
Hill/Iqaluit (bottom panel) calculated for the 30- to 45-second
period band within the Pc 3 range. Each boxplot shows the
median (line through the boxes), quartiles (upper and lower
boxes around each median), and full extent of data values used
for each universal time hour. A concentration of these medians
near zero (upper panel) suggests that comparable powers gen-
erally are observed at South Pole and Iqaluit during local day-
time, although a one order of magnitude difference in powers
is also seen (i.e., 1400 universal time).

One new result in this study is evident in the bottom panel
of figure 2. Medians are found to be from —3 to —2 for the
log power ratio of Green Hill results to those at Iqaluit. In other
words, wave amplitudes (square root of power) at the lower
latitude station Green Hill are only 10 to 30 times smaller than
wave amplitudes observed at the higher latitude station Iqaluit.
These wave amplitude ratios correspond to decay lengths 8 =
10 RE! I ln(0.033) 3 R E to as long as 10 RE! ln(0.1) 4
RE. Such a high penetration of hydromagnetic energy deep
into the magnetosphere has not been quantitatively under-
stood previously. That is, no theoretical calculations have shown
such long decay lengths. More observational research as well

as theoretical calculations of magnetopause surface wave at-
tenuation into the magnetosphere are being pursued. Details
of this work are contained in a paper in preparation (Wolfe et
al. in preparation).

The Division of Polar Programs, U.S. National Science Foun-
dation, provided logistics support for the South Pole mea-
surements and partial support under grant DPP 86-18074 to
New York City Technical College. We would like to thank C.
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It has been well established that many of the disturbances
in the Earth's magnetosphere, such as auroral substorms, are
a response to variations in the solar wind that continually
sweeps from the Sun past the Earth and other planets. Studies
over the past several years, most recently reviewed by Odera
(1986) and Arnoldy et al. (1988), have shown that Pc 3 pul-
sations, a class of ultra-low-frequency waves in the Earth's
magnetic field with periods between 15 and 40 seconds, are
also directly related to activity in the solar wind just "up-
stream" of the Earth.

We present in this report new observations from South Pole
Station, Antarctica, which during certain hours every day is

located under the nominal position of the magnetospheric cleft/
cusp region. There has been ample evidence that plasmas from
interplanetary space can penetrate to ionospheric altitudes in
the cusp region (Heikkila and Winningham, 1971). Two earlier
papers based on South Pole data (Engebretson et al. 1986, in
press) noted that large-amplitude, narrowband Pc 3 magnetic
pulsations occurred at South Pole Station near local magnetic
noon when the interplanetary magnetic field was aligned near
the Earth-Sun direction (low interplanetary magnetic field cone
angle). We have now found evidence of these pulsations in
data from other South Pole instruments as well.

Observations. Our study compared representative signals from
many of the upper atmospheric monitoring instruments in-
stalled at South Pole Station (- 74 degrees geomagnetic lati-
tude, near the nominal cusp/cleft position) and McMurdo Station
(- 79 degrees geomagnetic latitude):
• the University of New Hampshire/University of Minnesota

search coil magnetometers (Taylor et al. 1975),
• the University of Maryland riometers,
• Boston College photometers, and
• Stanford University very-low-frequency radio receivers.

Figure 1 shows stacked waveform plots for a 1-hour period
27 April 1986 from several instruments at South Pole Station.
From top to bottom are signals from wave magnetometers
oriented east-west and north-south, respectively (XBB and YBB),
30-megahertz riometer (RI03), 427.8-nanometer wavelength
photometer (PH02), and 0.5-1.0 kilohertz and 1.0-2.0 kilo-
hertz very-low-frequency receivers (VLF1 and VLF2) at South
Pole Station. Wave packets with Pc 3 pulsations are clearly
evident in the top two (magnetic field) panels, for example
between 1320 and 1330 universal time, and similar large am-
plitude waves are evident in the very-low-frequency signals
shown in the bottom panels. The photometer, sensitive to
auroral light generated in the upper ionosphere (including that
caused by electrons below 1-kiloelectronvolt energy), shows
variations similar to those of the XBB magnetic field sensor
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Figure 1. Stacked plot of sensor voltage waveforms from South
Pole Station from 1300 to 1400 universal time (UT) 27 April 1986,
during a time when narrowband Pc 3 pulsations were observed.
The traces from top to bottom are from the east-west component
(XBB) and north-south component (YBB) of the search coil mag-
netometer, riometer (R103), photometer (PH02), and very-low-fre-
quency receivers (VLF1 and VLF2). (nT/s denotes nanoteslas per
second.)

(top panel) as well as a larger amplitude slow variation. The
riometer, which is sensitive to variations in charge density in
the lower ionosphere caused by much more energetic elec-
trons, shows little or no variation in this frequency range.

Figure 2 displays a frequency spectrum for each of the in-
struments on a logarithmic scale during roughly the first half
of the time interval shown in figure 1. For each of the six traces

South
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YBB _
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VLF2

0.001	0.003	0.010	0.030	0.100	0.300	1.000
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Figure 2. Logarithmic power spectra of data obtained at South Pole
Station, Antarctica from 1300 to 1334 universal time (UT) 27 April
1986. Traces shown correspond to waveforms shown In figure 1.
Also shown are the magnitude and cone angle of the interplanetary
magnetic field (IMF). The vertical line at 30 millihertz represents the
predicted center frequency of upstream waves at this time, as de-
termined by the interplanetary-magnetic-field magnitude. (nT de-
notes nanoteslas. Hz denotes hertz.)

shown, the vertical scale indicates the spectral density, or wave
power per unit frequency, as a function of frequency. The
increases in five of the six traces near 0.03 hertz indicate in-
creased wave power in the Pc 3 frequency range during this
time period. This figure more clearly shows that the riometer
has no significant wave power at these frequencies.

It has been well established that the upstream wave source
of Pc 3 pulsations produces waves with frequency controlled
by the interplanetary-magnetic-field magnitude (Odera 1986;
Engebretson et al. 1986) according to the relation:

f (in hertz) = 0.006 x I  I (in nanoteslas).

A vertical line has been drawn in figure 2 at the expected
frequency for upstream Pc 3 pulsations, based on simultaneous
measurement of the interplanetary-magnetic-field magnitude
by the IMP 8 satellite in the solar wind. The frequency of this
line is in good agreement with the observed increases in power.

Similar displays of data (not shown) from McMurdo Station,
closer to the southern magnetic pole, indicated wave activity
in this same frequency range in magnetometer data, but not
in data from the other available instruments.

Discussion. Figures 1 and 2 are typical of plots obtained dur-
ing our preliminary surveys of the joint data set. They indicate
that Pc 3 magnetic pulsations are observed simultaneously at
both stations during local daytime hours during times of low
interplanetary-magnetic-field cone angle but are considerably
stronger at South Pole, which is located at a latitude near the

B IMF = 5.0 nT

°XB =
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nominal footpoint of the dayside magnetic cusp/cleft region.
During these times signals from South Pole magnetometers,
photometers, and very-low-frequency receivers display en-
hancements at frequencies proportional to the magnitude of
the interplanetary magnetic field.

We draw several preliminary conclusions from these obser-
vations. First, the wave magnetometer data confirm the sug-
gestions of several earlier studies that the dayside cusp/cleft
region is a significant source of Pc 3 pulsation energy.

Second, comparison to data from other instruments indi-
cates that precipitating electrons are closely linked to these
pulsations. We frequently observe bursts of photometer pul-
sations at Pc 3 frequencies at South Pole but have never ob-
served them at McMurdo. This suggests that such auroral
pulsations and the electron precipitation which causes them
are spatially confined "near" the cleft/cusp region. The very-
low-frequency modulations, which are similar to those re-
ported earlier by Lanzerotti et al. (1986) also using instruments
at South Pole Station, can be understood as being due to mag-
netic-field modulations near the front of the magnetosphere
caused by upstream Pc 3 pulsations. These waves in turn may
cause the modulated electron precipitation observed by the
south pole photometers.

Third, the absence of riometer variations during periods of
Pc 3 activity puts a clear upper bound on the energy of the
electrons causing the auroral light sensed by the photometers.
High-latitude, ultra-low-frequency pulsation activity is domi-
nated by irregular broadband magnetic fluctuations, with pe-
riods covering the range of 5 to 500 seconds, which are related
to precipitation of energetic (E > 20 kiloelectronvolt) auroral
electrons (Engebretson et al. 1986). Our study has found that
Pc 3 pulsations are related to precipitation of electrons with
much lower energies that are characteristic of the electron pop-
ulation in the magnetosheath or magnetospheric boundary
layers, close to the upstream source of the Pc 3 pulsations.

We interpret these observations as showing that precipitat-
ing magnetosheath-like electrons (with energies less than 1
kiloelectronvolt) are at times modulated at the frequencies of

upstream waves, and suggest that these particles may play an
important role, via modification of ionospheric currents and
conductivities, in the transmission of upstream wave signals
into the magnetosphere and in the generation of dayside high-
latitude Pc 3 pulsations.

This research was supported by National Science Founda-
tion grant DPP 86-13272 to the University of New Hampshire
and by subcontracts to Augsburg College and the University
of Minnesota. Computational work at Augsburg College was
supported by National Science Foundation grant ATM 86-06388.
Magnetic field data from IMP 8 was provided by R.P. Lepping
of National Aeronautics and Space Administration Goddard
Space Flight Center. We thank the other members of the U.S.
antarctic upper atmospheric sciences team at South Pole Sta-
tion for permission to use their data in this paper.
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