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[1] We present the observation and analysis of all very low frequency (0.3—10 kHz)
chorus and hiss emissions observed at Palmer Station, Antarctica (L = 2.4), from January
through October 2003, near the peak of the most recent solar cycle. We classify three
separate categories of emissions: chorus occurring without the presence of hiss (“chorus
only”), hiss occurring without the presence of chorus (“‘hiss only””), and chorus and hiss
occurring simultaneously (“‘chorus with hiss’’). We find that observed chorus only and
chorus with hiss emissions are confined to the dawn sector, below 6 kHz in frequency.
Observed hiss only emissions are confined to the dusk sector, below 4 kHz in frequency.
We conclude that there are at least two distinct types of hiss observed at Palmer Station:
hiss that is observed with chorus in the dawn sector and hiss that is observed without
chorus in the dusk sector. The correspondence of dawn chorus with dawn hiss suggests
that these two emissions are strongly related to each other, while the frequency spectrum
and local time distribution of dusk hiss, coupled with the absence of simultaneous chorus,

suggest that dusk hiss may be generated by terrestrial lightning.

Citation: Golden, D. 1., M. Spasojevic, and U. S. Inan (2009), Diurnal dependence of ELF/VLF hiss and its relation to chorus at
L =24, J. Geophys. Res., 114, A05212, doi:10.1029/2008JA013946.

1. Introduction

[2] Extremely low frequency/very low frequency (ELF/
VLF) chorus and hiss are two common types of electro-
magnetic waves found in the Earth’s magnetosphere. Both
are thought to play major roles in the acceleration [Horne et
al., 2003, 2005] and loss [Lyons et al., 1972; Lyons and
Thorne, 1973; Abel and Thorne, 1998] of energetic elec-
trons in the Earth’s radiation belts. The extensive review
papers available for both chorus [Sazhin and Hayakawa,
1992; Santolik, 2008] and hiss [Hayakawa and Sazhin,
1992] are indicative of the amount of attention that these
waves have warranted in recent and past years.

[3] Magnetospheric chorus (hereinafter referred to as
“chorus”) is an ELF/VLF emission, originating outside
the plasmasphere, typically appearing below ~10 kHz
[Helliwell, 1965]. Chorus is characterized by a closely
spaced series of semicoherent discrete tones, usually rising
in frequency with time, at a rate of up to a few kHz/sec.
Numerous studies performed using ground-based [A/lcock,
1957; Pope, 1957, 1960] and space-based [Burtis and
Helliwell, 1976; Meredith et al., 2001; Tsurutani and Smith,
1977] receivers have shown that, although the local time of
maximal chorus occurrence increases with increasing L
shell, chorus is nonetheless primarily confined to the dawn
and day sectors at all L shells. Chorus occurrence is a strong
function of geomagnetic activity and substorms [Zsurutani
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and Smith, 1974; Burtis and Helliwell, 1976; Meredith et
al., 2001].

[4] Several varieties of hiss permeate the magnetosphere.
All varieties of hiss are composed of incoherent, unstruc-
tured emissions. Naming conventions for the different
varieties of hiss are occasionally contested, which is
not surprising considering the preponderance of ground
and space-based observations of hiss, often with different
conclusions.

[5] One type of hiss of which there is not currently much
nomenclature dispute is auroral hiss. As its name implies,
auroral hiss appears near the auroral zone, and has a
frequency range that can extend up to several hundred
kHz [e.g., Jorgensen, 1968; Makita, 1979]. We will not
discuss auroral hiss in this paper.

[6] Four other distinct types of ELF/VLF hiss exist:
plasmaspheric hiss, exo-hiss, ELF hiss and midlatitude hiss.
We make mention of these different types of hiss emissions
here in order to contrast their definitions with the hiss
emissions observed at Palmer later in this paper.

[7] “Plasmaspheric hiss” is an emission that is seen
exclusively within the plasmasphere. Plasmaspheric hiss
peaks in amplitude slightly below 1 kHz, and can extend
up to ~3 kHz. Satellite observations have found that
plasmaspheric hiss occurs primarily in the day and dusk
sectors, although the amplitude of the hiss and the specific L
shells and local times of maximum observation are strong
functions of geomagnetic activity [Parady et al., 1975;
Meredith et al., 2004]. It is supposedly never observed on
the ground [Sonwalkar, 1995; Santolik et al., 2006] owing
to theoretical considerations of magnetospheric reflection
near the local lower hybrid resonance frequencies [Thorne
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and Kennel, 1967] and the low-frequency cutoff between
the proton and helium gyrofrequencies [Gurnett and Burns,
1968]. Although Hayakawa et al. [1985] claimed to have
made ground observations of plasmaspheric hiss, the fre-
quency range (mostly above ~1.5 kHz) was generally more
in line with that of midlatitude hiss (see below). Kleimenova
et al. [1976] made ground observations of morning hiss at
400 Hz during periods of low geomagnetic activity level,
but stated that this could not be plasmaspheric hiss in light
of the above cited work by Thorne and Kennel [1967] and
Gurnett and Burns [1968].

[8] Two separate types of hiss, whose frequency spectrum
resembles that of plasmaspheric hiss, are seen at medium
latitudes outside of the plasmasphere, and are known either
as ““exo-hiss” or “ELF hiss.” ELF hiss and exo-hiss share
similar frequencies and latitudes of observation, but are
differentiated primarily by their diurnal occurrence and
theorized generation methods. Exo-hiss is believed to be
the result of plasmaspheric hiss leaking out of the plasma-
sphere [Thorne et al., 1973; Bortnik et al., 2008], and
appears primarily in the afternoon sector. ELF hiss appears
primarily on the dayside [Russell et al., 1972; Meredith et
al., 2004; Santolik et al., 2006], and although the actual
origin of ELF hiss is controversial, it is generally agreed to
be caused by emissions generated equatorially outside of the
plasmapause, propagating to low altitudes [Santolik et al.,
2006; Bortnik et al., 2008]. It should be cautioned that the
term “ELF hiss” can be misleading, particularly since
plasmaspheric hiss and exo-hiss also appear in the ELF
frequency range. In this paper, we use the term “ELF hiss”
strictly to mean dayside hiss in the ELF range that has
originated from an exo-plasmaspheric equatorial source.

[v] “Midlatitude hiss” is a VLF emission that is generally
observed on the ground and low-altitude satellites with an
intensity and occurrence peak between 50° and 65° invari-
ant latitude. Higher-altitude satellites have also seen mid-
latitude hiss at latitudes everywhere from the equator to
subauroral latitudes [Taylor and Gurnett, 1968; Dunckel
and Helliwell, 1969]. Midlatitude hiss correlates well with
geomagnetic activity, increasing in intensity and occurrence,
and decreasing in L shell as Kp increases. Midlatitude hiss
can generally extend from ~2 to 10 kHz, though its
bandwidth and center frequency is variable [Hayakawa
and Sazhin, 1992; Sonwalkar, 1995]. 1t is worth noting that
the primary observational difference between midlatitude
hiss and the other types of hiss discussed here is the
observed frequency range (f 2 2 kHz for midlatitude hiss
versus < 3 kHz for plasmaspheric, ELF and exo-hiss, with
an overlap between ~2—3 kHz).

[10] Outwardly, chorus and hiss have very different
properties, and often occur in different local times, at
different frequencies and in different parts of the magneto-
sphere, particularly during storms [Hayakawa et al., 1975b,
1977]. However, they do have overlapping frequency
bands, and are also often observed simultaneously [Dunckel
and Helliwell, 1969; Koons, 1981; Parrot et al., 2004;
Santolik et al., 2006]. In particular, Cornilleau-Wehrlin et
al. [1978] made observations of chorus and hiss with the
GEOS spacecraft at high altitudes (>6 R,) and low geo-
magnetic activity levels (K, < 37), demonstrating that
“chorus with hiss” is the dominant emission in this region.
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[11] Many attempts have been made to explain the con-
nections between chorus and hiss. Koons [1981] suggested
that hiss emissions may set up a suitable electron anisotropy
for the generation of chorus. Electrons, phase-bunched
owing to the hiss emissions, then generate chorus emissions
as they move adiabatically along magnetic field lines. This
hypothesis was supported experimentally via experiments
by Helliwell et al. [1986], during which hiss-like incoherent
noise, radiated by the Siple transmitter in Antarctica, was
observed to trigger discrete emissions. An alternate hypoth-
esis for the chorus-hiss connection is that hiss is generated
by overlapping chorus emissions, whose frequency-time
structures have become sufficiently diffuse that they even-
tually appear hiss-like to observers [Santolik et al., 2006;
Bortnik et al., 2008].

[12] Parrot et al. [2004] specifically made note of hiss
emissions on the Cluster satellites that showed signs of
discrete structure, the first suggestions of a VLF Archaeop-
teryx: an emission that bridges the gap between chorus and
hiss. Santolik et al. [2006] took this idea further by using
wavelet techniques on data from the Freja and DEMETER
satellites. This allowed them to discover discrete chorus-like
structure hidden within emissions that were ostensibly ELF
hiss on traditional spectrograms; they referred to these
emissions as ‘“‘structured hiss.” They used ray tracing
techniques to show that emissions generated in the equato-
rial region outside of the plasmapause, given the proper
initial wavenormal angles, could penetrate to very low
altitudes (at high latitudes), and possibly to the ground.
Stating that “the origin and source region of ‘structured
hiss” and ducted chorus are most probably the same,”
Santolik et al. [2006] concluded by saying that these
observations were “consistent with the hypothesis that the
frequently observed dayside ELF hiss is just the low-
altitude manifestation of ... whistler mode chorus.”

[13] Chum and Santolik [2005] used ray tracing to show
that chorus waves, generated equatorially at high altitudes,
could penetrate the plasmasphere under certain circumstan-
ces and potentially become trapped there. Bortnik et al.
[2008] expanded on these results via a more extensive and
rigorous ray tracing study, which showed that chorus waves
could penetrate into the plasmasphere and remain there via
magnetically reflecting for tens of seconds before being
damped. By showing that this phenomenon could occur
both on the dayside and nightside (albeit at reduced effi-
ciencies on the nightside), Bortnik et al. [2008] concluded
on the basis of this study that “chorus waves are the
dominant source of plasmaspheric hiss.”

[14] An alternate hypothesis is that lightning is a major
source of plasmaspheric hiss [Sonwalkar and Inan, 1989;
Draganov et al., 1992]. Recent work by Green et al. [2005]
and Meredith et al. [2006] has shown experimental data
highlighting the correlation of terrestrial lightning rates with
certain frequencies of hiss. Although they disagreed on the
exact frequencies, Green et al. [2005] and Meredith et al.
[2006] both concluded that lightning may be a dominant
source of hiss above either 500 Hz or 2 kHz, respectively,
although Meredith et al. [2006] did note that the lower-
frequency, non-lightning-associated hiss, being more
intense than the lightning-associated variety, is a more
important loss mechanism for relativistic electrons between
2 <L<3.
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Figure 1.
Antarctic peninsula (L = 2.4, 50°S magnetic latitude).

Palmer station, located near the tip of the

[15] This study presents ten months of data recorded on
the ground with Stanford University’s ELF/VLF broadband
receiver at Palmer Station, Antarctica. The preponderance
of ELF/VLF emissions observed daily at Palmer (chorus
and hiss are each observed on more than 50% of days),
coupled with modern analysis techniques, allow us to
test the above mentioned current theories of hiss source
mechanisms.

[16] It is important to note that, although ground-based
measurements have several advantages over in situ space-
based measurements, such as the ability to consistently
observe a single L shell, and greatly increased data rates,
they are only capable of sampling the portion of the
magnetospheric waves that are able to penetrate to low
altitudes and through the ionosphere [see, e.g., Sonwalkar,
1995, pp. 424—425]. This may include either waves that
have propagated such that their wavenormals are within the
transmission cone at the ionospheric boundary [Helliwell,
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1965, section 3.7], or waves that have scattered from low-
altitude meter-scale density irregularities [Sonwalkar and
Harikumar, 2000]. Thus we would not expect all types of
waves observed in space to be observed on the ground, and
we will interpret our results accordingly.

2. Experimental Methodology

[17] Data were collected over the course of the year 2003
with the Stanford University ELF/VLF receiver at Palmer
Station, Antarctica. Palmer Station is located on Anvers
Island, near the tip of the Antarctic peninsula (Figure 1),
at 64.77°S, 64.05°W, with IGRF geomagnetic parameters of
L = 2.4, 50°S geomagnetic latitude. The Palmer VLF
receiver records broadband VLF data at 100 kilosamples
per second using two cross-loop magnetic field antennas,
with 96 dB of dynamic range sensitivity. This analysis uses
the North/South channel exclusively, it being the less
subjectively noisy of the two channels; this has the addi-
tional effect of focusing Palmer’s viewing area more tightly
to its magnetic meridian than if we made use of both
channels. Data products used in this study are 3-min
broadband data files, beginning every 15 min at 5, 20, 35
and 50 min past the hour, 24 h per day.

2.1. Emission Selection Criteria

[18] For each day of this study (1 January through 31
October 2003), we generate a 24-h combined synoptic
spectrogram. These synoptic spectrograms consist of 96 5-s
spectrograms stitched together horizontally, in the same
format as in the work of Spasojevic and Inan [2005]. An
example of this type of plot is shown in Figure 2. Emissions
with amplitudes greater than 0.1 fT/v/Hz (—20 dB-fT//Hz)
are visually located from these plots via their aberration
from the blue background, below the frequency of the
lightning-generated sferic impulses.

[19] Potential emissions are scrutinized via a higher
resolution spectrogram. For the purposes of this study,
without making any a priori assumptions about their gen-
eration regions, we characterize emissions solely on the
basis of their observed spectral properties, irrespective of
their local time or frequency characteristics. Emissions with
incoherent spectral properties that do not exhibit any fine
structure are labeled as hiss. Emissions that have obvious
“chorus-like” characteristics, such as fine structure and
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Figure 2. A 24-h VLF spectrogram from Palmer. This view is created by horizontally combining
96 separate 5-s spectrograms, each 15 min apart from each other. This particular 24-h spectrogram from
1 May 2003 shows one of the most intense emissions observed in 2003, consisting of varying forms of
chorus and hiss from approximately 0800 to 1300 UTC (0359 to 0859 MLT).
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Figure 3. Examples of different emission types. (a) “Hiss
only” is characterized by incoherent, unstructured emis-
sions with no discrete elements, (b) “chorus only” consists
of closely spaced, discrete tones, usually rising in frequency,
and (c) “chorus with hiss” is a combination of the other two
emissions.

rising tones, whose structure does not resemble that of
multiply-hopping whistlers, are labeled as chorus. Often,
chorus and hiss are seen simultaneously, in the form of
multiple bands of emissions that may separately resemble
chorus, hiss, or combinations of the two (such as the “struc-
tured hiss” from Santolik et al. [2006]). We consider these
emissions separately, and refer to them as ““chorus with hiss.”
[20] Throughout the course of this study, we refer to these
three emission types separately as “hiss only,” ““chorus
only” and “chorus with hiss.” Examples of these three
emissions can be seen in Figure 3. During this study, over
the course of the 304 days for which we have valid data, we
observed “hiss only” on 70% of days, “chorus only” on
30% of days and ‘““chorus with hiss on 36% of days.

2.2. Cumulative Spectrograms

[21] In order to visualize the entire year’s worth of
emissions simultaneously, we use a “cumulative spectro-
gram” plot. This plot consists of the sum of all of the
emissions of a given type, in spectrogram form. Technically,
the cumulative spectrogram is generated as follows:

[22] 1. The emission database is constructed via the
method outlined in section 2.1. The emission database is a
list of emissions with the following properties: emission
type (one of “chorus only,” “hiss only” or “chorus with
hiss”), start time, end time, lower frequency cutoff, upper
frequency cutoff.
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[23] 2. For each emission window (bounded by the start
and end times, and the lower and upper cutoff frequencies),
the amplitude in dB of the spectrogram for that day, within
those bounds, is added to the cumulative spectrogram plot.

[24] 3. The resulting spectrogram, which consists of the
sum of the emissions from individual spectrograms, is then
divided by 304, the number of days for which we have data.
This results in a spectrogram of “average intensity.”

[25] The cumulative spectrogram is effectively the
product, spectrogram-wise, of the occurrence rate of a given
emission type with the average amplitude of that emission
type, as illustrated in Figure 4.

3. Occurrence Characteristics
3.1. Local Time and Frequency

[26] Figure 5 shows separate cumulative spectrograms for
each emission type. Consistent with previous studies of
chorus [e.g., Storey, 1953; Maeda, 1962], “chorus only”
emissions are observed exclusively in the dawn sector, from
approximately 0400 to 0900 magnetic local time (MLT).
“Chorus with hiss” emissions are observed at the same
local time as “chorus only” emissions, but tend to be more
common, and usually extend up to higher frequencies.
“Chorus with hiss” emissions most commonly consist of
a lower frequency band of chorus-like emission and an
upper frequency band of hiss-like emission, though this is
not always the case. Thus, the lower frequencies (below
~2 kHz) in the “chorus with hiss” cumulative spectrogram
of Figure 5c are primarily chorus, while the higher frequencies
are primarily hiss. The fact that “chorus only” and “chorus
with hiss” emissions are seen at the same local times strongly
suggests that their generation may be intimately related.

kHz

(a) Occurrence Probability

o
N
Occur. probability

(b) Average Amplitude

avg dB—T/Hz 12

(c) Cumulative Spectrogram

avg dB—fT/Hz 2

18:00

12:00
MLT

Figure 4. Cumulative spectrogram generation procedure.
(a) The occurrence rate of a given emission is multiplied by
(b) the average amplitude of the emission in dB, to give
(c) an ‘‘average emission amplitude,” weighted by
occurrence rate. This example shows plots for all emission
types combined.
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Figure 5. Cumulative spectrograms of (a) “hiss only” (408
events), (b) “chorus only” (99 events), and (c¢) “chorus with
hiss (151 events). ‘““Hiss only” emissions are seen
exclusively in the dusk sector, primarily below ~1.7 kHz,
though they can extend up to ~4 kHz. “Chorus only” and
“chorus with hiss’” emissions appear exclusively in the dawn
sector. The lack of emissions in the noon sector may be an
ionospheric effect, but the lack of emissions in the midnight
sector is almost definitely a true absence of low-altitude
emissions.

Indeed, when characterizing the emissions, the authors found a
continuum of emission types in between “chorus only” and
“chorus with hiss” (i.e., varying amounts of structure in
“structured hiss™).

[27] ““Hiss only” emissions are observed exclusively in
the dusk sector, from 1400 to 2300 MLT. This is similar to
observations by other ground-based sites of similar L shells,
although, in contrast to this study, Laaspere et al. [1964]
also found a second maximum of hiss in the morning at
North American stations at similar latitudes to Palmer,
namely, Washington, D. C., (L = 2.5) and Dartmouth
College (L = 3.1). Hayakawa et al. [1975a] found a similar
double-peaked distribution at Moshiri, Japan (L = 1.6). This
is possibly attributable to their characterizing as ‘hiss”
what we determine to be ““chorus with hiss” in the morning.

[28] Using data from the GEOS spacecraft at high radial
distances (>6 R,), Cornilleau-Wehrlin et al. [1978] also saw
a majority of “chorus with hiss” emissions (with chorus as
the greater amplitude emission) in the morning, suggesting
that “chorus with hiss” emissions originate at high altitudes
outside of the plasmapause, just as ““chorus only” emissions
do. In contrast to this study, they saw very few hiss
emissions without accompanying chorus, but this is readily
explained by the fact that the study was limited to satellite
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radial distances greater than 6R,, which is outside the source
region of hiss [Meredith et al., 2004].

[20] Conspicuous in their absence are emissions in the
noon sector and midnight sector. Using data from the Ogo 5
satellite [ Tsurutani and Smith, 1977] showed that the L shell
of maximal chorus occurrence increases from postmidnight
to postdawn as a result of drift shell splitting, which is one
reason why chorus would be unlikely to be seen at Palmer’s
L shell outside of the dawn sector. Additionally, ionospheric
absorption is a maximum during the daytime, owing to
the increased electron density from solar radiation [e.g.,
Helliwell, 1965, Figure 3—35], which may have the net
result of preventing magnetospheric emissions from reaching
middle and low latitudes on the ground, regardless of their
originating L shell. In the midnight sector, measurements using
the CRRES satellite by Meredith et al. [2001, 2004] found a
minimum of chorus at low altitudes and plasmaspheric hiss at
all altitudes, respectively, so it is likely that the absence of
emissions at Palmer in the midnight sector represent a true lack
of emissions in the magnetosphere at low altitudes.

[30] “Chorus only” and ‘“‘chorus with hiss” intensities
gradually fall off as frequency increases from 300 Hz (the
lowest frequency of these measurements) to around 6 kHz,
with a noticeable discontinuity in intensity near 1.7 kHz.
This discontinuity is due to the lower cutoff of the trans-
verse electric (TE) mode in the Earth-lonosphere (E-I)
waveguide; below this cutoff, the transverse electromagnet-
ic (TEM) mode dominates, with attenuation coefficient
increasing with increasing frequency. This discontinuity is
also visible at ~1.7 kHz for ‘“hiss only” for the same
reason.

[31] Below ~1.7 kHz, both emission distributions grad-
ually rise and then fall in frequency with local time; this is
consistent with the ionospheric entry region of the waves
remaining at a constant set of local times and latitudes over
the course of the Earth’s rotation. Since higher frequencies
in the TEM mode suffer greater attenuation while propa-
gating in the E-I waveguide than do lower frequencies, the
emissions’ highest frequency components will only be
visible when Palmer’s local time is coincident with the
local time of the emissions’ ionospheric penetration. As the
Earth continues to rotate past this point, Palmer move
further away from the ionospheric entry region for the
emissions, and increased attenuation for high frequencies
becomes apparent.

[32] There are also “chorus with hiss” emission compo-
nents propagating in higher-order modes observed above
the 1.7 kHz cutoff frequency between 0400 and 0800 MLT.
These emissions extend less broadly in time than the main
low-frequency peak of “chorus with hiss” emissions. It is
not clear whether this is the result of a propagation effect
(either attenuation within the Earth-ionosphere waveguide,
or suffered during penetration of the ionosphere), or a
source effect. The higher frequencies of “chorus with hiss”
emissions are typically where hiss is observed, while chorus
is observed at the lower frequencies.

[33] Observed ‘““hiss only” emissions also display an
upper frequency component, above the 1.7 kHz cutoff,
which increases in frequency from 1.7 to ~4 kHz over
the course of the emission interval, as has been seen before
in previous work [e.g., Vershinin, 1970; Carpenter et al.,
1975]. The rising frequency of the upper component is
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Figure 6. Cumulative emission spectra.

apparent, despite the nonlinear attenuation effects intro-
duced by propagation in the Earth-ionosphere waveguide,
which cause the upper frequency component to appear to
“separate” from the lower frequency component of the hiss.
Hayakawa et al. [1988] specifically interpreted the premid-
night frequency drift of hiss in terms of a quasi-linear
electron cyclotron instability model.

[34] The average spectra of the three emission types are
shown in Figure 6. Note that the amplitude scale of the
spectra of Figure 6 is not directly comparable to that of the
cumulative spectrograms of Figure 5, because it is comput-
ed in a different way. The spectra of Figure 6 is computed
by averaging the power spectra of all emissions of a given
type. In this way, it provides a measure of the average
power spectrum when an emission is present. This is in
contrast to the average power spectrum at all times (includ-
ing quiet periods), as in Figure 5, which also incorporates
the occurrence probability at the given time and frequency.

[35] The characteristic rapid attenuation with increasing
frequency of the TEM mode in the E-I waveguide is visible
in Figure 6 for frequencies below 1.7 kHz. Above 1.7 kHz,
the wave energy is contained in higher-order modes.
“Chorus only” emissions extend up to approximately
5 kHz, “hiss only” emissions extend to 7 kHz and ““chorus
with hiss” emissions can be seen just beyond 8 kHz. It is
important to note that, although some emissions may have
high-frequency components, the likelihood of seeing any
given emission type rapidly drops off with increasing
frequency, as shown in a plot of emission occurrence versus
frequency in Figure 7.

[36] These results are particularly interesting in the con-
text of currently accepted definitions of midlatitude and
plasmaspheric hiss. Specifically, Sonwalkar [1995] states
that midlatitude hiss, which has a lower cutoff of ~2 kHz, is
the only type of hiss visible on the ground at midlatitude
stations like Palmer (contrasted with auroral hiss, which is
visible at high-latitude ground stations). Plasmaspheric
hiss, which occupies the portion of the hiss spectrum below
~2-3 kHz is said not to be visible on the ground. However,
as Figures 6 and 7 show, ‘“hiss only” is readily seen at
Palmer from 300 Hz (the peak of the spectrum) to nearly
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7 kHz. This suggests one of three scenarios: (1) that midlat-
itude hiss may in fact extend below 3 kHz, (2) that plasma-
spheric hiss, as well as midlatitude hiss, can penetrate to the
ground at midlatitudes, in contrast to the prevailing belief that
observations of plasmaspheric hiss are confined to space-
based measurements, or (3) that the dusk hiss at Palmer
represents an entirely different type of hiss, such as exo-hiss.

3.2. Occurrence Rates and Correlation With AE

[37] The appearance of chorus and hiss has long been
known to correlate with the occurrence of substorms, as
measured by the Auroral Electrojet (AE) index [Sazhin and
Hayakawa, 1992; Hayakawa and Sazhin, 1992, and refer-
ences therein]. When investigating the dependence of emis-
sion occurrence on AE, we look for emissions occurring
during their usual “emission intervals,” as determined by
Figure 5. For “chorus only” and “chorus with hiss,” we
define the emission interval to be between 0300 and
0900 MLT. For “hiss only,” we define the emission interval
to be between 1400 and 2300 MLT. We define the AE'
index to be the maximum value of the true AE index in the
6 h preceding the center of the given emission’s emission
interval. This is analogous to the definition for AE* from
[Meredith et al., 2004], which is defined as the maximum
value of AE in the 3 h prior to the emission; we elect to use
AE' over AE*, because we found that it is better correlated
with our ground-based data. Figure 8 shows the normalized
occurrence rates of “chorus only,” “hiss only” and ‘““chorus
with hiss” with respect to AE'.

[38] Consistent with past results, all three emission types
generally increase in probability as AE' increases. The AE
dependence of “chorus only” contrasts with that of “chorus
with hiss,” the latter being the most strongly AE' associated
emission type. In particular, we note that when AE' >
500 nT, we see “chorus with hiss’’ more often than “chorus
only,” and nearly twice as often when AE" > 800 nT.
Because we know from Figure 5 that “chorus only” and
“chorus with hiss” share the same local time emission
interval, this further suggests that ‘“chorus only” and
“chorus with hiss” are in fact two manifestations of the
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Figure 7. Cumulative occurrence probability (per emis-
sion) as a function of frequency.
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only,” and (c) “chorus with hiss”” on AE' index. All bins
have at least 35 days of data (mean number of days is 51, st.
dev. is 10).

same chorus-producing phenomena, which has a tendency
to induce hiss alongside the chorus when the AE index is
increasingly disturbed. “Hiss only” occurrence is also well
correlated with increasing values of AE', and it is further
interesting to note that “hiss only”” is the only emission seen
during the lowest levels of substorm activity, AE' <200 nT.
[39] Figure 9 shows all emission types combined into a
single cumulative spectrogram, and as a function of the AE
index. We show all emissions for all values of AE',
well as all emissions for AE' < 600 nT and all em1551ons for
AE' > 700 nT. The split point of AE" = 650 nT was chosen
because that is the value for which there is an equal numbcr
of emissions above and below it (289 emissions for AE' <
600 nT and 288 emissions for AE" > 700 nT, respectlvcly)
We do not plot emissions for 600 nT < AE" < 700 nT
because we assume that their characteristics will be very
similar. The small, but visible discontinuity in Figures 9b
and 9c at ~2000 MLT is an artifact of our processing; it
appears because midnight UTC occurs at 1959 MLT, where
one Palmer-generated spectrogram ends and another begins
(as in Figure 2).
[40] We note from Figure 9 that the higher frequencies of
“chorus with hiss” emissions (above ~1.7 kHz) tend to
appear more frequently and at higher 1ntcn51ty for AE' >
700 nT. In general, when observing ‘“chorus with hiss”
emissions, the energy at higher frequencies is often com-
posed primarily of hiss. The lack of energy at higher
frequencies in Figure 9b indicates that chorus appears
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Wlthout hiss at lower AE' levels, and with hiss at higher
AE levels, consistent with the above result from Figure 8.

[41] ““Hiss only” emissions are also susceptible to chang-
ing geomagnetic COIldlthIlS in a very different way. At
lower levels of AE!, we find that “hiss only” emissions
extend from approx1mately 1400 to just past midnight MLT,
and have very intense amplitude at lower ELF frequencies
(f < 500 Hz). In contrast, for high AE' levels, the lower
frequency ELF components of hiss are reduced, and the
local time occurrence moves earlier, to 1000 to 2200 MLT.
This result is in contrast to that of Meredith et al. [2006,
section 6.3], who found no geomagnetic control of hiss on
the nightside. However, we note that Meredith et al. [2006]
divided day and night at 1800 MLT, which is near the
middle of the dusk hiss peak at Palmer; separately analyzing
the two halves of the hiss peak may have reduced the
efficacy of their analysis. Nonetheless, there is obvious
geomagnetic control in Figure 9 of dusk hiss after
1800 MLT (during Meredith et al.’s [2006] “‘night”).

4. Discussion

[42] Our results show two distinct types of hiss that are
observed at Palmer, which we will refer to as “dawn hiss”
and “dusk hiss.” Dawn hiss is observed exclusively in the
dawn sector, is generally (but not exclusively) seen above
~2 kHz, often shows structure, and is always accompanied
by chorus. In contrast, dusk hiss is observed exclusively in
the dusk sector, is rarely seen above ~4 kHz, rarely shows
structure, and is never observed with chorus. The frequency
spectrum of dawn hiss observed at Palmer most closely
resembles that of midlatitude hiss, while the spectrum of
dusk hiss at Palmer resembles that of either plasmaspheric
hiss or exo-hiss.

4.1. Chorus as a Source of Hiss

[43] That chorus and hiss are often observed together is a
concept that is by no means novel. What is currently a new
idea is that chorus may in fact be the dominant source of
hiss, and that the one becomes the other via an overlapping
and ‘“smearing” of the spectrum, thus causing chorus
emissions to lose the definition of their discrete elements,
and eventually appear hiss-like to observers. Santolik et al.
[2006] and Bortnik et al. [2008] have separately stated,
on the basis of ray tracing studies, that chorus may be
the primary source of ELF hiss and plasmaspheric hiss,
respectively.

[44] The many observations of chorus emissions occur-
ring simultaneously with hiss emissions, both in past works
and in this paper, give credence to the claim that chorus may
indeed be responsible for generating certain types of hiss. In
particular, it seems quite reasonable that the dawn hiss
shown in this paper, whose frequency band resembles
midlatitude hiss, could be generated by discrete chorus
emissions. The exclusive occurrence of dawn hiss with
dawn chorus, and the fact that dawn hiss is so often of
the “structured hiss” variety, both support the idea that
midlatitude hiss may be caused by chorus.

[45] The most common variety of “chorus with hiss”
seen at Palmer consists of one band of chorus at a lower
frequency and one band of hiss at a higher frequency
(although other varieties, such as overlapping bands of
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Figure 9. Cumulative spectrogram of (a) all chorus and hiss emissions (660 events), (b) all emissions
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hiss” are observed exclusively on the dawnside, while “hiss only” is observed exclusively on the
duskside. AE' affects frequency occurrence for all emissions and the local time occurrence for “hiss
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chorus and hiss, or bands of hiss below bands of chorus are
possible). Although it is not reasonable to claim that chorus
in one frequency band may be the source of simultaneously
observed hiss in a separate band, it is certainly possible that
chorus, originally occurring in multiple frequency bands,
has either had one of its bands generated with hiss-like
structure, or has had that band converted into hiss over the
course of its propagation. The former scenario is supported
by the observations of Cornilleau-Wehrlin et al. [1978],
who made many observations of “chorus with hiss” beyond
the plasmapause, presumably close to the source region,

which suggests that the conversion process happens very
close to, or at, the source. However, the latter scenario is
supported by Santolik et al. [2006] and Bortnik et al.
[2008], who suggest that chorus waves may convert to hiss
via superposition and dispersion during their propagation. It
is not clear at this time which conversion process is
dominant.

[46] The fact that we usually see hiss or structured hiss in
a band above chorus, coupled with the fact that chorus
frequency tracks the electron gyrofrequency at its source
region [Burtis and Helliwell, 1976], suggests that it may
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Figure 10. A multiply-hopping whistler, whose multitude
of cross-hemisphere hops gradually overlap with an existing
hiss band. (top) The original whistler is seen in the first
minute, and quickly merges with the existing hiss band,
becoming (bottom) indistinguishable from standard struc-
tureless hiss in the second minute. This type of phenomenon
supports the idea that dusk hiss observed at Palmer may be
caused by lightning.

specifically be chorus generated at lower L shells (where the
equatorial electron gyrofrequency is higher) that gives rise
to hiss, whereas chorus generated at higher L shells (where
the equatorial electron gyrofrequency is lower) remain
structured as chorus. Again, this conversion process may
occur either at the source, or during the chorus propagation.
If the conversion occurs during chorus propagation, it is
possible that the conversion region is small; this fact would
not preclude chorus generated at low L shells from being
favored to convert over chorus generated at higher L shells,
despite the fact that chorus generated at low L shells has a
shorter distance to travel before it reaches the ionosphere.

[47] As seemingly plausible as it is that dawn hiss is
caused by chorus, it seems equivalently unlikely that the
dusk hiss observed at Palmer is related to chorus. The fact
that very few emissions are seen at Palmer in between the
diurnal peaks of dawn ‘““chorus only”/“chorus with hiss”
and dusk “hiss only,” as well as the lack of structure in
dusk hiss emissions, strongly suggest that the emissions that
occur at these two separate local times are unrelated. It is
also quite unlikely that chorus, being observed very infre-
quently in the dusk sector in situ [Zsurutani and Smith,
1977; Meredith et al., 2001], could propagate azimuthally
from the dawn to the dusk sector before being observed as
hiss; the ray tracing studies of Santolik et al. [2006], in
particular, show a negligible amount of azimuthal cross-
field line propagation. Whether dusk hiss is exo-hiss or
plasmaspheric hiss, past studies of the local time distribu-
tion of chorus, as well as chorus observations from this
study, do not support the hypothesis that dusk hiss is
generated by magnetospheric chorus.

4.2. Lightning as a Source of Hiss

[48] There has recently been a resurgence of interest in
the role of lightning as a source of plasmaspheric hiss, either
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embryonically, as proposed by Sonwalkar and Inan [1989]
or as a result of multiple magnetospheric reflections within
the plasmasphere, as proposed by Draganov et al. [1992].
Green et al. [2005] suggested that lightning is the dominant
source of plasmaspheric hiss over the frequency range of
~500 Hz to 3 kHz, though the particular frequency range
was contested by a subsequent study by Meredith et al.
[2006], who concluded that the lightning-associated hiss
was limited to frequencies above 2 kHz.

[49] The local time peak of dusk hiss at Palmer is
suggestive of afternoon lightning as a source. Particularly
compelling is the fact that dusk hiss peaks at Palmer at
around 1900 MLT, which corresponds to 1700—1800 MLT
for the Eastern half of North America, a major source of
lightning during the boreal summer [Christian et al., 2003].
This local time peak is quite close to the ~1600 MLT peak
of lightning worldwide (e.g., J. C. Bailey et al., Diurnal
lightning distributions as observed by the optical transient
detector (otd) and the lightning imaging sensor (lis), paper
presented at 13th International Conference on Atmospheric
Electricity, Chinese Academy of Sciences, Beijing, 13—17
August 2007). The ~2-h discrepancy between the diurnal
peaks of terrestrial lightning and dusk hiss at Palmer may be
an ionospheric effect, since ionospheric absorption is great-
er during daylight hours than at night [e.g., Helliwell, 1965,
Figure 3—31]; this would have the artificial effect of damp-
ing observed hiss amplitudes during the daytime. Although
seasonal results are by no means conclusive for a single year
of data, it is worth noting that we see dusk hiss in its usual
emission interval at Palmer (1400—2300 MLT) on 3.5 times
as many days in June, July and August than in January,
February and March 2003 (124 versus 34 days); this is
consistent with the boreal summer peak of North American
lightning.

[s0] Whistlers can be seen quite often at Palmer, varying
from a peak of 22 whistlers per minute during the boreal
summer (local winter) night, to a minimum of 0.3 whistlers
per minute during the day in the boreal winter, according to
calculations by Burgess [1993], based on earlier audio
recording measurements by Laaspere et al. [1964] at a
nearby Antarctic station. We also occasionally see evidence
of whistlers directly causing or contributing to bands of hiss
at Palmer. Figure 10 shows an example of a whistler
undergoing many cross-hemisphere hops, merging with an
existing hiss band. Over the course of the 2 min shown in
Figure 10, the whistler, at first highly visible on the
spectrogram, completely merges with the hiss and becomes
indistinguishable from unstructured hiss at the end of the
second minute. Although this phenomenon is not seen very
often at Palmer, the lack of observations may be due to fact
that the “triggering” mechanism of the whistler lasts for
such a short amount of time. We hypothesize that these
multiply-hopping whistlers may contribute to the dusk hiss
at Palmer, either as the result of many overlapping, dis-
persed whistlers [e.g., Dowden, 1971], or possibly in
conjunction with the type of embryonic onset reported by
Sonwalkar and Inan [1989]. However, until either more
cases can be found that show evidence of triggering onset,
or until the absence of such observations can be theoreti-
cally explained, we cannot suggest that these particular
mechanisms of whistler-induced hiss are the dominant
source of dusk hiss.
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[s1] It is also important to note that the low frequency
peak (<300 Hz) of dusk hiss is inconsistent with lightning
control as determined by both Green et al. [2005] and
Meredith et al. [2006], who found no evidence of lightning
control below 500 Hz and 2 kHz, respectively. However, we
must critically interpret their conclusions. If these lower-
frequency waves were caused by terrestrial lightning
flashes, then certain propagation effects would make them
inherently difficult to spatially correlate with their terrestrial
source region. As noted by Meredith et al. [2006, p. 9],
lower frequency waves are capable of propagating outward
in the magnetosphere to L shells quite distant from their
terrestrial source [Bortnik et al., 2003]. Additionally, the
lower attenuation for lower frequencies in the TEM mode in
the Earth-ionosphere waveguide (particularly over seawater)
allows waves to potentially propagate subionospherically
very far from their source before leaking into the magneto-
sphere. Thus, we conclude that spatial correlation with
landmass is not a requirement for lightning as the source
of lower frequency waves. Finally, although we note from
Figure 8 that “hiss only” emissions are well correlated with
geomagnetic activity, this fact is not mutually exclusive
with the theory that hiss is sourced by terrestrial lightning.
Sonwalkar and Inan [1989], for example, hypothesized that
lightning-generated whistlers are an embryonic source of
plasmaspheric hiss, which suggests that a source population
of energetic particles, such as those injected into the plasma-
sphere via magnetic storms, are still necessary for the
growth of hiss to observable levels.

5. Summary

[52] Dawn hiss at Palmer is regularly observed with
chorus, and may in fact be generated by chorus, either via
diffuse generation at the chorus source region, or via an
overlapping and smearing of the chorus frequency band
over the course of the chorus propagation. Dusk hiss seen at
Palmer, which is either exo-hiss, or unexpected ground-
based observations of plasmaspheric hiss, appears to be
consistent with the idea of lightning as a source, but is not
consistent with chorus as a source. Significant work remains
to determine the relation between hiss observed at Palmer
and in space, and to conclusively determine the sources for
the dawn and dusk hiss observed at Palmer.
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