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The unexpected origin of plasmaspheric hiss from

discrete chorus emissions

Jacob Bortnik!, Richard M. Thorne' & Nigel P. Meredith?

Plasmaspheric hiss' is a type of electromagnetic wave found ubi-
quitously in the dense plasma region that encircles the Earth,
known as the plasmasphere®. This important wave is known to
remove ™ the high-energy electrons that are trapped along the
Earth’s magnetic field lines®, and therefore helps to reduce the
radiation hazards to satellites and humans in space. Numerous
theories to explain the origin of hiss have been proposed over
the past four decades, but none have been able to account fully
for its observed properties. Here we show that a different wave
type called chorus™®, previously thought to be unrelated to hiss,
can propagate into the plasmasphere from tens of thousands of
kilometres away, and evolve into hiss. Our new model naturally
accounts for the observed frequency band of hiss, its incoherent
nature, its day—night asymmetry in intensity, its association with
solar activity and its spatial distribution. The connection between
chorus and hiss is very interesting because chorus is instrumental
in the formation of high-energy electrons outside the plasma-
sphere’®, whereas hiss depletes these electrons at lower equatorial
altitudes™*.

Early spacecraft observations beginning in the late 1960s, of wide-
band electromagnetic noise at frequencies below a few kiloHertz
established the presence of a steady, incoherent noise band in the
frequency range between ~200 Hz and ~1kHz (refs 7, 8 and 10).
This emission was named plasmaspheric hiss' because of its unstruc-
tured nature, spectral resemblance to audible hiss, and confinement
to the plasmasphere. Hiss occurs at all local times, but intensities are
strongest on the day side"'>"!, and further increase when geomag-
netic activity (such as storms and substorms, ultimately driven by
solar activity) is increased''. There have been a number of different
hypotheses attempting to explain the origin of hiss' (see Supple-
mentary Information for further discussion), but only two have
emerged as the most likely candidates: (1) the in situ growth and
amplification of background electromagnetic turbulence, driven by
unstable energetic electron populations"", and (2) the evolution of
a spectrum of electromagnetic waves injected into the plasmasphere
by terrestrial lightning strikes, into the observed hiss band'*".
However, there are observational difficulties with both leading
models for the origin of hiss. Typical wave growth rates inside the
plasmasphere are too modest'’ to generate the observed emissions.
Alternatively, if plasmaspheric hiss originated from lightning, the
emissions would be stronger over the continents than over the oceans
because lightning activity is more prevalent over land. A recent
study'® of the geographic association of plasmaspheric emissions
above 3 kHz led to substantial controversy'>*’, and a more extensive
study”' showed that hiss below 2 kHz, where the emission power is
strongest, has no correlation with landmass. In addition, a lightning
source of hiss cannot account for the pronounced association of
wave intensities with geomagnetic activity. Clearly, an alternative

explanation is required that is theoretically viable and can simulta-
neously account for all the observed features of hiss.

Figure 1b shows a dynamic spectrogram of an electromagnetic
emission known as chorus”®*?, which, unlike hiss, occurs in the
unstable region outside the plasmasphere. The intensity and spectral
characteristics of chorus are very different to those of hiss (Fig. 1¢).
Chorus wave power is typically greater than that of hiss"'"*, and
consists of discrete spectral features, which rise at a rate of the order
of 1kHzs ' over a well-defined frequency band controlled by the
equatorial electron gyrofrequency (fe., defined as the frequency with
which electrons gyrate about the Earth’s magnetic field line, and
which is proportional to the magnetic field strength). Chorus
typically occurs in two frequency bands: a lower, more intense, band
in the range ~0.1-0.45f., and an upper band at ~0.5-0.7f,. In
contrast, hiss remains in a roughly constant frequency band of
~0.2-1 kHz throughout the entire plasmasphere.

The propagation of chorus has been modelled as shown in Fig. 1a,
using numerical ray tracing for a set of rays initiated at the geomag-
netic equator, consistent with observations®. The rays are injected at
L =5, where L is the distance in Earth radii (1 Rg = 6,370 km) from
the centre of the Earth to the equatorial crossing of a given magnetic
field line, at the lower end of the chorus frequency spectrum, 0.1f.,
corresponding to a frequency of 704 Hz. Each ray is initiated with a
slightly different wave normal angle i/, (defined as the angle between
the Earth’s magnetic field, and the normal to the plane of the wave,
with negative angles pointed towards the Earth), and colour-coded
accordingly. The damping experienced by each ray is accurately cal-
culated®, and each ray is plotted until it decays to 1% of its initial
power.

The rays exhibit a variety of behaviours. Those rays with i near
—70° or +20° are completely damped before they reach high lati-
tudes (for example, 4= 50°), while the rays with , = —25° to +10°
(day side) magnetospherically reflect at high latitudes, and propagate
away from the Earth, probably contributing to an emission pre-
viously reported as extremely low frequency hiss***. However, a
key range of rays with o = —30° to —60° (day side), magnetospheri-
cally reflect towards lower L**, and propagate into the plasmasphere.
Once inside the plasmasphere, the damping rate is dramatically
reduced owing to the high cold electron density, and low electron
fluxes which produce the damping. The rays internally reflect many
times before being completely damped, and in so doing, fill the
plasmasphere with wave energy down to L= 1.6, consistent with
observations' (see Supplementary Information for a detailed ray
path and discussion). Each ray has a slightly different entry point
into the plasmasphere, so the chorus rays which propagated coher-
ently outside the plasmasphere become completely randomized after
only one or two internal reflections inside the plasmasphere, leading
to the incoherent nature of hiss. Also clearly evident is the dramatic
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difference between day and night in the access of rays into the plas-
masphere, due primarily to the different electron fluxes responsible
for the damping.

To quantify the plasmaspheric access of chorus, rays were traced
for different initial values of L, , and frequency, and the lifetime t
(defined to be the time taken for the ray to reach 1% of its initial
power) was recorded. The results (shown in Fig. 2) can be interpreted
as follows: rays that are completely damped before they reach high
latitudes typically have t <1s, those that reflect and propagate to
higher latitudes typically have T <55, but rays that enter the plasma-
sphere have much longer lifetimes. A certain set of rays, marked by the
letter I, originating at L =~ 4.5-6.5, have lifetimes exceeding 30s, and
coincidentally have frequencies in the range ~0.2—1 kHz, identical to

LETTERS

the observed hiss spectrum. On the night side, fewer waves are able to
access the plasmasphere, and those that do have much shorter life-
times, typically 7 = 10 s. As the frequency of the source population of
chorus is increased (day side in Fig. 2c and e; night side in Fig. 2d and
f), access into the plasmasphere becomes more restricted, and 7 is
lowered to less than 10 s, accounting for the reduced intensities of hiss
above 1 kHz, and the weaker emissions observed on the night side.
The power spectral intensity of those waves that access the plasma-
sphere is enhanced, owing to the multiple magnetospheric reflections
and the reduced magnetospheric volume occupied by hiss compared
to that occupied by chorus. Consequently, only a small fraction of the
chorus wave power needs to leak into the plasmasphere to account
for typical hiss intensities. Interestingly, we also note in Fig. 1a that
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Figure 1| Evolution of chorus into plasmaspheric hiss. a, A schematic of the
near-Earth space environment, with the grey regions indicating the typical
location of the dense plasmasphere. A set of 91 rays is launched from the
geomagnetic equator (thatis, 2 = 0°) at L = 5, with f = 0.1f_. (704 Hz), in the
wave normal range —70° to +20°, at every 1°. Each ray is traced until its
power decreases to 1% of its initial value, at which point the ray is
terminated. Chorus originating with a different frequency and starting
location will have a similar set of ray paths, which will merge together into an
incoherent emission to fill the outer plasmasphere with hiss. b, A 10-s-long
spectrogram showing the intensity of a typical series of rising chorus
elements, as a function of frequency and time, observed by the Wideband

4 February 2001

instrument on the Cluster II satellite on the day side outside the
plasmasphere. ¢, A similar 10-s-long spectrogram showing plasmaspheric
hiss intensity, on the night side inside the plasmasphere. There is a sharp
lower frequency cut-off at ~200 Hz, and a more gradual upper frequency
cut-off at ~1kHz, and no apparent structure in the spectrum. The abscissas
shown represent: UT, Universal time; MLT, magnetic local time, which is the
local time of equatorial crossing of the magnetic field-line passing through
the satellite, and can be slightly different to the actual local time; and MLAT,
magnetic latitude, the latitude of CRRES relative to the geomagnetic
equator.
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Figure 2 | Penetration characteristics of chorus rays. Each pixel represents
asingle chorus ray, initiated at the geomagnetic equator at the location L and
the wave normal , shown. Each chorus ray is ray-traced until its power
decreases to 1% of its initial value, and the time is recorded, and displayed
using the colour scale at the bottom of the figure. The day side and night side
cold plasma distribution is modelled after ref. 28, the field is assumed to be
dipolar, and the suprathermal flux distribution used in the calculation of
Landau damping outside the plasmasphere is obtained from the CRRES,
following the methodology of ref. 23, taking the distribution to be MLT and

some of the chorus rays pass through the plasmasphere, exit and
return to the outer magnetosphere. Such emissions have been
observed and referred to as exo-hiss in past studies' but their origin
appears to be chorus.

An observation of hiss and chorus waves from the Combined
Release and Radiation Effects Satellite (CRRES) is shown in Fig. 3.
During the inbound leg of the orbit (after ~11:00 UT), the satellite
travels from higher to lower L and enters the plasmasphere on the day
side. Although individual chorus elements cannot be distinguished
on this timescale, the frequency band of chorus clearly follows the
equatorial gyrofrequency, increasing in frequency as the satellite
moves to lower L, and remaining confined roughly to the band
~0.1-0.45f... On entering the plasmasphere, the chorus emissions
are abruptly cut off at ~14:40 UT, and are replaced by the typical
plasmaspheric hiss band, which has a peak intensity near the outer
boundary of the plasmasphere and becomes weaker closer to the
Earth. Many of the features discussed above are evident in this plot,
including the increased intensity of hiss on the day side versus the
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L-dependent. Inside the plasmasphere, the flux distribution from ref. 29 is
assumed. a—f, Each panel shows chorus ray lifetimes, for frequencies

flfee = 0.1, 0.2 and 0.3 as shown, normalized to the electron gyrofrequency,
with the actual wave frequency f associated with the ray’s initial L value. /o
normalized to the resonance-cone angle V.., beyond which propagation in
the cold-plasma whistler-mode is not possible, is also shown. Rays with
lifetimes over 5 s have all entered and remained in the plasmasphere (Fig. 1a),
with some rays reaching lifetimes well over 50s.

night side, and the approximate location of the chorus source region,
which is believed to leak into the plasmasphere and evolve into hiss
(marked by the letter ‘S’ in Fig. 3), indicating that the rays responsible
for the most intense portion of the hiss spectrum are generated well
outside the plasmasphere, and not adjacent to it. Also visible is exo-
hiss, at ~14:00-14:40, f~ 0.2-0.5kHz, outside the plasmasphere,
which is believed to have leaked out, as described above. The upper
frequency cut-off of both the hiss and chorus waves near the plasma-
sphere boundary shows a very close correspondence, suggesting that
it is these higher-frequency chorus waves that have leaked into the
plasmasphere and evolved into the hiss spectrum, but at much lower
intensities than the components at less than 1 kHz, as is clearly repro-
duced in our simulations.

The present modelling study is the first to link chorus to the origin
of plasmaspheric hiss. Much detailed modelling remains to be done
in this area, but our results naturally account for the essential features
of hiss, such as the observed frequency spectrum, its incoherent
nature, the day—night asymmetry in intensity, the distribution in L,
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Figure 3 | CRRES satellite data showing chorus and hiss emissions. Survey
plot (~9h) of the wave spectral intensity for orbit 130 from the CRRES
Plasma Wave Experiment. The region marked “S” is the source region of
chorus from which waves propagate into the plasmasphere and evolve into
hiss. We note that there is not a perfect correspondence between the
observed chorus and the hiss, because the CRRES satellite was changing its

the geomagnetic control'***’, as well as other ancillary features, such

as exo-hiss and extremely low frequency hiss. We thus contend that
chorus waves are the dominant source of plasmaspheric hiss.
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