
the original). Figure 2 shows a close-up of the first 60 min of
data with removed bins marked in black.

We then removed events with flawed timing data (229
events) and used the remaining 1,981 events to search for
backgrounds other than receiver noise. The technique used
the fact that our coincidence window (40±3 ns) was longer
than the 26 ns a radio signal takes to cross the array in ice. If
all events were receiver noise then a simple model predicts
how many signals should survive a cut based on array cross-
ing time.

Assuming the 1,981 events were receiver noise, we would
expect that 30±4 percent (594±79) events would pass the 22-
ns cut. The uncertainty is from the 3-ns uncertainty in the
coincidence window. A conservative 22-ns cut was chosen
instead of 26 ns to account for possible timing uncertainties.
If a significant background source of radio events exists, then
more signals will pass than predicted.

The "cleaned" data set consisted of 577 events where the
signal appeared to cross the array in under 22 ns. This result
agrees quite well with the prediction of the all-noise model.
We conclude that no unexpected backgrounds competed with
RFI or receiver noise.

Figure 3 shows the raw data set and the final cleaned data
set for one detector. Because the cleaned data is compatible
with the all-noise model, we have identified the peaks in fig-
ure 3 as receiver noise. The raw data set shows a tail of high-
strength signals that we identify as the RFI signals removed by
the data cleaning.

We have not yet set limits on the observed backgrounds,
but setting limits may be possible with more analysis. Our

experiences have provided reasonable initial success and
have given us experience that will greatly facilitate a second
generation of detectors.

This project was supported by National Science Founda-
tion grant OPP 90-18395 and by CalSpace grant CS-33-90. We
would like to acknowledge J. Gibson for his electronics help
and the 1991-1992 South Pole Station staff for their excellent
support, patience, and great musical talents.
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Feasibility of long-term vertical electric current
measurements in the Antarctic
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W
e have suggested that snapshot measurements of the
electric potential of the ionosphere should be possible

by making measurements of the vertical electric current at a
network of manned and unmanned sites in Antarctica,
including the U.S. automated geophysical observatories
(AGOs) (Park 1976; Bering et al. 1991). Implementation of this
idea required a proof-of-concept test at the South Pole. Two
concerns were posed. First, the effect of turbulence in the
planetary boundary layer (PBL) on the proposed measure-
ments was unknown. Second, brand-new instruments might
need some field-testing and development before being con-
sidered qualified for inclusion in the AGO environment. This

paper reports on the experimental evaluation of these two
concerns.

We have constructed two instrument suites that measure
the vertical electric current and electric field (Byrne et al.
1993). These systems were installed at the South Pole in Janu-
ary 1991. Naturally, some engineering problems materialized
during the first 2 years of operation. Corrections for these
problems were deployed in the 1991-1992 and 1992-1993
austral summers. In 1991, array 2 (the array closest to the sta-
tion buildings) worked well for the entire year. Array 1 devel-
oped data-synchronization problems that led to loss of sensor
data but not the engineering data. Most of the problems were
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fixed by our field team during the 1991-1992 austral summer
visit, but the cause of the synchronization problem, a loose
fiber-optic connector on the word-synchronization line, was
not discovered until 1992. The problem did not occur when
the instrument was first turned on but occurred randomly at
long intervals after initial power-up. Thus in 1992, three-
fourths of the experiment was working.

Early in 1992 our experiment was inadvertently
unplugged from its primary data recorder, but this problem
was not discovered until we received our first data via satellite
in mid-June. During this period, the winter-over technician
failed to operate the backup recorder regularly per operating
instructions. Thus, we have less than 6 days of data from the
entire first half of 1992. Shortly before the recorder problem
was discovered and fixed, the station electricity supply to
array 1 was cut off because of a switch failure that could not
be repaired until after sunrise. Array 1 resumed operating too
late to provide midwinter dual operation.

The present facility at South Pole was intended to study
the feasibility of the extended network experiment. The ques-
tions studied include the following:
1. Can the measurements be made with the required relative

precision?
2. In fair weather, does turbulence in the PBL generate low-

amplitude, low-variance signals that unobtrusively conta-
minate the data? (Large-amplitude, large-variance signals
are, of course, an unmistakable signal of local processes.)

3. Does rime ice buildup accumulate through the year and
ultimately kill the current meter by short-circuiting the
hemispheres?

4. Do the sphere electronics ever get too cold to work?
5. Are any transient charge pulses ever large enough to break

the current-meter input amplifiers?
6. Is the answer to question 2 the same in winter weather?
7. What about stability?

8. What is the absolute accuracy?
The answers to these questions have all been favorable so

far. The answer to the first question concerning measurement
precision is clearly yes, as shown by Byrne et al. (1993). An
equally favorable answer to the second question relating to
PBL effects (that is, low-amplitude turbulence is not a prob-
lem) may be found in the same paper. As additional evidence
of the nature of these local turbulence-generated fluctuations,
we found narrow well-defined Gaussian distribution func-
tions indicating meaningful mean values for the variables.
Although the results of Byrne et al. are based on only 3 days of
data, we have since obtained more than 120 days of two-sta-
tion data that confirm the results. An additional example day
is presented in figures 1 and 2. Because the Byrne et al. results
were obtained on a day when the local wind speed was 13-15
knots, a value that is about 90th percentile for South Pole, we
conclude that windborne-charged ice crystals and snowflakes
will be a problem only on days when precipitation is occur-
ring, that is, infrequently.

Over 2 years of data indicate that rime ice is not a prob-
lem, at least for the current meter. On the only day when the
winter-over technician found it necessary to de-ice the field
mill, the current-meter data show no evidence of being short-
circuited. Furthermore, the technicians have never found it
necessary to de-ice the current meter; the wind and sublima-
tion remove the accumulations from snowfall. The concern
that the sphere electronics might get too cold to work has also
been answered because it maintained 20-30°C above ambient
and, furthermore, ran all winter for 2 years. The fear that elec-
trostatic charging might break the inputs has also proven
groundless. Judging from the available data, we see no evi-
dence of environmental damage to the inputs during the first
2 years of operation.

The concern that PBL effects in winter may be different
than in summer also appears to be without basis. For the 2
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Figure 1. Atmospheric electric field in volts per meter (V rn-1)
measured by both arrays in universal time (UT) while deployed at the
South Pole.

Figure 2. Atmospheric electric conduction current (difference cur-
rent) measured by both arrays while deployed at the South Pole.
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days when the instruments were both operating and record-
ing the data during the winter of 1992, good agreement is
found, as shown in figure 3. For many days during both win-
ters the amplitude and variance of the field and current sig-
nals from the one array that was recorded are similar to the
signals recorded on summer days when the two stations
agree.

An extension of questions 2 and 6 is unanswered by the
present data. The suggestion has been made that advective
changes in the column resistance could occur on spatial
scales that are large compared to the separation of the sta-
tions at the South Pole and small compared to the separation
between AGO sites. The electrical relaxation time of the
atmosphere is less than 30 minutes on the antarctic plateau.
Therefore, the horizontal range over which an electrical
attribute can be advected is limited by the wind speed times
the relaxation time, a number of the order of 10 kilometers
(km). The surface composition of the antarctic plateau is uni-
form over distances exceeding 100 km; hence, horizontal
advection moves essentially electrically identical air masses.
In any event, this question can be answered only by deploying
the whole network. It can be tested by comparing the fields
that we infer with fields measured simultaneously during a
satellite or balloon overflight or by the Southern Hemisphere
auroral radar experiment (SHARE). Such a discovery would
reduce the usefulness of the data set to ionospheric and mag-
netospheric physics. In compensation, however, discovery of
mesoscale variations in atmospheric electricity parameters
over the Antarctic would be a new and interesting scientific
result in its own right, one that would clearly warrant consid-
erable study.

The 7th question asks if the properties of the instruments
are stable enough over long periods to make the proposed
measurements. The direct-current (DC) level of the current
meters is measured via two independent methods every 1,024
seconds (s). The gain of the current meters is set by 0.1 per-
cent precision resistors that were also selected for minimum
available thermal coefficients. The high-value resistors have
all been cleaned carefully and encapsulated in RTV- 11 insula-
tion. The resistance values of the resistors used in our calibra-
tion source have been checked after cleaning and prior to
each use over a 3-year span with a Keithley model 614 elec-
trometer. The values have stayed stable to within the four-
digit precision of the meter. The two input boards that were in
the spheres during the first 2 years of operation were removed
and brought back to Houston for recalibration and checking.
One board has been rechecked so far, and its gain has been
found to be unchanged. Thus, we conclude that gain drift
associated with variations of the input resistors will not be a
problem, provided they have been properly encapsulated.

On the other hand, we have begun to notice small drifts
in the gain or, more likely, the DC level of the field mills.
Because these are slated for use only in manned stations, a
program of annual relative calibration is planned.

The last question concerns the absolute accuracy of the
instruments. Note that what matters for the present proposal

is the relative precision of the instruments, because orograph-
ic form factors will be associated with each site. Thus, calibra-
tion of the network by comparison with other measurements
of the horizontal ionospheric electric field will be necessary.
There are, however, more responsive answers concerning
absolute accuracy. The geometric form factor of the current
meter can be calculated from first principles (Burke and Few
1978). The absolute calibration of the field mill was measured
in situ during the last field season. The method used was to
generate a known field by stretching a wire of known diame-
ter at a height of 7 meters from the snow above the field mill.
Although the data from this calibration experiment are still
being evaluated and will be reported later, the results appear
to be quite linear and to agree within 3 percent with prelimi-
nary estimates based on bench-top calibrations.

The current sensors have performed without failure for
over 2 years, and the electric field mills, although requiring
regular maintenance, have also performed reliably. Our major
problems to date have been with power supplies and the
data-transmitting and -recording aspects of the operations,
not with the measuring instruments. These problems have
straightforward engineering and personnel-management
solutions.

Because analysis and interpretation of the data from
Antarctica involves a fairly long time lag between instrument
deployment and data recovery, we have survey-plotted only
the data from 1991 and done a detailed data reduction of
about 3 months. The data from the rest of 1992 was shipped
vessel cargo from McMurdo and has only recently arrived at
the University of Maryland, where the tapes are presently
being transcribed for distribution to experimenters such as
ourselves.

This research has been performed under National Sci-
ence Foundation grant OPP 89-17464.
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Figure 3. Atmospheric electric field measured by both arrays while
deployed at the South Pole during the winter of 1992.
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T
he ionosphere above a height of 180 kilometers (km),
known as the F-region, convects al the ExB/B 2 velocity,

where E is the local ionospheric electric field in the frame of
reference of the Earth and B is the geornagnetic field. At high
latitudes, E is comparatively large, beiig aerived from the
Earth's interaction with the solar wind. Patterns of convection
at high latitude are known to depend on the interplanetary
magnetic field (IMF) direction, being twin cell in form with
antisolar flow across the central polar cap for negative IMF B
and a complex multicell configuration for positive B (see, for
example, Hepner and Maynard 1987). Despite the smooth-
ness of the patterns published by Heppner and Maynard,
which are the result of averaging many measurements, in situ
measurements of electric field from satellites passing through
the high-latitude ionosphere are frequently complicated by
temporal and spatial variations that are of the same magni-
tude as the averaged values [see Heelis (1988) for a review].
Because the temporal variability can be on a time scale of a
few minutes, and spatial scale sizes can be as small as tens of
kilometers, ground-based observations must be analyzed

iwithout assuming the continuity n space and time implied by
the convection models.

Previous ground-based measurements of convection by
incoherent scatter radar show patterns that evolve on a 24-
hour basis in a manner consistent with the averaged patterns
shown by Heppner and Maynard (1987). Indeed, Holt et al.
(1987) have shown that the drift measurements made from
Millstone Hill can be described in terms of a model that pre-
dicts the average behavior in terms of geophysical activity
indices. Part of this smoothness may be due to the averaging
along range gates in the radar beam and over time that occurs
because of the method of measurement. Previous optical
measurements of ion drift, made from Longyearbyen, Sval-
bard, at 75 invariant latitude (Smith et al. 1982), also showed
some features that were smoothly varying and similar to pub-
lished patterns observed from space. Similarly, there was
temporal and spatial averaging in the measurements by

Smith et al. (1982), which may have masked the variability
that is now known to happen from satellite measurements.
These results suggest that if there is sufficient temporal
and/or spatial averaging in the technique, then,for many
cases a representative pattern is obtained. Some other stud-
ies, such as those based on coherent reflection radars (Ruo-
honiemi et al. 1989), which have often had better temporal
and spatial resolution than incoherent scatter radar, show
that the detailed pattern can often be understood in terms of
a large-scale steady component disturbed by plasma waves
from above the ionosphere.

A monostatic ground-based observation cannot be used
to obtain vector measurements without an assumption of
some continuity in time and space. Usually this assumption,
when expressed in terms of a minimum spatial and temporal
scale of change, can be seen to be inadequate. Also, at high
latitudes, there is significant motion of the ionosphere paral-
lel to the geomagnetic field, which adds a third dimension
that is required to describe the motion of the ionosphere.
Because it is not possible to combine measurements from a
single site to give a good representation of the three-dimen-
sional velocity, it is often presumed that the field-aligned
component of velocity is small compared with the field-per-
pendicular components and that it, therefore, can be
ignored. Unless the observations are in the field-perpendicu-
lar direction, this assumption is liable to lead to an improper
interpretation of the data. The only - ground-based facility
that can make full-vector measurements of the ion drift is a
fully tristatic system such as the European Incoherent Scatter
Association (EISCAT). Observations -from this radar show
that the ion velocity frequently has a significant field-aligned
component that cannot be ignored and also that the vector
values vary considerably in time and space (Lockwood et al.
1988).

Optical measurements of ion drift have been made from
South Pole Station (75 invariant latitude) in the monostatic
mode. The observations readily provide ion drift and ion tem-
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