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[1] We interpret observations of low-altitude electromagnetic ELF hiss observed on the
dayside at subauroral latitudes. A divergent propagation pattern has been reported between
50� and 75� of geomagnetic latitude. The waves propagate with downward directed
wave vectors which are slightly equatorward inclined at lower magnetic latitudes and
slightly poleward inclined at higher latitudes. Reverse ray tracing using different plasma
density models indicates a possible source region near the geomagnetic equator at a radial
distance between 5 and 7 Earth radii by a mechanism acting on highly oblique wave
vectors near the local Gendrin angle. We analyze waveforms received at altitudes of
700–1200 km by the Freja and DEMETER spacecraft and we find that low-altitude ELF
hiss contains discrete time-frequency structures resembling wave packets of whistler mode
chorus. Emissions of chorus also predominantly occur on the dawnside and dayside
and have recently been considered as a possible source of highly accelerated electrons in
the outer Van Allen radiation belt. Detailed measurements of the Cluster spacecraft at
radial distances of 4–5 Earth radii show chorus propagating downward from the source
region localized close to the equator. The time-frequency structure and frequencies of
chorus observed by Cluster along the reverse raypaths of ELF hiss are consistent with the
hypothesis that the frequently observed dayside ELF hiss is just the low-altitude
manifestation of natural magnetospheric emissions of whistler mode chorus.

Citation: Santolı́k, O., J. Chum, M. Parrot, D. A. Gurnett, J. S. Pickett, and N. Cornilleau-Wehrlin (2006), Propagation of whistler

mode chorus to low altitudes: Spacecraft observations of structured ELF hiss, J. Geophys. Res., 111, A10208,

doi:10.1029/2005JA011462.

1. Introduction

[2] Extremely low frequency (ELF) hiss is a broadband
electromagnetic emission in the frequency range from a few
hundred Hz up to about 2 kHz. It has been commonly
observed for more than 4 decades. The early ground-based
[Aarons et al., 1960; Laaspere et al., 1964] and low-altitude
(several hundreds to a thousand kilometers) satellite obser-
vations [Gurnett and O’Brien, 1964; Taylor and Gurnett,
1968] revealed that ELF hiss predominantly occurs on the
dayside and at high geomagnetic latitudes (between about
50� and 75�). These results have been later confirmed by a
number of spacecraft observations at low altitudes [e.g.,
Barrington et al., 1971; Parrot, 1990; Rauch et al., 1993].
[3] These results seem to contradict the early observa-

tions reported from the spacecraft orbiting at high altitudes

of a few Earth radii. Russell et al. [1969] and Thorne et al.
[1973] concluded that steady hiss could be found almost
everywhere in the plasmasphere, independently of the local
time, referring to this type of emission as plasmaspheric
hiss. At high latitudes outside the plasmasphere, however,
similar measurements also revealed a frequent dayside
occurrence, consistent with the observations at low altitudes
[e.g., Gurnett and O’Brien, 1964]. The low-altitude ELF
hiss thus should not be confused with the plasmaspheric
hiss. The two types of emissions have remarkably different
occurrence patterns. Plasmaspheric hiss also stays enclosed
in the plasmasphere and never penetrates to low altitudes or
to the ground. Solomon et al. [1988] and Cornilleau-Wehrlin
et al. [1993] studied plasmaspheric hiss with GEOS-1 wave
and electron data. They concluded that plasmaspheric hiss
can be generated by anisotropic electron distribution func-
tion by cyclotron resonance and that the observed intensity
level can be reached in a single pass through the equatorial
region. The occurrence patterns of plasmaspheric hiss have
been recently studied by Green et al. [2005] who, based on
results of their wave-mapping technique, related this emis-
sion to lightning induced whistlers.
[4] On the other hand, the occurrence pattern of low-

altitude ELF hiss strongly resembles known properties of
the whistler mode chorus emissions. Chorus was also first

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 111, A10208, doi:10.1029/2005JA011462, 2006

1Department of Physics and Astronomy, University of Iowa, Iowa City,
Iowa, USA.

2Permanently at Faculty of Mathematics and Physics, Charles
University, Prague and IAP/CAS, Prague, Czech Republic.

3Institute of Atmospheric Physics, CAS, Prague, Czech Republic.
4LPCE/CNRS, Orléans, France.
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observed on the ground [Storey, 1953] as ‘‘dawn chorus,’’
and later spacecraft measurements confirmed its predomi-
nant occurrence during the local morning and day time [e.g.,
Burtis and Helliwell, 1976; Koons and Roeder, 1990].
Earthward drifting electrons from the magnetospheric tail
are believed to be the source population for chorus. In the
Earth’s magnetic field, their drift is directed toward the local
morning and day side. Here they interact with whistler
mode waves, often generating discrete wave packets which
change their frequency at timescales of a fraction of a
second. A yet not fully understood nonlinear amplification
mechanism based on the electron cyclotron resonance [e.g.,
Trakhtengerts, 1999; Nunn et al., 1997] takes place close to
the equatorial plane [Helliwell, 1967; LeDocq et al., 1998;
Lauben et al., 2002; Santolı́k et al., 2005]. After its
generation chorus can propagate as an unducted emission
[Lauben et al., 2002; Santolı́k et al., 2003a; Parrot et al.,
2004a], and it has been shown to undergo magnetospheric
reflection and degradation of its discrete structure into hiss
[Parrot et al., 2004b]. Whistler mode chorus has recently
received an increased attention since it might be considered
as a possible source of highly accelerated electrons in the
outer Van Allen radiation belt [Meredith et al., 2001, 2003;
Horne et al., 2003]. Ground-based observations of chorus
play a significant role in these investigations [e.g., Horne et
al., 2005, and references therein]. Since chorus and the low-
altitude ELF hiss have similar local time distribution and
also a similar frequency range, it would be interesting to
examine their possible relation. This is the main aim of the
present paper.
[5] Low-altitude ELF hiss is often characterized by a

lower-frequency cutoff occurring just below the local hy-
drogen cyclotron frequency ( fH+). Gurnett and Burns [1968]
identified this abrupt step in wave spectra with the local
multiion cutoff acting on downward propagating waves.
Sometimes, broadband electromagnetic waves occur also at
much lower frequencies below fH+, especially at subauroral
latitudes [Santolı́k and Parrot, 1998]. These waves propa-
gate with wave vectors very close to the direction of the
Earth’s magnetic field (B0). They most probably penetrate to
these frequencies by tunnelling of the right-hand circularly
polarized ELF hiss below the multiion crossover frequency
and are thus not affected by the multiion cutoff of the left-
hand polarized mode. The occurrence pattern of these waves
is also very similar to that of ELF hiss [Santolı́k and Parrot,
1998].
[6] The upper-frequency limit of low-altitude ELF hiss is

rather diffuse at higher latitudes, and fluctuates around a
few kHz. The upper cutoff usually becomes sharp and stable
at magnetic latitudes below about 55�, the latitude of which
roughly corresponds to the projection of plasmapause to
low-altitudes. Although low-altitude ELF hiss with a sharply
defined upper frequency limit was already found by Gurnett
and O’Brien [1964], this phenomenon was first studied in
detail by Muzzio and Angerami [1972]. The band limitation
has been explained by the effects of propagation from the
source region, supposing that waves are generated at a large
angle �, where � is the angle between the wave vector (k) and
the ambient magnetic field (B0).
[7] Key information on the hiss origin has been obtained

by wave propagation studies. First results were obtained by
Mosier and Gurnett [1969] and Mosier [1971]. Using

simultaneous measurements of electric and magnetic anten-
nae, they systematically estimated whether the waves prop-
agate upward or downward. ELF hiss was found to
propagate downward over the entire range of magnetic
latitudes under study (35� to 75�), whereas upgoing hiss
was only observed at latitudes below about 60�. These
results are explained by reflection of waves propagating
originally outside the plasmasphere downward at low �.
Mosier [1971] proposed a reflection mechanism at the
plasmapause density gradient, where the wave vector
becomes nearly perpendicular to B0 (� near 90�). At some
height the wave reflects due to the altitude variation of the
perpendicular refractive index. The minimum reflection
height was estimated from 1500 km to above 3000 km at
the dayside and below 1000 km at the nightside.
[8] Lefeuvre et al. [1992] presented a thorough analysis

of the ELF hiss propagation at low altitudes (�1000 km) for
three typical cases. At high latitudes outside the plasma-
sphere, they found intense downgoing waves at low �.
Within the plasmapause density gradient, the hiss is
upgoing and propagates equatorward at high �. This led
the authors to suggest that the source of ELF hiss lies at
high altitudes in the diffuse auroral region. The waves are
reflected below the satellite orbit and directed upward to the
plasmasphere. Simultaneous observation of downgoing and
reflected upgoing waves in the vicinity of the local fH+ is
reported. Reflection at the local multiion cutoff frequency,
as first proposed by Gurnett and Burns [1968], is believed
to be a very efficient process but Lefeuvre et al. [1992]
propose also possible reflection at the ionospheric layers.
[9] Similar findings about the ELF hiss propagation at

low altitudes have been presented by Rauch et al. [1985],
Hayakawa et al. [1985], and Rauch et al. [1993]. Santolı́k
and Parrot [1999] have proposed to explain the band-
limitation of hiss at lower latitudes by the height depen-
dence of the reflection coefficient below the satellite altitude
(1500–1700 km). They have also indicated the divergence
of wave vector directions at both latitudinal edges of the
hiss emission and subsequent reflection: equatorward at
lower latitudes and poleward at high latitudes. This propa-
gation pattern, together with reflection of poleward propa-
gating hiss has been studied in detail by Santolı́k and Parrot
[2000] using various analysis techniques. Wave distribution
function (WDF) analysis has shown simultaneous propaga-
tion of both originally downgoing and poleward reflected
upgoing waves.
[10] In the present paper we provide a geophysical

interpretation of the observed divergent propagation pattern
of low-altitude ELF hiss, and we put these commonly
observed wave emissions into a broader context. We use
backward ray tracing techniques based on the wave-normal
directions measured at low altitudes. Following the waves
toward their anticipated source region, we find that they
may originate near the equator well above the average
position of the plasmapause. This region is consistent with
the source region of whistler mode chorus. This fact and
also the remarkable similarity of the reported morningside
and dayside occurrence of chorus and low-altitude ELF hiss
lead us to the hypothesis that ELF hiss is nothing else than
chorus propagating to low altitudes. Examining in detail the
data recorded by the Freja spacecraft and also by the
recently launched DEMETER spacecraft, we find discrete
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time-frequency structures resembling the chorus wave pack-
ets in both data sets. Indeed, chorus recorded at high
altitudes by the Cluster spacecraft appears in the same
frequency range close to the positions of reverse rays
obtained from the low-altitude observations. These meas-
urements are thus also consistent with propagation of chorus
to low altitudes. Chum and Santolı́k [2005] studied the
propagation pattern of nonducted whistler mode chorus
using the direct ray tracing simulation from a source region
located close to the equatorial plane. They found that the
waves which leave the source with wave vectors highly
inclined from B0 toward the Earth can reach the topside
ionosphere. This is consistent with the results of the present
paper.
[11] In the next section we describe the observed propa-

gation properties of the low-altitude ELF hiss. Section 3
presents the results of the backward ray tracing analysis.
Section 4 shows detailed analysis of the time-frequency
structure of low-altitude ELF hiss recorded by the Freja and
DEMETER spacecraft and comparison with high-altitude
measurements of the Cluster spacecraft. Finally, section 5
presents a brief discussion and conclusions.

2. Results of Propagation Analysis of Low-
Altitude ELF Hiss

[12] Santolı́k and Parrot [2000] presented analysis of
measurements of the Freja spacecraft on 8 April 1995.
The main aim of that paper was to compare different
methods for estimating the wave distribution function and
wave vector directions. The analysis was based on the data
of the F4 wave experiment [Holback et al., 1994]. In its
normal mode of operation in the lowest-frequency band the
instrument simultaneously recorded waveforms of three
orthogonal components of the magnetic field fluctuations
and one component of the electric field fluctuations, with a
sampling frequency of 4096 Hz. On 8 April 1995, the
instrument was programmed to record cyclic measurements
of data snapshots with the duration of 3 s repeated every 8 s.
[13] Figure 1 shows an overview frequency-time power

spectrogram of the By component of magnetic field fluctua-

tions (By is perpendicular to the static magnetic field and to
the plane of the local magnetic meridian). Every data
snapshot is processed separately and the snapshot number
is given on the horizontal axis. The first snapshot starts at
1549:53 UT and the last snapshot ends at 1555:56 UT.
During that time the spacecraft moves at geomagnetic
latitudes from 56� to 71�, at altitudes between 1000 and
1200 km, and the magnetic local time (MLT) runs from
0600 to 0810 MLT. The spectrogram shows an emission of
low altitude ELF hiss in the morning sector at subauroral
latitudes. A multiion cutoff described by Gurnett and Burns
[1968] appears in the spectra just below the local proton
cyclotron frequency ( fH+) which is between 500 and 540 Hz
in this time interval. With an exception of a narrow
frequency interval between this cutoff and fH+, analysis of
Santolı́k and Parrot [2000] showed that the waves are right-
hand polarized and correspond thus to the magnetosonic-
whistler cold plasma mode. This mode identification was
further confirmed by comparing the measurements with the
magnetic and electric field components calculated from the
cold plasma theory. This comparison was an integral part of
the estimation of the wave distribution function in selected
points of the time-frequency plane [Santolı́k and Parrot,
2000].
[14] Analysis of the direction of Poynting flux and of the

wave normal directions [Santolı́k and Parrot, 2000] showed
that the waves predominantly propagate from higher alti-
tudes toward the Earth. The results of this analysis are, for
two frequency intervals, illustrated in Figure 2. The fre-
quency interval 620–640 Hz (Figure 2a) demonstrates a
divergent propagation pattern of downward propagating
waves at lower latitudes. Upward and poleward obliquely
propagating waves are observed at magnetic latitudes above
70�. These waves correspond to the band-limited emission
observed between 500 and 750 Hz after 1555 UT, seen on
Figure 1 starting by snapshot 38.
[15] Results for a higher frequency interval between 780

and 820 Hz (Figure 2b) do not show any upward propagat-
ing waves. However, the diverging and downward propa-
gating waves have very similar evolution of wave vector
directions in both frequency bands. The wave vectors are

Figure 1. Time-frequency power spectrogram of the By component of magnetic field fluctuations
measured by Freja on 8 April 1995. The horizontal axis is annotated by snapshot numbers (see text) and
covers a time interval from 1549:53 UT to 1555:56 UT. The corresponding portion of the spacecraft orbit
is located in the morning sector (0600 to 0810 MLT) at geomagnetic latitudes between 56� and 71�, and
at altitudes between 1000 and 1200 km.
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inclined toward the equator at lower latitudes below 62�
(approximately snapshot 12 on Figure 1) and toward the
pole at higher latitudes.

3. Interpretation and Reverse Ray Tracing

[16] The analysis shows a divergent propagation pattern
of the downgoing hiss emission and band-limited poleward
and upward propagating waves at higher latitudes. These
upgoing waves can be interpreted as a reflected poleward
propagating portion of the originally downgoing hiss. This
reflection process should take place at altitudes below the
satellite orbit. There are several reasons supporting this
hypothesis. First, the wave vector directions of upgoing
waves are well consistent with reflection of the poleward
propagating part of downgoing hiss. Second, the wave
distribution function analysis of Santolı́k and Parrot
[2000] showed peaks of both upgoing and downgoing
waves at the same time and frequency. The directions of
these peaks are consistent with nearly specular reflection.
The spectra of ELF hiss emissions indicate a probable
reflection mechanism. In the downgoing part, a sharp lower
cutoff just below the local fH+ suggests the reflection at the
multiion cutoff frequency ( fcL) [Gurnett and Burns, 1968].
[17] We believe that this hypothesis also explains the

band limitation of poleward propagating upgoing hiss. Its
lower-frequency limit (�500 Hz) must lie close to the
local fcL, corresponding to the local reflection. The upper-
frequency limit then corresponds to fcL at the lowest possible
altitude of reflection below the spacecraft. Supposing a very

low hydrogen fraction at these altitudes, we have fcL very
close to the local fH+. For our case, wave intensity starts to
decrease at about 700 Hz, which corresponds to a reflection
height of 580 km (�620 km below the spacecraft position);
it reaches one half of the original amplitude around 750 Hz
(reflection at about 430 km); and finally, it decreases down to
the background level at 780 Hz (reflection height of
350 km, i.e., approximately 850 km below the spacecraft).
Under this hypothesis, the reflection coefficient would
strongly decrease with altitude from 580 km to 350 km.
Below 350 km, the reflection would be impossible, probably
as a consequence of a higher collision rate and/or a low
hydrogen fraction.
[18] We thus consider the upward propagating waves at

higher latitudes as a secondary phenomenon connected to
the originally downward propagating emission. To examine
its propagation we first calculate local parameters of a
typical wave from the cold plasma theory. We use experi-
mentally obtained plasma parameters: plasma density mea-
sured by the Langmuir probe and the magnetic field data
measured by the F2 fluxgate magnetometer [FREJA mag-
netic field experiment team, 1994]. The ion composition is
obtained from the position of the sharp lower cutoff of
downgoing ELF hiss,

fcL ¼ fHþ
1þ PO ROH � 1ð Þ

ROH

; ð1Þ

where PO is the relative fraction of oxygen ions, and ROH �
16 is the ratio of masses of oxygen to hydrogen ions. With

Figure 2. Observed wave-normal directions along the orbit of the Freja spacecraft on 8 April 1995.
Dashed lines: magnetic parallels and meridians on the Earth surface labeled respectively by their
magnetic latitude and MLT. Thick line: a part of the spacecraft orbit between 1549 and 1557 UT. Dotted
lines: magnetic field lines at the spacecraft position calculated with a time resolution of one minute. Thin
solid lines with shaded arrows: measured wave vector directions averaged to a time resolution of one
minute. Lengths of the lines reflect average total wave intensities in magnetic components on a
logarithmic scale between 10�7 and 10�4 nT2Hz�1. (a) Results for a frequency interval 620–640 Hz;
(b) Results for a higher frequency interval 780–820 Hz.
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the measured hydrogen cyclotron frequency ( fH+ = 534 Hz)
and multiion cutoff frequency ( fcL = 521 Hz) we obtain a
plasma model with 3% of hydrogen ions. The rest of the ion
component of the plasma is supposed to be constituted by
the singly charged oxygen. The same result is obtained
from the value of the lower hybrid frequency identified
with the lower cutoff of electrostatic waves at 3.7 kHz
(not shown) and from the measured electron plasma fre-
quency ( fp = 620 kHz).
[19] With this model of the medium, we use the cold

plasma theory [Gurnett and Bhatacharjee, 2005] to calcu-
late wave properties. The results are qualitatively similar for
the entire hiss emission, and in Figure 3 we show several
wave parameters plotted versus the angle deviation (�)
between the wave vector and the static magnetic field.
Results are given at three different frequencies between
fH+ and the lower hybrid frequency flh where a single cold-
plasma wave mode can propagate. At these frequencies,
there is no oblique resonance, and the wave refractive index
(N) has finite values for all �. However, at frequencies
above fH+, N significantly grows with �, and the rapid
increase stops only for nearly perpendicular propagation.

This behavior has consequences for the direction of the
group velocity: its angle deviation from B0 is below about
20� in the majority of the � interval. Only for � very close to
90�, the group velocity abruptly turns to the perpendicular
direction. The frequency variation of the refractive index
implies that the group velocity modulus is higher at lower �
and higher frequencies. The bottom panel shows the imag-
inary part of the cross-spectrum between the two magnetic
components perpendicular to the static magnetic field.
Positive values correspond to the right-handed polarization
consistent with the observations.
[20] It is thus clear that the group velocity is less deviated

from the static magnetic field than the wave vector but from
Figure 2 we can still estimate the point where wave
propagation turns from the equatorward to the poleward
direction: at the altitude of observation, it is located at a
magnetic latitude slightly above 60� (McIlwain’s L � 4.6)
and at a magnetic local time between 6 and 7 hours. This
divergent propagation pattern might correspond to a rather
localized source of the hiss emission, and it is important to
know whether the ‘‘turning point’’ lies inside or outside the
plasmasphere. The local plasma density measurements do
not show any distinct density gradient after the beginning of
the data record. The only change of plasma parameters is ob-
served indirectly using the wave measurements up to 16 kHz.
The lower cutoff of electrostatic VLF hiss decreases just in
the beginning of the data record, before 1548 UT (not
shown). Interpreting this cutoff as the local lower hybrid
frequency, and assuming a nearly constant plasma density,
we attribute this decrease to changes in the ion composition.
The satellite entered the light ion trough where oxygen ions
are prevailing. All these observations lead us to the conclu-
sion that the entire data record, including the ‘‘turning
point,’’ lies outside of the plasmasphere and, probably, the
same holds true also for the source region.
[21] These intuitive estimates are confirmed by results of

backward ray tracing. We use a modified version of the
three-dimensional procedure of Cairó and Lefeuvre [1986].
We follow the wave rays backward from the point of
observation. The procedure is initialized by a reversed wave
normal direction k found experimentally at low altitudes.
For a given dispersion relation

! ¼ ! x;k; tð Þ; ð2Þ

where ! = 2p f, we have, under the approximation of the
geometric optics,

dx

dt
¼ @!

@k
ð3Þ

dk

dt
¼ � @!

@x
ð4Þ

[22] This set of differential equations describing the ray
trajectories is numerically integrated using the Runge-Kutta
fourth-order method with one midpoint and adaptive inte-
gration step to obtain evolution of the position of the ray x
and the corresponding wave vector k as a function of the
group time t. This procedure has been recently improved

Figure 3. Theoretical wave properties calculated for the
cold plasma model which has been inferred from observa-
tions. The data are plotted versus the � angle between the
wave vector and the static magnetic field. From the top:
wave refractive index N, group velocity (vg) normalized to
the speed of light (c), angle deviation (�g) of the group
velocity from the static magnetic field, imaginary part of the
cross-spectrum between the perpendicular Bx and By

components of magnetic fluctuations (=aXY). The frequency
of 1.17 fH+ = 624 Hz is represented by the solid line, the
results at two other frequencies are given by the dotted
line (1.01 fH+ = 540 Hz), and by the dashed line (1.50 fH+ =
800 Hz).
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from the version of Cairó and Lefeuvre [1986], as well as
the wave mode control and convergence criteria. In every
integration step we verify the Wentzel-Kramers-Brillouin
(WKB) approximation of geometric optics. The ray is not
followed beyond the limit where this fundamental approx-
imation becomes invalid. We use a dipolar approximation of
the magnetic field and a diffusive equilibrium model for ion
and electron densities. This plasma density model is cali-
brated by the observed plasma parameters at an altitude of
1000 km, using the above described model of a two
component plasma with hydrogen and oxygen ions.
[23] To extrapolate this plasma model to higher altitudes

according to the diffusive equilibrium law, we also need an
estimate of the plasma temperature. However, we have no
experimental information about the plasma temperature at
the spacecraft altitude. As it is a crucial parameter of the
model, we have run the ray tracing procedure with density
models for different temperatures.

[24] The boundary conditions for the ray tracing equa-
tions were defined using the wave vector measurement at
the spacecraft orbit in the same frequency interval as the one
used in Figure 2b: a 40-Hz interval centered at 800 Hz. We
use a two-minute average of the data centered around three
separate points along the orbit reached at 1550, 1552, and
1554 (McIlwain’s L of 3.65, 5.14, and 7.61, respectively).
From each of these points a ray was integrated until it
encountered the geomagnetic equator.
[25] In Figures 4 and 5 we present the results for models

with temperatures of 1000 K and 5000 K, respectively. The
1000-K model gives a higher but still realistic equatorial
plasma density of about 80 cm�3 at a radial distance of
4 RE, whereas the 5000-K model gives these densities close
to 500 cm�3 which would be rather typical for an extended
plasmasphere. Three ray traces are plotted in two orthogonal
projections. As expected, the low-altitude propagation pat-
tern is consistent with rays confined initially to a relatively
narrow beam. At larger radial distances from the Earth the
ray trajectories depend on the temperature controlling the
diffusive equilibrium model. For the 5000-K model the rays
cross the equator at L between 5.8 and 6.5. For the 1000-K
model, the rays stay slightly closer to the Earth; they cross
the equator at L between 4.6 and 5.5. Although the initial
wave normals at low altitudes have considerable azimuthal �
angles (45�, 160�, and 185�), along the raypath these values
rapidly decrease and near the equator they approach 0�. This
means that the reverse wave vector is directed outwards
from the Earth in the plane of the local magnetic meridian.
At high altitudes the waves thus propagate close to the
meridional plane.
[26] Important results can be obtained by analyzing the

evolution of the � angle (declination of the wave vector

Figure 4. Results of the backward ray tracing for a
diffusive equilibrium plasma model with a temperature of
1000 K. Three sets of boundary conditions are used
according to the observed wave vector directions along
the spacecraft orbit for three time intervals, centered
respectively at 1550 (solid line), 1552 (dotted line), and
1554 (dashed line). (a) Ray traces plotted in two orthogonal
projections, respectively, to the plane of the geomagnetic
equator, and to the plane of the magnetic meridian at MLT =
6 h. The arrows plotted along the traces show the wave
vector directions at times separated by 0.5 s of the ray
propagation (group) time. (b) Wave vector direction
described by angle � from the static magnetic field and by
the azimuth angle � from the magnetic meridian plane. � at
the geomagnetic equator (filled circles) is compared to the
local resonance angle (plus signs) and to the local Gendrin
angle (crosses).

Figure 5. The same as in Figure 4 but for a plasma model
with a temperature of 5000 K.
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from the static magnetic field) along the raypath. For all
rays, the wave vectors become more anti-field-aligned at
radial distances between 0.9 and 1.3 RE where the rays
reach magnetic latitudes around 42–47�. Then, � values
start to decrease again, and at the equator the wave vectors
are inclined by about 120� from the ambient magnetic field.
This is close to the local Gendrin angle and thus the ray
directions, being parallel to group velocity, remain nearly
field aligned in this region. For the 1000-K model the ray
direction is within 13� from antiparallel to the static mag-
netic field at the equator. For the 5000-K model it is even
closer, within 4� from the field line. Recall that the plasma
density at high altitudes is higher and, consequently, the
group speed is lower for the 5000-K model than for
the 1000-K model. This is shown by different spacings of
the arrows plotted along the traces in Figures 4 and 5.
[27] Very similar results, shown in Figure 6, have been

obtained using a different ray-tracing procedure described
by Shklyar and Jiřı́ček [2000]. This method uses an ap-
proximation of the cold-plasma dispersion relation which is
valid in the frequency range between the ion and electron
cyclotron frequencies and in the high density limit. The
technique implements a gyrotropic distribution of plasma
density where the density is proportional to a general power
of the cyclotron frequency. For a given latitude, the plasma
density model can thus be defined as decreasing with a pre-
defined power of the radial distance while the density at an
altitude of 1000 km is given by the measurement. Figure 6
shows the results for the density proportional to R�4. With
this density model, the rays cross the magnetic equatorial
plane at radial distances from 6.8 to 7.1 RE. The R�4

model gives a realistic density of 16 cm�3 at R = 4 RE.

This model also well corresponds to the plasma densities
which were previously observed outside the plasmasphere
[Angerami and Carpenter, 1966]. Evolution of the wave
normal direction for the R�4 model (Figure 6b) also shows
the initial anti-field-aligned propagation at radial distances
around 2 RE and propagation close to the local Gendrin
angle at the equator, with wave vectors directed outwards
from the Earth. Recall, that these results are obtained from
reverse ray tracing simulations. The way in which the wave
would propagate from its source region would thus be
exactly opposite to the obtained results: with wave vectors
directed toward the Earth in the plane of the local magnetic
meridian.
[28] The results at a lower frequency of 630 Hz,

corresponding to Figure 2a, are very similar. The reverse
rays reach similar region in the equatorial plane, with nearly
the same evolution of the � angle along the raypath.
However, differences are obtained for the group time cal-
culated form the spacecraft orbit to the equatorial plane. For
example, the 1000-K model gives the group time at 630 Hz
by �16% (160 ms) longer than at 800 Hz.
[29] Hypothetically, the source region may be located

anywhere along the raypaths of observed low-altitude
ELF hiss. However, special conditions occur in the equato-
rial region. A propagating wave packet of a given frequency
can be, for example, amplified by a cyclotron resonance
with energetic electrons. The energy of resonant electrons
mainly depends on the local plasma density, the wave-
normal angle �, and on the strength of the static magnetic
field. In the equatorial region, a wave packet propagating
approximately along the field line (which, as we have
shown, is our case) encounters a minimum of the static
magnetic field. Here, the wave packet can be in resonance
with electrons of approximately the same energy for a much
longer time than anywhere else along its path, supposing
that the density variations along the field line are negligible.
Thus a possible candidate of the source region is the
equatorial plane outside of the plasmapause, at L between
5 and 7. This is likely the same location as in the case of the
source region of whistler mode chorus, as it has been, for
lower L, recently shown using the Poynting flux data of the
Polar spacecraft [LeDocq et al., 1998], and for the lower-
band chorus below 0.5fce, also using similar measurements
of the Cluster spacecraft [Parrot et al., 2003; Santolı́k et al.,
2004, 2005].

4. Comparison With Whistler Mode Chorus

[30] The possible colocation of the source regions of the
whistler mode chorus and low-altitude ELF hiss opens a
possibility for a hypothesis that the observed ELF hiss is a
low altitude manifestation of chorus. Our reverse ray tracing
analysis shows that hiss is composed of waves which could
come from a sufficiently wide region of the order of 1 RE in
the equatorial plane. In such a case we can suppose that
many individual chorus wave packets would be dispersed
and superposed, forming a homogeneous hiss-like emission.
Indeed, Chum and Santolı́k [2005] have shown that a point
source of chorus located close to the equator at different
radial distances can emit nonducted divergent rays, some of
which penetrate down to the topside ionosphere or, possibly,

Figure 6. The same as in Figure 4 but for a plasma model
with a density decreasing as R�4 and a simplified ray
tracing procedure.
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to the ground. The chorus wave packets from these indi-
vidual sources can be then superposed at the given latitude.
[31] Nevertheless, a residual frequency-time structure

resembling original discrete wave packets of chorus might
still be conserved in the low-altitude emission. Figure 7
shows results of detailed analysis of a single 3-s snapshot of
data from the spectrogram in Figure 1. To increase the time-
frequency resolution we have used an analysis technique
based on Morlet wavelets [Lagoutte et al., 1992]. The
analysis has included 4 octaves from 128 to 2048 Hz, with
increasing time resolution at higher frequencies. The results
are presented in the form of power spectrograms of the same
component of the fluctuating magnetic field as in Figure 1.
We can see that at these very short timescales, the ELF hiss
surprisingly reveals fine time-frequency structure. Very
similar structures have been also found in other snapshots
during the analyzed time interval. Other cases of Freja
observations of ELF hiss also show similar structures, when
wave bursts often arrive in a larger-frequency band nearly at
the same time. Taking into account the group delay which
would affect wave packets propagating from the equatorial
region, the observed structures might correspond to realistic
chorus with a frequency drift of a few kHz/s for individual
wave packets.

[32] We have analyzed several cases of ELF hiss recorded
by the recently launched low-altitude spacecraft DEMETER
and we have obtained similar results. An example is shown
in Figure 8. In its ELF frequency range and during the burst-
mode, the IMSC instrument [Parrot et al., 2006] onboard
DEMETER measures the waveforms of three magnetic
components with a sampling rate of 2.5 kHz. Figure 8 shows
the results of the wavelet analysis using 3 seconds s of the
Bx magnetic field component (perpendicular to the static
magnetic field, in the plane of the local magnetic meridian).
We again use the Morlet wavelets. The data were recorded
when the low-altitude ELF hiss was observed in the
morning sector, at a MLT of 1023. The magnetic latitude
was 52.5�, which, for an altitude of 709 km, corresponds to
a McIlwain’s L parameter of 2.95. This means that these
observations are at a lower latitude than the previously
discussed case recorded by the Freja spacecraft. However,
fine time-frequency structures resembling the chorus ele-
ments are also detected in this case. The spacecraft is
located in the light ion trough outside of the plasmasphere
during that time period, based in the onboard ion compo-
sition measurement. The plasmaspere is most probably
contracted after a disturbed period with Kp index reaching
7+ 24 hours before the event and slowly decreasing down to

Figure 7. Wavelet power as a function of time and frequency calculated from a waveform of the
magnetic By component recorded during a single 3-s snapshot no. 24 (see Figure 1), starting at
1553:05.345 UT.

Figure 8. Detail of observations of the DEMETER spacecraft on 13 June 2005. Three seconds of
measurements of the Bx magnetic field component starting at 1911:54.136 UT have been processed by
the same method as in Figure 7.
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Kp = 3+ during the measurement, giving the average
plasmapause at L of 2.4 according to the model of Carpenter
and Anderson [1992].
[33] The question arises as to whether these structured

emissions really can correspond to whistler mode chorus in
the observed frequency range. To demonstrate this possi-
bility we would have to record chorus in the same frequency
interval at higher altitudes, coinciding with a place close to
the backward raypaths of the ELF hiss. Figures 9, 10, and 11
present such demonstration using measurements of the Clus-
ter spacecraft.
[34] Figure 9 shows measurements of the WBD instru-

ments [Gurnett et al., 2001] on board of two Cluster
spacecraft. Cluster 2 and Cluster 4 are, respectively, located
at a radial distance of 4.84 RE and 4.77 RE, at a magnetic
latitude of �35.7� and �38.4�, and at a MLT of 0953 and
0958. The corresponding McIlwain’s parameters are L =

7.35 and L = 7.77. Figure 10 shows another selected data
interval recorded by the same spacecraft but at a slightly
lower L-shell. During this second time interval, Cluster 2
and Cluster 4 are, respectively, at a radial distance of
4.65 RE and 4.57 RE, at a magnetic latitude of �28.8�
and �31.3�, at a MLT of 0947 and 0952, and at L = 6.06
and L = 6.26.
[35] The wave emission observed by both Cluster space-

craft contains discrete time-frequency structures of whistler
mode chorus. The waves are always related to the projection
of the locally measured electron cyclotron frequency along
the dipolar field lines to the equatorial plane,

fce0 ¼ fce
cos6 �mffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 3 sin2 �m

p ; ð5Þ

Figure 9. Cluster observations on 14 October 2001. The electric field fluctuations measured by the
WBD instrument are plotted as time-frequency spectrograms for two spacecraft, Cluster 2 and Cluster 4
at L = 7.35 and L = 7.77, respectively. The 2-s modulation seen on both spectrograms is owing to the spin
of the spacecraft. Black horizontal lines correspond to 0.5 fce0 obtained using equation 5.

Figure 10. The same as in Figure 9 but for another time interval on 14 October 2001. Cluster 2 and
Cluster 4 are at a lower L shell of 6.06 and 6.26, respectively.

A10208 SANTOLÍK ET AL.: PROPAGATION OF WHISTLER MODE CHORUS/HISS

9 of 13

A10208



where �m is the magnetic latitude of the spacecraft. Note,
comparing the two Cluster spacecraft in Figure 9, that the
frequencies of chorus are slightly different, and that they
correspond to differences of 0.5 fce0 at the given spacecraft.
As the spacecraft move to lower �m and lower L shells (see
Figure 10), the frequencies of intense chorus become
substantially higher, according to the increase of 0.5 fce0
from equation (5). Note also, that the two spacecraft do not
simultaneously observe the same fine time-frequency
structure of chorus wave packets. This is consistent with
conclusions of Santolı́k and Gurnett [2003] and Santolı́k et
al. [2004] on the correlation length of chorus wave packets,
taking into account that the separation of Cluster 2 and
Cluster 4 is approximately 1600 km (�1400 km if measured
in the plane perpendicular to the field line).
[36] Simultaneous measurements of the STAFF-SA in-

strument [Cornilleau-Wehrlin et al., 2003] onboard the
same spacecraft demonstrate that these waves are electro-
magnetic and right-hand polarized, propagating from the
equator toward higher latitudes, and, consequently, to lower
altitudes. Figure 11 shows STAFF-SA data for Cluster 4
(data from Cluster 2 and the other two Cluster spacecraft
give similar results). Both the spectrogram of the electric
field fluctuations (Figure 11a) and magnetic field fluctua-
tions (Figure 11b) demonstrate that the wave frequencies of
chorus are most of the time below 0.5 fce0 from equation (5).
From simultaneous measurement of the magnetic and elec-
tric fluctuations we can calculate the parallel component of
the Poynting flux and the electromagnetic planarity (not
shown) using the method of Santolı́k et al. [2003b]. These
results demonstrate that the waves propagate from the
source region located within �5� of magnetic latitude from
the equatorial plane.
[37] The latitudes where chorus is observed, as shown in

Figure 11, are close to those resulting from the ray tracing
simulations for a given radial distance. The observed chorus
frequencies between 200 Hz and 2 kHz are also consistent
with the above described low altitude observations by the

Freja and DEMETER spacecraft. Furthermore, the wave
vector direction of these waves measured onboard Cluster
are inclined by 30–50� from the static magnetic field (not
shown). This is consistent with the results of the reverse ray
tracing simulations for the same radial distance, as pre-
sented in Figures 4–6. Note that the wave vector direction
in this simulation is antiparallel to the observed directly
propagating wave, i.e., its inclination from the static mag-
netic field is �130–150�.

5. Discussion and Conclusions

[38] The downward divergent propagation pattern of low-
altitude ELF hiss does not seem to be a special feature of the
particular cases discussed in this paper but rather is a
general property of this type of emission. Similar results
have been reported from other measurements of the Freja
spacecraft [spectral type A of Santolı́k and Parrot, 1999]
and also from the data set of the Aureol-3 spacecraft
[Lefeuvre et al., 1992]. Since the propagation analysis
requires multicomponent measurements of the wave electric
and magnetic fields it could not be previously reported from
other spacecraft without appropriate experimental devices.
These observations are, however, consistent with a number
of previously reported measurements [e.g., Gurnett and
O’Brien, 1964; Taylor and Gurnett, 1968; Mosier, 1971;
Barrington et al., 1971].
[39] Upgoing waves are also observed in the presented

case and in other cases of low-altitude ELF hiss. We
consider these upward propagating emissions to be second-
ary phenomena, originating from downward propagating
hiss. The observations are consistent with reflection of
downward hiss at the fcL cutoff (equation (1)) at lower
altitudes below the spacecraft. The reflection can occur both
poleward [Santolı́k and Parrot, 2000] and equatorward
(spectral type F of Santolı́k and Parrot [1999]) from the
subauroral latitudes where the divergent downgoing ELF
hiss is observed.

Figure 11. Cluster-4 observations on 14 October 2001. (a) Time-frequency power spectrogram of
electric field fluctuations. (b) Time-frequency power spectrogram of magnetic field fluctuations measured
by the STAFF-SA instrument. Black line is one half of the equatorial electron cyclotron frequency
obtained using equation (5).
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[40] The latter type of secondary upward propagating
waves was most often observed at magnetic latitudes below
55� [e.g., Mosier, 1971; Lefeuvre et al., 1992; Santolı́k and
Parrot, 1999]. Reflected hiss then can further propagate into
the plasmasphere. These waves can, hypothetically, be
considered as a possible candidate for the embryonic source
of plasmaspheric hiss, which is still controversial [see
Storey et al., 1991; Draganov et al., 1992; Hayakawa and
Sazhin, 1992; Santolı́k et al., 2001, and references therein].
Green et al. [2005] has recently presented evidence on
lightning-induced whistlers as the embryonic source of
plasmaspheric hiss. Equatorward reflected ELF hiss which,
as we show, is most probably related to chorus emissions
might represent another simultaneously acting embryonic
source, subsequently amplified by a mechanism proposed
by Solomon et al. [1988] and Cornilleau-Wehrlin et al.
[1993]. The dependence of plasmaspheric hiss on the sub-
storm activity, reported by Meredith et al. [2004], might be
in favor of the chorus-related embryonic source.
[41] Other wave emissions originating from the down-

ward propagating ELF hiss are down-going field aligned
waves below the local fH+ which also demonstrate similar
occurrence pattern [Santolı́k and Parrot, 1998]. These
waves (spectral type B of Santolı́k and Parrot [1999]) most
probably penetrate to these frequencies at higher altitudes
above the spacecraft by tunnelling of ELF hiss below the
multiion cross-over frequency [Santolı́k and Parrot, 1998].
[42] All the three above mentioned types of secondary

emissions should have the same original source, coinciding
with the source of primary emissions of downward propa-
gating ELF hiss. The predominant high-latitude occurrence
of hiss was previously found by many low-altitude measure-
ments [e.g., Taylor and Gurnett, 1968; Barrington et al.,
1971; Parrot, 1990; Lefeuvre et al., 1992], and the cases we
analyzed represent an attempt to explain the origin of this
large class of wave phenomena. Using the initial wave
vectors measured at low altitudes, our reverse ray tracing
study indicates that the source might be located close to the
geomagnetic equator at radial distances of 5–7 RE.
[43] This location coincides with the source region of

whistler mode chorus [LeDocq et al., 1998; Lauben et al.,
2002; Parrot et al., 2003; Santolı́k et al., 2004, 2005].
Possible connection of low-altitude ELF hiss with chorus is
supported by the fact that ELF hiss is predominantly
observed on the dayside and has thus a very similar local-
time occurrence as chorus. More importantly, discrete time-
frequency structures, resembling chorus wave packets have
been detected in ELF hiss by a detailed analysis of mea-
sured waveforms. A term ‘‘structured hiss’’ would thus be
more appropriate for the description of these emissions.
[44] Indeed, in situ measurements of chorus show that its

frequencies and wave vector directions along the simulated
reverse raypaths of ELF hiss are consistent with the hy-
pothesis that ELF hiss is a low altitude manifestation of
chorus. Since the individual chorus wave packets are
necessarily dispersed and mixed together during their
unducted propagation to lower altitudes [Parrot et al.,
2004b], the underlying discrete structure of ELF hiss is
not easily detectable. Its appearance on the time-frequency
spectrograms is thus often more diffuse and hiss-like
compared to cases of ducted chorus observed on the ground
[e.g., Smith et al., 2004], although cases similar to the

‘‘structured hiss’’ can be found also on the ground [see
Horne et al., 2005, Figure 2]. The origin and source region
of ‘‘structured hiss’’ and ducted chorus are most probably
the same.
[45] Another reason for apparent absence of discrete

structures in the low-altitude ELF hiss is that the original
chorus-like emissions often do not contain any discrete
structures already in their source region. These waves with
structureless spectrograms which propagate from chorus
source region can be quite often found in the data of the
WBD and STAFF-SA instruments onboard the Cluster
spacecraft. Similar behavior of the chorus source is also
predicted by the nonlinear backward wave oscillator theory
of chorus generation [Trakhtengerts, 1999].
[46] The observed low-altitude structured hiss also has

another property which is much more similar to chorus than
to plasmaspheric hiss. The analysis of coherence of the three
measured magnetic components [Santolı́k and Parrot, 2000]
shows that the downward propagating waves are very
coherent, with a degree of polarization close to 1. Similar
analysis performed on board the GEOS spacecraft by
Cornilleau-Wehrlin et al. [1978] and Lefeuvre and Parrot
[1979] clearly indicates that such a high coherency is typical
for chorus and that the plasmaspheric hiss shows signifi-
cantly lower values.
[47] The backward ray tracing simulation leads us to

somewhat special requirements for wave normal directions
of the original chorus waves in their source region. The
wave vectors have to be substantially oblique with respect
to the field line and directed toward the Earth. A direct ray
tracing study of Chum and Santolı́k [2005] shows that there
is no other possibility for chorus waves to penetrate to low
altitudes. The angle between the wave vector and the static
magnetic field in the chorus source region has to be
approximately 60�. This is close to the local Gendrin angle
for which the group velocity of the waves is again close to
field-aligned. However, lower-band chorus below 0.5 fce0 is
often observed with an average wave vector direction along
the field lines in its source [e.g, Hayakawa et al., 1984;
Santolı́k et al., 2003a] although highly inclined wave
vectors were also observed directly inside the generation
region [Santolı́k et al., 2003a]. The penetration of chorus/
ELF hiss to low altitudes can then be explained by these
latter observations or by the possibility that the spectrum of
wave normal directions contains highly inclined wave
vectors although its average appears to be along the field
line. The Earthward direction most probably does not have
any special importance for the source mechanism. If highly
oblique wave vectors are generated in all azimuthal direc-
tions around the field line, only those which are inclined
toward the Earth can penetrate to low altitudes.
[48] However, theoretical approaches to the generation of

chorus mostly suppose quasi-parallel wave vector direc-
tions, and large angles between the wave vectors of unstable
waves and the local magnetic field might require a modi-
fication of existing theories on chorus source mechanism.
Generation of chorus with wave vectors close to the
Gendrin angle has previously been deduced by Lauben et
al. [2002] from a ray tracing study. Storey et al. [1991] also
found that hiss may be generated at highly oblique wave
vectors and suggested that this instability may probably be
nonlinear. The propagation near the Gendrin angle could be
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an important feature of this mechanism. It is well possible,
though, that only a minor part of all the observable chorus
emissions (those which can penetrate to low altitudes in the
unducted mode) might be generated by this mechanism. The
majority of chorus might still be generated with quasi-
parallel wave vectors but those waves would only be
observable at higher altitudes or in the density ducts. More
measurements of wave vector directions, ray-tracing and/or
statistical studies are needed to resolve this problem.
[49] The main conclusion of this study is that chorus or

chorus-like waves, generated with highly oblique wave
vectors in a source region located close to the geomagnetic
equator outside the plasmasphere at radial distances above
5 RE, are very likely source emissions of a large class of
low-altitude wave phenomena, including (1) downward
propagating ELF hiss occurring at subauroral latitudes;
(2) downward propagating right hand polarized ELF hiss
emissions below the local proton cyclotron frequency;
(3) upward propagating ELF hiss at higher latitudes in the
auroral region and polar cap; (4) upward propagating ELF
hiss at middle and low latitudes, representing one of the
potential embryonic sources of plasmaspheric hiss. We
have found several independent arguments to support the
hypothesis that all these frequently observed day side
ELF hiss events can originate from whistler mode chorus:
(1) both chorus and low-altitude ELF hiss predominantly
occur on the local morningside and dayside; (2) both
chorus and low-altitude ELF hiss show high coherency of
the measured magnetic field components; (3) discrete
time-frequency structures have been detected in low-
altitude ELF hiss; (4) a reverse ray tracing study, involving
the in situ measured wave vector directions of ELF hiss,
shows that frequencies and wave vector directions along the
reverse raypaths are consistent with chorus observations.
Further studies of conjugated low- and high-altitude obser-
vations are underway and the results will be reported when
they become available.
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