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T
he subject of electrodynamic coupling of upper atmos-
pheric regions and quantitative understanding of the

energy transport between the magnetosphere and the iono-
sphere constitute important objectives of the polar experi-
ment network for geophysical upper-atmosphere investiga-
tions (PENGUIN) program (Rosenberg and Doolittle, Antarc-
tic Journal, in this issue). Particle precipitation driven by
extra-low-frequency/very-low-frequency (ELF /VLF) waves
constitutes a significant form of energy deposition. Electro-
magnetic and electrostatic waves also play an important role
in the transport and acceleration of magnetospheric and ion-
ospheric plasmas. Both acceleration and precipitation of par-
ticles can result from a variety of physically different
wave-particle interaction processes. Accordingly, measure-
ments of ELF! VLF waves at multiple stations provide a pow-
erful means of remotely sensing magnetospheric processes.
In the context of the PENGUIN program, the ELV/VLF mea-
surements complement other observations primarily targeted
at documenting the spatial and temporal distributions of pre-
cipitation activity via optical and riometer measurements and
the measurement of magnetic activity (fluxgate magnetome-
ter) and ultra-low-frequency (ULF) magnetic pulsations
(search coil) (see accompanying papers in this chapter).

An important aspect of ELF/VLF measurements on the
ground is the fact that magnetospheric- origin waves that pen-
etrate the lower ionosphere may propagate to long distances
in the Earth-ionosphere waveguide and be detectable at dis-
tances of many hundreds kilometers from their points of
entry. Thus, simultaneous multiple-site measurements are
necessary to determine the spatial extent of ionospheric and
magnetospheric regions within which the wave activity
resides. During 1993, with only one automatic geophysical
observatory (AGO) deployed at P2, the simultaneous meas-
urements at South Pole provided a two-station configuration
with which we can begin to investigate such issues. In view of
the complexity and variety of magnetospheric ELF/VLF phe-
nomena and the limited data-recording capabilities of the
AGO5, wideband ELF/VLF data recorded at South Pole is
expected to be crucially important (for the determination of
the nature of the waves and their spectral distribution) even
when all six of the planned AGOs are deployed. In this con-
nection, it is important to note that in 1993 and 1994, the
wideband ELF/VLF data from the AGO sites are limited to a 6-
second snapshot taken every hour of a 2-kilohertz (kHz) seg-
ment of the spectrum, whereas at South Pole, synoptic
recordings of the entire 300-hertz (Hz) to 30-kHz band are
made for a 1-minute duration at 15-minute intervals and a
continuous dual-channel recording is made of the 300-Hz to
20-kHz band for a selected 3-hour period.

The event that we illustrate in this article was recog-
nized by viewing summary plots of narrowband ELF/VLF

channels [also referred to as hiss filters (Shafer et al., Antarc-
tic Journal, in this issue)] of data recorded at P2 for the 9-day
period of 23-31 May 1993, for which AGO-P2 data were
made available to the PENGUIN investigators. On 25 May
1993, very intense and relatively short duration (0310-0325
universal time) wave activity was observed in all channels,
during an otherwise extremely quiet period. The wave inten-
sities observed were among the highest recorded at P2 dur-
ing the 9-day period. The nature of the activity is illustrated
in figure 1, where the 1-2-, 2-4-, and 30-40-kHz channel
outputs are shown. Also presented for comparison is the
1-2-kHz signal amplitude recorded at South Pole. From fig-
ure 1, we can see that the 1-2- and 2-4-kHz (middle two
panels) are very similar even in fine structure, indicating
that the waves involved are probably broadband (hisslike)
and extend in frequency over at least the 1-4-kHz range. The
fact that the 30-40-kHz channel also registers the event indi-
cates that the waves are likely to be auroral hiss, typically
associated with auroral activity and typically extending to
many tens of kilohertz in frequency.

It is interesting also to compare the 1-2-kHz channels
from P2 and South Pole (lower two panels). We note that the
wave activity at South Pole peaks at a somewhat later time
(approximately 5 minutes later) than at P2. Such a circum-
stance could result from the source region (i.e., the iono-
spheric entry point of the waves) moving poleward in time, as
is sometimes observed with streaming auroras and westward
traveling surges. Preliminary imaging riometer data from P2
and South Pole (not shown but examined, courtesy of D. Det-
rick of University of Maryland) show an intense absorption
event observed at P2 during 0313-0318 universal time; the
event appeared to move in a poleward/westward direction,
consistent with the above hypothesis of a moving-source
region. During the same period, the imaging riometer at
South Pole recorded no activity, indicating that the phenome-
na was highly localized in space (and nearly overhead P2) as
well as being of short duration. Closer examination of the data
in figure 1 indicates that the absolute signal level measured at
P2 were almost twice as large as those at South Pole [e.g., the
peak intensity is approximately 40 microvolts per meter
(V/m) at P2 vs. approximately 20 tV/m at South Pole], con-
sistent with the source region being closer to P2.

Further insight into the wave phenomena is provided in
figure 2, where synoptic wideband data recorded at South
Pole is shown in the lowest panel. The concatenated 1-minute
segments taken every 5-minutes well illustrate the temporally
limited nature of the phenomena as well as its frequency
spectra. The latter is fully consistent with that inferred above
from figure 1 in that the wave activity has all the characteris-
tics of typical auroral hiss extending to higher frequencies and
having a structureless spectrum. Also shown for comparison
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Figure 1. Narrowband ELFNLF data recorded at P2 during 0300-0330
universal time (UT) on 25 May 1993. The top three panels show
30-40-, 2-4-, and 1-2-kHz channel outputs, respectively, in the form
of raw 1-Hz data samples. The bottom panel shows 1-2-kHz channel
outputs recorded at South Pole. Both South Pole and P2 data are fully
calibrated with the ordinate values corresponding to microvolts per
meter (tV/m). (N-S denotes north-south.)

are the 2-4-kHz channel outputs recorded at P2 and South
Pole. Once again, we see that the wave activity reaches its
peak approximately 5 minutes later at South Pole than at P2
and that the absolute intensities of the waves are nearly twice
as large at P2 than at South Pole.

For the case shown in figures 1 and 2, the wave activity
lasts for a relatively short time and happens to occur outside
the hourly 6-second snapshot periods recorded at P2. In
many other cases, such as one illustrated in Shafer et al.
(Antarctic Journal, in this issue), the activity rises and falls
over a period of hours and is captured adequately by the
broadband snapshot system. For future measurements,
shorter duration snapshots (e.g., 2-second instead of 6-sec-
ond) taken more often (e.g., every 15-minutes instead of every
hour) will be used for better coverage.

Although time has not permitted us to undertake a
detailed study, we can expect to learn more about the nature
of this phenomena and about the spatial extent of the iono-
spheric regions by examination of data from other PENGUIN
sensors, especially the all-sky camera (Doolittle and Mende,
Antarctic Journal, in this issue). Also, data from the low-fre-
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Figure 2. Wideband (0-20-kHz) spectra from South Pole are shown in
the lowest panel in the form of concatenated 1-minute synoptic
recordings made at 5-minute intervals. The horizontal line at approxi-
mately 9 kHz is a timing/reference signal. The gaps between the suc-
cessive 1-minute segments represent 4-minute periods. The top and
middle panels show signal amplitudes in the 2-4-kHz band recorded
respectively at P2 and at South Pole. The sharp peaks in the South
Pole data at 0305, 0310, 0335, and 0340 universal time (UT) are local
interference. Note that the South Pole system is more sensitive (noise
floor is approximately 10 l.tV/m vs. approximately 15 tV/m at P2); this
is simply due to the larger antenna (an IGY antenna 30-foot high trian-
gle with a 50-foot base rather than a 1.70.7-square-meter loop at P2)
used at South Pole. (dB denotes decibel. N-S denotes north-south.)

quency/middle-frequency/high-frequency receiver (Weather-
wax, LaBelle, and Trimpi, Antarctic Journal, in this issue)
would enable us to determine the highest frequency extent of
the hiss. We expect to undertake such collaborative investiga-
tions in the very near future.
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A programmable and low-power ELF! VLF receiver for
automatic geophysical observatories

D.C. SHAFER, A.D. BROWN, W.J. TRABUCCO, and U.S. INAN, Space, Telecommunications and Radioscience Laboratory,
Stanford University, Stanford, California 94305

M
easurements of electromagnetic waves in the extreme-
ly-low-freqency and very-low-frequency (ELF/VLF)

ranges [300 hertz (Hz) to 30 kilohertz (kHz)] have been carried
out from various antarctic stations for the past 30 years.
Waves in this frequency range play an important role in the
acceleration, transport, and loss of ionospheric and magneto-
spheric plasmas, and their measurement provides a means of
remotely sensing physical processes that occur in near-Earth
space. Low-resolution data on overall ELF/VLF activity usual-
ly consist of the recordings of the detected-signal amplitude
in selected bandwidths (channels), sampled relatively slowly
(e.g., approximately 10 Hz). Since a diverse range of different
types of waves are commonly observed, however, including
discrete emissions such as chorus, steady, and structureless
emissions (e.g., hiss and other signals originating in lightning
discharges), wideband measurements of the signal waveform
are necessary to identify the nature of the waves. At manned
stations, such recordings are most compactly made in analog
form (more recently also using video or digital-audio systems)
on magnetic tape, which typically accommodates up to 30-
kHz bandwidth in real-time.

The ELF/VLF receiver systems that have been used in
Antarctica for the past 30 years have been based on highly
optimized and robust designs, using large loop antennas (the
most common IGY antenna is a 9-meter high triangular loop
with a 15-meter base) to achieve high sensitivity (Paschal
1988). In view of the extremely low power and limited data-
recording resources of the automatic geophysical observato-
ries (AGOs), however, a completely new ELF/VLF receiver sys-
tem and data-recording scheme needed to be designed for
use with the AGOs. As part of the Stanford University partici-
pation in the polar experiment network for geophysical
upper-atmosphere investigations (PENGUIN) program, a
fully digital and programmable low-power ELF/VLF receiver
system has been designed and built. In this article, we
describe the basic properties of this new system and show
sample data acquired at P2, Antarctica.

The Stanford University ELF/VLF receiver consists of one
digital broadband snapshot (BBS) system, four narrowband
channels referred to as hiss filters, and three additional nar-
rowband channels tuned to the frequencies of powerful VLF
transmitters (NAA/24.0-kHz at Cutler, Maine; NPM/23.4-kHz

in Lualualei, Hawaii; and NLK/24.8-kHz at Jim Creek, Wash-
ington). The seven channels and the BBS share a common
power system and line receiver, and the narrowband chan-
nels each have separate detector/ integrators in a common
module. A separate dual-channel low-noise preamplifier unit
is deployed outside near the sensors, which consist of two
1. 7x  1.7-square-meter square-loop antennas deployed in
orthogonal (magnetic north-south and east-west) configura-
tion. The preamplifier is buried in the snow in its enclosure
and is designed to operate at temperatures as low as -55°C.

Being much smaller in size than the ELF/VLF wave-
lengths, the loop antennas respond to the rate of change with
time of the magnetic field of an incoming electromagnetic
wave. The wideband voltage induced at the loop terminals is
boosted by the preamplifier and transmitted along a 150-
meter cable to the receiver in the AGO. The two channels of
the line amplifier distribute these signals to the various
broadband and narrowband receiver modules. The narrow-
band receivers connect to the detector/ integrator unit, which
outputs voltages representing signal level for each channel.

The BBS consists of a single-board computer (SBC) bus-
card cage, two custom circuit boards, an embedded V-40 SBC,
front panel liquid crystal display and pushbuttons, and an RS-
232 serial communications port. The microcomputer pro-
gram is stored on EPROM and can be replaced annually as
requirements (frequency range, snapshot times, north-south
or east-west channels, or goniometer mode) change. The
wideband signals from the line receiver are sampled at 25 kHz
with 12-bit resolution; the processor can sample/record the
north-south or the east-west channel or simulate a goniome-
ter. In the first deployments (1993, 1994), the BBS was pro-
grammed to record 6 seconds of north-south data every hour,
covering the time period XX05:30-36, which is in the middle
of the established synoptic recording minute. The sampled
signal is processed further by downshifting the frequency
spectrum (presently programmed to be down to 3 kHz), gen-
erating a complex signal (in-phase and quadrature compo-
nents). This complex signal is passed through a low-pass FIR
filter with a corner frequency of 2 kHz. Next, the samples are
decimated in time (by a factor of 10, resulting in a data rate of
2.5 kHz) and then serially communicated (RS-232) to the AGO
data processing unit. The stored information is sufficient to
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