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Propagation of auroral hiss at high altitudes

O. Santolı́k1 and D. A. Gurnett
Department of Physics and Astronomy, University of Iowa, Iowa City.

Abstract. Using multicomponent wave measurements of the Po-
lar spacecraft, we provide direct evidence of the propagation pattern
of funnel-shaped auroral hiss at a radial distance of 5 Earth radii.
The waves propagate upward and the Poynting flux is directed to-
ward higher latitudes in the high-latitude part of the emission and to
lower latitudes in the low-latitude part. The wave vectors are found
to be close to the whistler mode resonance angle. Consistent with
the theory, the latitudinal component of the wave vector is opposite
compared to that of the Poynting flux in the low-latitude and high-
latitude parts of the funnel-shaped emission. In the central part
of the emission we observe a very broad distribution of the wave
energy with respect to the azimuth angle. The waves thus simulta-
neously come from different directions with different wave vectors.
This leads us to the conclusion that hiss is more likely generated
in an extended sheet source rather than in a vertical line source or
a point source. In this case the observed propagation pattern sug-
gests that the sheet source is oriented roughly in the longitudinal
direction, consistent with the region where we can expect presence
of upgoing or counterstreaming electron beams.

1. Introduction

Auroral hiss is an intense plasma wave emission which fre-
quently occurs in the high-latitude region of the Earth’s magneto-
sphere [e.g., Gurnett, 1966; Persoon et al., 1988; Kasahara et al.,
1995]. Observed by orbiting spacecraft it often appears with a char-
acteristic funnel shaped envelope on time-frequency spectrograms
(the lower-frequency cutoff first decreases and then increases).
Mosier and Gurnett [1969] explained this envelope by a limitation
of ray angles for whistler-mode waves propagating from a localized
source. For a wave vector close to the resonance angle

���
[Stix,

1992] the ray direction is perpendicular to the wave vector and the
ray deviates from the static magnetic field ( ��� ) by a complementary
angle ���
	�� ��

. Since the resonance cone closes with increasing
frequency (

� �
decreases) the ray direction becomes more and more

declined from � � . Waves at higher frequencies thus can propagate
across the field lines to larger distances from the source than waves
at lower frequencies, creating the observed funnel shaped envelope.
Gurnett and Frank [1972] used this interpretation for downgoing
auroral hiss observed at an altitude of 2500 km. Analysis of the
envelope lead them to the conclusion that the waves come from a
source in the auroral region at a radial distance of 1.8–2.6 Earth
radii (R � ). They further associated the emission with downgoing
low-energy electrons between 100 eV and several keV. At altitudes
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of 3000–6000 km Kasahara et al. [1995] reported downgoing hiss
with wave vectors highly declined from � � . Their interpretation
of the funnel shaped envelope assumed a line source extended up to
radial distances of 2.9 R � . Gurnett et al. [1983] measured electric
field fluctuations at much higher altitudes corresponding to radial
distances between 2.5 and 4 R � . No direct measurement of Poynt-
ing flux was available but the observed upper cutoffs suggested that
the waves were upgoing. Analysis of the envelope resulted in a
radial distance of the source between 1.7 to 1.9 R � .

The aim of this letter is to provide the first direct measurements
of the wave normal and Poynting flux directions of funnel-shaped
auroral hiss at high altitudes where we expect upgoing waves. We
use measurements of the plasma wave instrument (PWI) onboard
the Polar spacecraft [Gurnett et al., 1995]. During the 1.5 year
PWI operation period the satellite passed through the northern au-
roral region at a radial distance of 5 R � , i.e., well above the ex-
pected source region of upgoing hiss. The case presented here
was selected from 24 passes where PWI simultaneously measured
vectors of magnetic and electric field fluctuations of auroral hiss
in the high-rate telemetry mode, and where the magnetic compo-
nent was sufficiently strong. We analyze simultaneous waveform
measurements of electric and magnetic fields in the frequency range
230 Hz–20 kHz and we determine the Poynting flux and wave vector
directions using both plane-wave methods and the wave distribution
function (WDF) analysis [Storey and Lefeuvre, 1979].

2. Observations

Figure 1 shows results obtained from an analysis of data ac-
quired on March 6, 1997 when the satellite moved on the night-side
from the polar cap toward lower latitudes. The six-component
waveforms were sampled at a rate of 71.4 samples per second and
organized in snapshots of 0.445 s separated by gaps of 8.755 s. Fig-
ures 1a and 1b show spectrograms composed of sums of auto-power
spectra of double-probe electric antennas and search-coil magnetic
antennas, respectively. Data from each snapshot were processed
separately and the data gaps were filled by the spectrum from the
preceding snapshot. In the electric spectrogram (Figure 1a) we
can easily find a funnel-shaped emission of auroral hiss centered
around 0625 UT. On the high-latitude side the electric field spectra
show a sharp high-frequency cutoff which can be identified with
the local plasma frequency f � [Persoon et al., 1988]. The cutoff
decreases by a factor of 3 in an auroral density cavity between
0620 and 0625 UT, and becomes diffuse and difficult to localise at
lower latitudes after 0625 UT. The magnetic-field spectrogram in
Figure 1b also displays parts of the funnel shape especially at lower
latitudes. After 0645 UT a different type of emission is observed
below � 0.8 kHz. It is easily seen in the magnetic field data and
possibly due to whistler-mode chorus. Similar spectra are simulta-
neously measured by the sweep frequency analyzer, using electric
double-probe and magnetic loop antennas (not shown). This instru-
ment also recorded a high-latitude extension of the funnel-shaped
auroral hiss which was observed along the satellite orbit for about
2 hours before the interval shown in Figure 1. Emissions of auro-
ral kilometric radiation were also simultaneously detected between
100 and 600 kHz.
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Figures 1c and 1d display components of the Poynting vector
normalized by estimates of their standard deviations. We use this
robust method instead of the direct calculation of the Poynting vec-
tor because the electric waveform receivers are sometimes saturated
by a strong signal. This doesn’t affect measurements of phase differ-
ences which are used in our analysis. We use a Cartesian coordinate
system, where the z axis is parallel to ��� (measured onboard by
a fluxgate magnetometer), and the x axis lies in the plane of the
local magnetic meridian and is directed away from the Earth. We
can clearly see that the funnel-shaped auroral hiss emission has a
negative z component which means that the waves are upgoing. The
x component is mainly positive (toward higher latitudes) at higher

latitudes, and negative (toward lower latitudes) at lower latitudes.
This is consistent with outward propagation from a source at L � 9.7.
An exception is a narrow band just below the sharp upper cutoff on
the high-latitude side. Figures 1e and 1f show the direction of the
wave vector determined as the normal direction to the magnetic field
polarization plane using the singular value decomposition (SVD)
analysis (O. Santolı́k, M. Parrot, and F. Lefeuvre, SVD methods
for wave propagation analysis, submitted to Radio Sci., 2000). The
method is based on decomposition of a matrix of magnetic auto-
power and cross-power spectral elements at a given frequency. The
results are displayed only for upward directed wave vectors. An-
gle

���
(Figure 1e), representing the inclination of the wave vector

from � � , shows a general trend to become more antiparallel to

UT: 0610 0620 0630 0640 0650
R (RE): 5.43 5.22 5.00 4.77 4.53

MLAT (deg): 47.21 44.69 41.92 38.86 35.47
MLT (h): 2.49 2.47 2.46 2.45 2.45

L: 11.85 10.40 9.10 7.93 6.90
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Figure 1. Detailed analysis of multicomponent data received by the high-frequency waveform receiver on March 6, 1997. (a) Spectrogram
of the electric components; (b) spectrogram of the magnetic components; (c) parallel component of the Poynting vector normalized by its
standard deviation; (d) the same for the component in the meridian plane; (e) angle deviation of the wave vector from � � ; (f) azimuth of
the wave vector measured from the meridian plane; (g) 2D degree of coherence in the magnetic polarization plane. Universal time (UT),
radial geocentric distance (R) in Earth radii, the magnetic dipole latitude (MLAT) in degrees, the magnetic local time (MLT) in hours, and
McIlwain’s parameter (L) are on the bottom. Local electron cyclotron frequency (f ��� ) is displayed on the spectrograms. Analysis results
are shown only for a sufficiently strong signal (
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Figure 2. (a) Magnetic power spectrum taken on 0616:52 UT; (b)
Simultaneously measured electric power spectrum showing a sharp
upper cutoff; (c) angle deviation of the wave vector from ��� com-
pared to the theoretical resonance angle; (d) ellipticity of the mag-
netic field polarization.

� � at higher frequencies. Angle � � (Figure 1f) shows the az-
imuth around ��� measured from the x axis. In the high-latitude
part of the funnel-shaped emission this angle is near to � 180 �
(wave vector points toward lower latitudes), and at lower latitudes
it turns to the opposite direction. Wave vectors are thus found with
different signs of their x components compared to the Poynting
vectors. This relationship is consistent with the propagation pat-
tern expected from cold plasma theory. The determination of the
wave vector direction inherently supposes the presence of a single
plane wave at each frequency. Strict validity of this hypothesis
implies absolutely coherent field components. Figure 1g displays
an estimate of the degree of coherence in the magnetic polarization
plane, C � = 2 � R ����� R 	
	�� 2 �R ��	 � � ��� R ��� � R 	�	 �  � 1, where R ��� ,
R 	�	 , and R ��	 are the auto-power and cross-power spectra corre-
sponding to the directions of axes of the polarization ellipse. These
directions are again obtained using the SVD analysis. Higher co-
herence (values close to 1) is mainly observed in both high latitude
and low latitude wings of the funnel, while in the central part the
coherence is low. Distribution of wave energy to different wave
vector directions can be thus expected in that region.

Figure 2 displays results from a single snapshot at the high-
latitude side of the funnel with high C � values. While the magnetic
field power rather smoothly decreases toward higher frequencies
(Figure 2a), the electric field spectrum shows a very sharp upper
cutoff at � 5 kHz (Figure 2b). Figure 2c shows that wave vector
directions gradually turn from nearly perpendicular at low frequen-
cies to nearly antiparallel in the vicinity of the higher frequency
cutoff. However, they do not exactly follow the estimate of the
resonance angle (dotted curve) from the cold plasma theory [Stix,
1992]. Figure 2d represents the ratio of the two polarization axes
in the magnetic field polarization plane (ellipticity) estimated us-
ing the SVD analysis. The polarization changes from elliptical to
nearly circular, while the sense of polarization is right-handed with
respect to � � .

Figure 3 shows distributions of the wave energy density with
respect to wave vector directions estimated by the WDF method
[Storey and Lefeuvre, 1979]. The analysis was made in six intervals
as identified in Figure 1a. WDF estimates are obtained by fitting a
multi-parameter model to the auto-power and cross-power spectra
of the three magnetic-field components. We use the “Model of
Discrete Regions” [Santolı́k and Parrot, 2000] with an enhanced
angular resolution. The model field is calculated from the cold
plasma theory with 0.01 � steps in

�
and the WDF estimation pro-

cedure works with regions of 2.2 � � 2.2 � . Since we know from the
previous analysis that the waves are upgoing the results are repre-
sented in a

�
interval between 90 � and 180 � . In all the six cases the

majority of wave energy is found near the resonance angle (marked
by a thick dashed circle). On the high-latitude side of the funnel
shape, in intervals 1 and 2, the wave vectors are found in a peak
extended in the � angle, but still well localized around � = 210 � .
In the central part of the funnel (intervals 3 and 4) we observe a
very broad distribution of the wave energy with respect to the �
angle. Local maxima are found around � = 150 � and � = 330 � in

1 2

3 4

5 6

Figure 3. Polar diagrams of distributions of wave energy den-
sity with respect to the wave vector directions (WDFs). The data
were analyzed in six regions in the time-frequency plane marked
on the spectrograms in Figure 1. Polar angle

�
shows the devi-

ation of the wave vector from ��� , zero azimuth � is defined in
the direction of growing magnetic latitude, at � = 90 � the wave
vectors point eastward. WDF values are color coded in units of
10 
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interval 3. At higher frequencies, in interval 4, the estimated WDF
shows that a small part of the integral wave energy density (less
than � 5%) is located far from the resonance cone at

� � 150 � . In
the low-latitude wing of the funnel (intervals 5 and 6) we observe a
similar feature, but the majority of the wave energy is found close
to the resonance cone at � � 0 � .

3. Discussion

Comparing these WDF estimates with the plane wave analysis,
consistent results are found on both sides of the funnel shape where
the coherence is high. WDF analysis shows in more detail that the
waves are concentrated near the resonance cone. Departure of the
wave vector from the resonance cone in the plane-wave results at
higher frequencies (Figure 2c) can be explained by a high spread of
wave vectors in the azimuth ( � ) angle. In this situation the plane-
wave analysis gives an average direction which is deeper inside the
resonance cone. Inversion of the x component of the Poynting flux
just below the upper cutoff (Figure 1d) is likely a real effect. The
magnetic field signal is relatively weak but the inversion is con-
sistently observed across the high-latitude part of the emission. It
is probably connected to propagation effects taking place near the
cutoff but a detailed ray tracing study is beyond the scope of this
letter.

A very small fraction of integral energy density is found far from
the resonance cone in the last three WDF estimates (Figure 3, in-
tervals 4–6). This deviation is probably an artifact of the method
but we cannot completely exclude the possibility that such a small
fraction of waves really propagates with wave vectors nearly an-
tiparallel to � � . However, since no such results are obtained at
higher latitudes before 0625 UT, they are likely connected to the
presence of hot plasma which is observed at plasma sheet energies
after 0625 UT by the Hydra plasma analyzer [Scudder et al., 1995]
(recall that no hot plasma effects are included in the model used
for the WDF estimation). Although the cold plasma theory seems
to be sufficient to describe the main propagation properties of the
observed hiss emissions, a detailed study of wave dispersion, in-
volving hot plasma measurements, will be helpful to understand
these details.

In the central part of the hiss emission the waves are coming
from different azimuth angles (Figure 3, intervals 3–4). Although
some finite width of the distribution in � angle is always connected
to finite resolution of the WDF estimation, the results clearly show
the difference between the central part and the wings of the fun-
nel. The peak values are also displaced in azimuth from the results
obtained at higher latitudes. Our observations are thus rather con-
sistent with an extended sheet source region, probably elongated in
the longitudinal direction. From such a source region the waves
arrive at different azimuth angles to the spacecraft. This would not
be possible from a vertical line or point source.

The longitudinaly extended sheet source is consistent with the
traditional attribution of the source of VLF saucers and upgoing
funnel-shaped hiss to the region of downward currents [James,
1976; Gurnett et al., 1983]. Recent observations of the FAST space-
craft at altitudes of � 4000 km show that this region contains up-
going and counterstreaming energetic electrons [McFadden et al.,
1999]. Since we observe the waves well above the source, local
particle measurements are difficult to use for examination of the
origin of hiss. However, investigation of its propagation pattern
from multicomponent wave measurements proves to be useful for
a remote characterization of the source geometry.
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versity, V Holešovičkách 2, CZ-18000 Praha 8, Czech Republic.
(ondrej.santolik@mff.cuni.cz)

(Received June 13, 2001; revised September 21, 2001;
accepted October 25, 2001; published May 31, 2002.)


