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and sulfur dioxide. The detection concept is illustrated in figure
1. The response due to a 1-minute, 12-parts-per-million sulfur
dioxide exposure is shown in figure 1A. During the exposure,
the sulfur dioxide diffuses into the TEA, increasing the mass
of material on the crystal. This is seen as an increase in the
sensor signal. After the 1-minute exposure, the sulfur dioxide
TEA diffuses, and the signal returns to baseline as the mass on
the crystal decreases. A 449-hertz response was observed for
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The only significant source of gases and aerosols in the ant-
arctic atmosphere is Mount Erebus, the southernmost active
volcano. Using a multistage quartz crystal microbalance cas-
cade impactor, research teams have measured emissions at the
rim of Mount Erebus and throughout the continent to deter-
mine the impact Mount Erebus has on Antarctica (Chuan 1976,
Chuan et al. 1986; Meeker, Kyle, and Chuan 1985). The gaseous
makeup of the Mount Erebus plume has also been measured
by several methods (Stoiber, Malincomico, and Williams 1983;
Rose, Chuan, and Kyle 1983; Crowe et al. 1987; Finnegan et al.
1989). Previously, however, hydrogen chloride and sulfur diox-
ide concentrations emitted by Mount Erebus have not been
directly determined. We report here real-time, in situ measure-
ments of hydrogen chloride and sulfur dioxide gases in the
Mount Erebus plume. The measurements were made using a
modified quartz crystal microbalance cascade impactor.

The quartz crystal microbalance cascade impactor has been
the primary instrument used to measure the size distribution
and mass concentration of aerosols in the antarctic atmosphere.
The ambient aerosols, segregated by their size, are collected
when they impact a piezoelectric crystal, which serves as sen-
sitive mass balance. A piezoelectric crystal operates as a mass
microbalance by measuring the change in its oscillating fre-
quency due to a change in mass on the surface of the crystal.
When a carefully chosen chemical coating is applied to the
crystal's surface, the crystal becomes a selective and highly
sensitive chemical vapor sensor (Karmarker and Guilbault 1974;
Cooke, West, and Watts 1980). The crystal coating must have a
selective and specific response to the gas of interest but must
not respond to other, interferring gases present.

For our work, the crystal was coated with triethanolamine
(TEA), a substance which responds to both hydrogen chloride
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Figure 1. Example of chemical vapor detection using piezoelectric
crystal coated with triethanolamine. A. Response due to a 1-minute
exposure to 12 parts per million (ppm) of sulfur dioxide (SO2) at
the 10-minute mark. This is a reversible interaction. B. Response
due to a 1-minute exposure to 2 parts per million of hydrogen
chloride (HCI) at the 10-minute mark. This is an irreversible inter-
action. (HZ denotes hertz; MHZ denotes megahertz.)
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12 parts per million of sulfur dioxide. This type of response is
referred to as a reversible interaction and is synonymous with
the separation process used in gas chromatography columns.
This is a very sensitive technique; concentrations below the
parts-per-million threshold can be measured.

The response due to a 1-minute, 2-parts-per-million expo-
sure of hydrogen chloride is shown in figure lB. The hydrogen
chloride reacts chemically with the TEA and forms a hydro-
chloride salt. As the hydrochloride salt is produced, the mass
on the crystal increases with a corresponding increase in sensor
signal. In this case, the signal does not return to baseline,
however, since this chemical reaction is irreversible. An 82-hertz
response was observed for 2 parts per million of hydrogen
chloride.

We can take advantage of these two different types of inter-
actions to measure sulfur dioxide and hydrogen chloride si-
multaneously using with the same sensor crystal (figure 2).
The total 540-hertz response is a composite signal consisting of
both sulfur dioxide and hydrogen chloride interactions. Beccuse
the sulfur dioxide starts to diffuse out of the TEA when the
gases are removed from the sensor, the concentration of sulfur

dioxide can be determined by calculating the difference be-
tween the maximum signal response and the new baseline. In
this example, the shift due to sulfur dioxide is 432
(540— 108 = 432), so the shift from hydrogen chloride is 108.
Comparisons with the responses in figure 1 show that there is
close agreement with sulfur dioxide, 432 versus 449, and the
hydrogen chloride response is somewhat higher than the single
exposure, 108 versus 82.

A four-stage quartz crystal microbalance cascade impactor,
described previously (Chuan 1976), was used in the field mea-
surements. The instrument was modified to be able to use the
first three stages to collect aerosols; the last stage contained the
coated crystal. The measurements were taken on 16 January
1991 on the rim of Mount Erebus as the plume drifted over the
side of the rim. The sensor was exposed to the plume for a
period, then a charcoal filter was placed on the inlet to remove
the chemical vapors and purge the crystal with pure air so the
sulfur dioxide could diffuse out of the TEA.

By comparing the signal traces with the calibration curves
such as those shown in figures 1 and 2, the concentration of
sulfur dioxide and hydrogen chloride were determined to be
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Figure 2. Example of simultaneous detection of 12 parts per million (ppm) of sulfur dioxide (SO 2) and 2 parts per million of hydrogen
chloride (HCI) with single crystal coated with triethanolamine. Sulfur dioxide signal, 432 hertz (Hz), is determined by the difference of total
signal shift (540 hertz) and shift from original baseline at 42 minutes (108 hertz). The hydrogen chloride concentration is the shift from the
original baseline determined at 42 minutes, 108 hertz.
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0.2 and 1.1 parts per million, respectively. The sulfur dioxide
concentration is in very close agreement to the correlation spec-
trometer determination of 0.28 parts per million of sulfur diox-
ide. Using independent estimates of the diameter of -the plume
and its rise rate and assuming uniform concentration across the
plume, the fluxes are calculated to be 30 metric tons per day of
sulfur dioxide and 90 metric tons per day of hydrogen chloride.
The average sulfur dioxide flux calculated from correlation
spectrometer measurements for January 1991 was 72±28 metric
tons per day. As for hydrogen chloride, the only comparison is
the chlorine-to-sulfure ratio obtained with the lithium hydrox-
ide-treated filters. The filter chlorine-to-sulfur ratio on the day
this measurement was made was 0.7. This would yield a cal-
culated hydrogen chloride flux of 25 metric tons per day, which
is lower than the 90 metric tons per day calculated from the
direct hydrogen chloride measurement. We will continue to
study these results and reconcile the two sets of measurements.

This work was supported in part by National Science Foun-
dation grant DPP 87-04319 to Bowers and Chuan and DPP 87-
14848 to Kyle.
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Katabatic winds coming downslope from the interior of Ant-
arctica converge toward several broadscale topographic troughs
and inject enhanced jets of cold air into the warmer maritime
air over the coastal areas (Parish and Bromwich 1987). These
features can be observed on thermal infrared satellite images
as surface-level, dark (warm) streaks across ice surfaces near
sea level (Bromwich 1989a). Horizontal temperature gradients
in the boundary layer (called boundary Layer baroclinic zones)
can form as a result of these cold-air outbreaks and, in con-
junction with a weak surface trough, constitute sufficient con-
ditions for mesoscale cyclone formation (cyclogenesis; Brom-
wich 1989b). This has been extensively verified around Terra
Nova Bay by analyzing automatic weather station data and by
examining high-resolution satellite images (Bromwich and Par-
ish 1988; Bromwich 1989c, 1991); however, because of the gen-

eral deficiency of moisture over the Ross Ice Shelf and the lack
of appropriate surface data, mesoscale cyclones linked with
katabatic winds coming from Skelton, Mulock, and Byrd gla-
ciers have been infrequently analyzed to confirm this hypoth-
esis. Despite this lack of confirmation, it is known that the
western side of the Ross Ice Shelf is a cyclogenetic area linked
with these katabatic airflows from East Antarctica. This article
presents an example of mesoscale cyclogenesis that took place
in this area during February 1988. Automatic weather station
data, surface and 500 hectopascal synoptic analyses provided
by the Australian Bureau of Meteorology, and satellite infor-
mation were used to study this case.

The NOAA (National Oceanic and Atmospheric Administra-
tion) 10 thermal infrared satellite image at 1723 universal co-
ordinated time 17 February (figure 1) shows very distinctive
katabatic wind signatures (dark) coming downslope through
Byrd, Mulock, and Skelton glaciers. Note that the plumes
clearly spiral into a mesoscale cyclone centered slightly to the
south of automatic weather station 15. The previous image at
1313 universal coordinated time 17 February already showed
the katabatic features, and suggested an incipient cyclonic cir-
culation slightly to the east of Byrd Glacier. Data recorded by
automatic weather station 15 showed that the wind direction
turned clockwise from southwesterly to northwesterly between
0000 and 0300 universal coordinated time 17 February signaling
the time when the cyclonic circulation started to predominate
over this site. Regional pressure field analyses over the Ross
Ice Shelf, analyses that were constructed from automatic
weather station data, confirmed the development of a surface
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