densities are derived from the upper hybrid frequency during the observation period, using the same
method as that in Kurth et al. [2015]. It is shown that the modeled density is comparable to the measurement.
In particularly, the plasmapause crossing occurred at L ≈ 5.0, which is well represented by the plasma density
proﬁle in our model. However, there are some uncertainties in measuring the upper hybrid frequency from
Probe A at L > 5.2 to derive the electron density.
ZHOU ET AL.
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Figure 3. The modeled (solid) and measured (circle) electron densities derived from the upper hybrid frequency as a
function of L. Note: it is diﬃcult to determine the upper hybrid frequency from Probe A at L > 5.2.

To perform numerical calculation, two coordinate systems are deﬁned following the previous work [Horne,
1989]. The ﬁrst one is an Earth-centered system (oxyz), in which the z axis is along the geomagnetic axis and
pointing north, the x axis is orthogonal to the z axis and pointing away from the Sun, and the y axis completes
the right-handed set. The second system (pxyz) is a Cartesian system centered on a point p of the raypath. The
z axis is along the direction of the geomagnetic ﬁeld at p. The x axis lies in the meridian plane, orthogonal to
the z axis, and pointing away from Earth. The y axis completes the right-handed set. 𝜃 is the normal angle of
wave between k and the z axis, and 𝜂 is the azimuthal angle between the projection of k onto the xy plane
and the x axis.
During propagation, whistler mode waves may be ampliﬁed or attenuated through wave-particle interaction.
Using the parameters in Table 1, we calculate the local chorus wave growth rate (𝛾 ) at each step of the raypath
following the previous works [Kennel, 1966; Chen et al., 2010]. Then the relative wave power PR with respect
to the initial wave power is calculated by integrating the local growth rate along the raypath:
(
)
𝛾 dt .
PR = exp
(7)
∫
Analogous to the previous studies [Chen et al., 2009; Li et al., 2015], we terminate ray tracing when the ray is
damped to 5% of its initial power.
Figure 4 shows the simulated equatorial background electron density Ne , the raypaths of four representative
whistler mode waves, and the trajectories of Van Allen Probes during 12:00–13:40 UT on 3 July 2014. Probe A
traveled outside the plasmasphere and saw chorus. In the meantime, Probe B was inside the plasmasphere

Figure 4. A three-dimensional view of the raypaths of whistler mode waves with initial 𝜃0 = 60∘ and 𝜂0 = 170∘ . The
waves are generated at the equator at L = 6.5, MLT = 8 with diﬀerent frequencies 480 Hz (red), 630 Hz (blue), 790 Hz
(magenta), and 1000 Hz (green). The trajectories of Van Allen Probes and their projections onto the magnetic equatorial
plane during 12:00–13:40 UT are indicated by the black solid lines and dashed lines, respectively. The background
equatorial density is superimposed in color scale.
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Figure 5. (a) The magnetic latitude, (b) L shell, and (c) relative power (PR ) as a function of group time for the waves in
Figure 4.

√
Figure 6. The raypaths projected onto the (Z , X 2 + Y 2 ) plane. The waves are launched at the equator at L = 6.5,
∘
∘
∘
MLT = 8 with 𝜂0 = 170 , 𝜃0 = 55 –65 (color coded), and diﬀerent frequencies (a) 0.15fce (480 Hz), (b) 0.2fce (630 Hz),
(c) 0.25fce (790 Hz), and (d) 0.32fce (1000 Hz).The dotted lines represent the plasmapause and the asterisks denote the
source locations.
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Figure 7. The same as Figure 6 but the raypaths projected onto the magnetic equatorial plane. The trajectory of
Van Allen Probes A and B during 12:00–13:40 UT on 3 July 2014 are indicated by the black lines.

and saw hiss waves. The simulated waves are generated at the equator L = 6.5 and MLT = 8 (determined by the
location of Probe A), with the same initial wave normal angle 𝜃0 = 60∘ and initial azimuthal angle 𝜂0 = 170∘
(k pointing toward Earth), but diﬀerent frequencies 0.15fce (480 Hz), 0.2fce (630 Hz), 0.25fce (790 Hz), and
0.32fce (1000 Hz). The rays propagate toward Earth with decreasing L and penetrate into the plasmasphere.
Then they undergo multiple reﬂections inside the plasmasphere, spreading over a broad region of MLT.
The magnetic latitude 𝜆, L shell, and relative power as a function of group time for the waves in Figure 4 are
shown in Figure 5. The rays experience repeated reﬂection in the magnetic latitudes range −50∘ < 𝜆 < 50∘ .
The waves with 480 Hz and 790 Hz enter the plasmasphere after the ﬁrst reﬂection within 2 s. The waves with
630 Hz and 1000 Hz enter the plasmasphere after several magnetospheric reﬂections. The simulated waves
have large wave normal angles; therefore, they are attenuated by Landau damping during propagation, with
a higher Landau damping outside the plasmasphere than inside the plasmasphere (Figures 5b and 5c). The
waves are damped to 8%–40% of the initial power before entering the plasmasphere. The waves trapped
inside the plasmasphere decay very slowly because of the low damping rate in high-density regions. Waves
with a frequency of 480 Hz escape from the plasmasphere at t ≈ 46 s and are rapidly damped outside of the
plasmasphere.
We vary the initial wave normal angle 𝜃0 from 55∘ to 65∘ at 1∘ spacing and simulate the raypaths. Because the
rays once they
rays propagating toward larger L do not contribute to the plasmaspheric hiss, we cut those
√
reach the location L = 7.5. Figures 6 and 7 show the ray trajectories projected onto the (Z , X 2 + Y 2 ) plane and
the equatorial plane, respectively. The rays which propagate with diﬀerent frequency and initial 𝜃0 are superposed in the plasmasphere and merge into the incoherent hiss band. Fewer rays enter the plasmasphere as
the frequency increases. Furthermore, low-frequency rays propagate in a broader space than high-frequency
rays. The rays at 480–790 Hz can propagate from L = 6.5 down to L ≈ 2 at the equatorial plane and migrate
ZHOU ET AL.
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√
Figure 8. The raypaths projected onto the (Z , X 2 + Y 2 ) plane. The waves are launched at the equator at MLT = 8 and
diﬀerent L shells (shown) with 𝜂0 = 170∘ , 𝜃0 = 55∘ –65∘ (color coded), and diﬀerent frequencies (a) 0.2fce (630 Hz),
(b) 0.2fce (800 Hz), and (c) 0.2fce (1000 Hz). The dotted lines represent the plasmapause and the asterisks denote the
source locations.

across MLT more than 7 h. Whereas the rays at 1000 Hz only reach L ≈ 3 at the equatorial plane and propagate
across MLT about 4 h, consistent with the observation (Figure 1).
Considering that the observed waves may originate from diﬀerent locations, we plot the raypaths starting at
diﬀerent L shells in Figures 8 and 9, with the same initial 𝜃0 and 𝜂0 as those in Figures 6 and 7. Because the
observed chorus frequency outside the plasmapause basically scales with electron gyrofrequency, we set f ∕fce
to be 0.2 in the simulation. Similar to the results in Figures 6 and 7, fewer rays with higher frequencies can enter
the plasmasphere, within a smaller region of L shell and MLT. In particular, the rays in Figures 8c and 9c can only
enter the plasmasphere when 55∘ ≤ 𝜃0 ≤ 59∘ . The rays with larger initial wave normal angles (60∘ ≤ 𝜃0 ≤ 65∘ )
propagate roughly along the plasmapause after the ﬁrst reﬂection at high latitudes. Meanwhile, they are
rapidly damped and covered by those with 𝜃0 = 55∘ –59∘ . The results above provide a reasonable explanation
why observed hiss waves are more intense and have a broader spatial distribution at f ≈ 300–600 Hz.
Moreover, during 12:00–13:40 UT, Van Allen Probe A observed chorus waves with frequencies ∼300–1500 Hz
near the location L = 5.4 –6.5, MLT = 8.1–9.3 (Figure 1). A portion of the modeled chorus waves launched
at L = 5.5–6.5, MLT = 8 propagate into the plasmapause, evolving into plasmaspheric hiss in a few to tens of
seconds. The frequency and spatial distribution of modeled hiss waves are consistent with the observation
by Probe B at L = 1.6–4.7, MLT = 9.7–14.3 (Figure 1).

Figure 9. The same as Figure 8 but the raypaths projected onto the magnetic equatorial plane. The trajectory of
Van Allen Probes A and B during 12:00–13:40 UT on 3 July 2014 are indicated by the black lines.
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4. Summary
A simultaneous observation of the chorus and hiss emissions during the recovery phase of the geomagnetic storm on 3 July 2014 is presented. Electron PSD from Probe B is ﬁtted with a sum of ﬁve subtracted
bi-Maxwellian components and the ﬁtting functions are used to calculate the local growth rate and relative
power of waves. Three-dimensional ray tracing is performed to investigate the evolution of chorus emissions
into plasmaspheric hiss. The principal conclusions are summarized as follows:
1. The modeled chorus waves are initiated with Earthward inclined wave vectors and thus propagated toward
the Earth. A portion of them are then able to enter the plasmasphere and undergo multiple reﬂections.
The rays launched at diﬀerent L shells with diﬀerent frequencies are superposed in the plasmasphere then
merge into the incoherent band of hiss emission.
2. Before moving into the plasmasphere, waves are damped to 8%–40% of the initial power. Inside the
plasmasphere, the waves are trapped but attenuated slowly because of the low damping rate in
high-density regions.
3. Simulation results show that hiss waves between 480 Hz and 800 Hz are more intense and propagate over a
broader region of MLT and L shell than those above 1 kHz, successfully explaining the observed frequency
spectrum and spatial distribution of hiss emission. The current results provide a further conﬁrmation on
how chorus waves evolve into hiss waves during a weak geomagnetic storm.
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