
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.

References

Chuan, R.L. 1976. Rapid measurement of particle size distribution in
the atmosphere. In B.Y.H. Liu (Ed.), Fine particles. New York: Aca-
demic Press.

Chuan, R.L., J.M. Palais, W.I. Rose, and P.R. Kyle. 1986. Fluxes, size,
morphology and composition of particles in the Mt. Erebus plume,
December 1983. Journal of Atmospheric Chemistry, 4, 467-477.

Cooke, S., T.S. West, and P. Watts. 1980. Use of a piezoelectric sensor
as a continuous monitor of atmospheric pollutants. Analytical Proceed-
ings, 17, 2-5.

Crowe, B.M., D.L. Finnegan, W.H. Zoller, and W.V. Boynton. 1987
Trace element geochemistry of volcanic gases and particles from
1983-1984 eruptive episodes of Kilauea Volcano. Journal of Geophysical
Research, 92, 13,708-13,714.

Finnegan, D.L., Kotra, J.P., Hermann, D.M. and Zoller, W.H. 1989.
The use of 7LiOH impregnated filters for the collection of acidic gases
and analysis by instrumental neutron activation analyses. Bulletin of
Volcanology, 51, 83-87

Karmarker, EH., and G.G. Guilbault. 1974. A new design and coatings
for piezoelectric crystals in measurement of trace amounts of sulfur
dioxide. Analytica Chiinica Acta, 71, 419-424.

Meeker, K., P.R. Kyle, and R.L. Chuan. 1987 Particle emissions from
Mount Erebus during the 1986-1987 field season. Antarctic Journal of
the U.S., 22(5), 247-248.

Rose, WI., R.L. Chuan, and P.R. Kyle. 1985. Rate of sulfur dioxide
emission from Erebus volcano, Antarctic, December, 1983. Nature,
316, 710-712.

Stoiber, R.E., L.L. Malincomico, Jr., and S.N. Williams. 1983. Use of
the correlation spectrometer at volcanoes. In H. Tazieft and i-C Sa-
brous (Eds.), Forecasting volcanic events. New York: Elsevier.

A case study of
katabatic wind-forced

mesoscale cyclogenesis
near Byrd Glacier

JORGE F. CARRASCO and DAVID H. BROMWICH

Byrd Polar Research Center
Ohio State University
Columbus, Ohio 43210

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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Figure 1. NOAA 10 thermal infrared satellite image (1.1-kilometer resolution) along with the automatic weather station wind data at 1723
universal coordinated time 17 February 1988. Numbers identify automatic weather station sites. Lines drawn to each site indicate the
direction from which the wind blows. Large barbs attached to each direction line denote 5 meters per second of wind speed, while half
barbs denote 2.5 meters per second. No barb means less than 1.25 meters per second. (km denotes kilometer.)

trough over the western side of the Ross Ice Shelf adjacent to	Glacier. Although the image centered the vortex between units
the Transantarctic Mountains during this time. Thus, the pres-	15 and 24, the automatic weather station analysis placed its
ence of a surface trough and a probable boundary layer baro-	center to the south of both sites (figure 3). During the same
clinic zone induced by the katabatic outbreaks created sufficient	period (around 0000 universal coordinated time 18 February),
conditions for the formation of a mesoscale cyclone near Byrd	another mesoscale cyclone formed over the southern Ross Sea
Glacier sometime between 0300 and 1200 universal coordinated	near Franklin Island (unit 13; see Bromwich and Parish 1988 for
time 17 February. From the pressure field analyses, a weak	discussion of this event), providing another example of the
cyclonic perturbation could be analyzed from 0900 universal	related development in both areas noted by Bromwich (1991).
coordinated time 17 February suggesting the most probable	The next satellite image at 1251 universal coordinated time 19
formation time of the mesocyclone.	 February shows both mesoscale cyclones in an apparently

On the next day (18 February), the satellite image at 1302	weakened state, but the image at 1438 universal coordinated
universal coordinated time (figure 2) shows a well-defined low-	time 20 February reveals a low-cloud spiral associated with a
cloud feature associated with the cyclonic circulation near Byrd	well defined vortex centered just to the southwest of automatic
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Figure 2. NOAA 9 thermal infrared satellite image with concurrent wind data at 1302 universal coordinated time 18 February 1988. (km
denotes kilometer.)

weather station 00. It appears that the two mesoscale systems
merged into one subsynoptic cyclone which reached its maxi-
mum development sometime on 20 February. Unfortunately the
lack of satellite information for about 25 hours impedes verifi-
cation of this conclusion. The progressive counterclockwise
turning of the wind at automatic weather station 00 from north-
northeasterly to southwesterly between 0300 universal coordi-
nated time 20 February and 0000 universal coordinated time 21
February, signals the east-southeastward passage of the com-
bined vortex toward Marie Byrd Land.

The surface synoptic analyses from 0000 universal coordi-
nated time 17 February to 1200 universal coordinated time 21
February revealed a broadscale cyclonic circulation affecting the
southern Ross Sea and the Ross Ice Shelf. Over the same pe-
riod, the 500 hectopascal analyses showed the passage of three

midtropospheric troughs over McMurdo Station: one around
1200 universal coordinated time 17 February, the second at 0000
universal coordinated time 18 February and third around 1200
universal coordinated time 20 February. The first was associ-
ated with the formation of the vortex near Byrd Glacier, and
second with the formation of the Franklin Island cyclone. The
initial development of the cyclone near Byrd Glacier was also
associated with the passage of the second trough. The third
trough transit occurred around the time that the combined
vortex intensified. It appears that cyclonic vorticity advection
at 500 hectopascals played a central role in the formation and
evolution of the mesoscale cyclone being discussed Here.

In summary, the probable establishment of a boundary layer
baroclinic zone induced by katabatic winds and a subsynoptic
trough along the Transantarctic Mountains created sufficient
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Figure 3. Mesoscale analysis at 1302 universal coordinated time 18
February (same time as figure 2) using the automatic weather sta-
tion data recorded by the NOAA 9 satellite. Numbered dots are
automatic weather station sites. The automatic weather station
wind data are plotted as described in the caption for figure 1. Solid
lines are isobars in hectopascals with 92[F0]992 hectopascals, and
dashed lines are isotherms in degrees Celsius. Large arrows join
the satellite-observed positions of the mesoscale vortices, one
originating around Franklin Island and the other near Byrd Glacier.
A: 1251 universal coordinated time 19 February; B: 1438 universal
coordinated time 20 February; C: 1057 universal coordinated time
21 February; D: 1732 universal coordinated time 21 February; and
E: 0532 universal coordinated time 22 February.

conditions for the formation of a mesoscale cyclone near Byrd
Glacier around 0900 universal coordinated time 17 February.
The cyclonic surface circulation could have advected moisture

from the open Ross Sea onto the ice shelf and generated clouds
which made the vortex visible on satellite imagery. The general
midtropospheric flow caused the eastward movement of the
vortex across the Ross Ice Shelf, while the passage of a mid-
tropospheric trough gave synoptic support for its development.
It seems to have merged with another mesoscale cyclone which
developed around Franklin Island. Although this combined
system did not develop beyond subsynoptic size, and arrived
at Marie Byrd Land in its dissipating stage, consideration of
this example in conjunction with the case examined by Brom-
wich (1989b) suggests that these types of mesoscale systems
may contribute significantly to the annual snowfall accumula-
tion over West Antarctica.

This research was supported by National Science Foundation
grant DPP 88-16792 to David Bromwich. The satellite imagery
was recorded by U.S. Navy personnel at McMurdo Station, and
obtained from Robert Whritner of the Antarctic Research Cen-
ter at Scripps Institution of Oceanography (National Science
Foundation grant DPP 88-15818).
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Numerical simulation
of the katabatic winds
over West Antarctica

DAVID H. BROMWICH and YANG Du
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Ohio State University
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Surface wind observations taken both at the few interior sta-
tions and by traverse party members have shown that katabatic
winds are the most significant climatological feature of the
lower portion of the atmosphere over Antarctica. Schwerdtfeger

(1970) indicated the dominant influence of antarctic topography
(figure 1) in shaping the surface windfield. Parish and Brom-
wich (1986) simulated the directional near-surface airflow char-
acteristics over West Antarctica and showed that the most sig-
nificant features are a small number of confluence zones where
cold drainage currents from a large interior area converge to-
ward the coast. The continental-scale drainage streamline sim-
ulation performed by Parish and Bromwich (1987) suggests that
numerous confluence zones may be found over the antarctic
continent. Parish and Bromwich (1991) modeled the directions
and speeds of surface airflow over Antarctica. The intensity of
the drainage flow is generally proportional to the steepness of
the terrain. The winds are relatively weak over the interior and
gradually increase during descent to sea level in response to
steeper ice terrain near the coast. This near-coastal pattern is
modulated by the impact of lateral convergence associated with
the confluence zones.
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