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Particle and sulfur dioxide (SO 2) emissions have been
monitored since 1983, from Mount Erebus, the largest and only
active volcano on Ross Island. Mount Erebus has contained a
persistent anorthoclase phonolite lava lake since 1972 (Kyle et
al. 1982) and emits a low ash plume. Occasional Strombolian
eruptions occur from the lava lake and small adjacent vents.

During the 1986-1987 field season, we examined particle
emissions using a four-stage quartz crystal microbalance cas-
cade impactor. In addition, sulfur dioxide (SO 2) flux measure-
ments were made by correlation spectrometer from a site near
the Jamesway Hut situated at 3,400 meters on the summit
plateau of Mount Erebus. The quartz crystal microbalance gives
real-time estimates of the particle size distribution and retains
the particles for later examination of form and chemical com-
position by energy dispersive X-ray analysis on a scanning
electron microscope (Chuan 1975). Particles and their emission
rates measured in 1983 are discussed by Chuan et al. (1986).

Particle measurements were made at the crater rim and also
airborne by flying with a LC-130 through the plume above the
crater and out to a distance of 5 kilometers from the summit. A
representative size distribution (table) of a sample collected at
the crater rim is unimodal and dominated by small particles
(less than 0.1 micron). Stage 4 (less than 0.1 micron) contains
monotonous clusters of potassium, sodium, chlorine, and sul-
fur, presumably potassium chloride, and sodium chloride with
amorphous sulphur which appear to have precipitated on the
stage. Stage 3 (0.3-0.1 microns) contains less chlorine and an
increase in sulfates with evidence for sodium and aluminum
sulfates. Rare iron-rich particles are associated with sulfur and

Representative grain-size distribution of particles emitted in the
plume of Mount Erebus, measured by a four-stage quartz crystal

microbalance at the crater rim

Particle concentration
microgram per cubic	 Cumulative

Stage Microns	centimeter	Percentage percentage

>2	 11.15	 5.3	5.3

	

0.3-2.0	 0.0	 0.0	5.3

	

0.1-0.3	 7.6	 3.5	8.8

	

<0.1	197.3	 91.1	100.0

salts and may serve as a catalyst for SO 2 oxidation (Finlayson-
Pitts and Pitts 1986). Stage 2 (0.3-2.0 microns) is usually free of
particles but rarely contains amorphous silicon and sulfur with
particles containing zinc, iron, and gold. Crystalline zinc sul-
fide stands out in dense clusters of sulfur and a flocculent
element with a low atomic number (possibly carbon). This sub-
stance was pervasive in airborne samples in 1983 (Chuan et al.
1986) and in 1984. Silica glass, pyroxene, and olivine are noted
ccasionally but their general absence is indicative of the low ash
plume. Stage I (greater than 2 microns) is dominated by various
forms of gold including gold chloride. The source of these
particles is under investigation, because it is uncertain if they
are a contaminant or derived from the plume.

The airborne samples of the Erebus plume lack particles on
stage 1 (greater than 2 microns), although stage 2 (2.0-0.3
microns) has particles containing gold, iron, chlorine, copper,
and lead. Stage 3 (0.3-0.1 microns) shows agglomerates of car-
bon and sulfur with zinc, iron, manganese, tin, copper, and
cerium. Stage 4 (less than 0.1 micron) contains mostly amor-
phous sulfur, silicon, and possibly carbon.

Ambient air was sampled during a flight from McMurdo
Station to Byrd Station. The size distribution is dominated by
small particles found mainly on stages 3 and 4. Energy disper-
sive x-ray analysis shows sulfur, calcium, and iron. Auger anal-
ysis reveals sulfur, chlorine, carbon, nitrogen, and oxygen.

Significant differences are found in Mount Erebus plume
samples from the crater rim and those collected airborne. Crater
samples contain abundant potassium chloride and sodium
chloride, whereas airborne samples contain more amorphous
sulfur and sulfates. Presumably the salts form at high magmatic
temperatures in the eruption vent (Oskarsson 1980). Sulfate
formation is generally low. This is probably due to the low sulfur
content of the magma as well as the paucity of oxidizing cata-
lysts such as silicates and iron oxides. On condensation further
from the vent, sulfate formation could occur by reaction of
halides with sulfur (Naughton et al. 1974) in reactions such as:

2NaCl + H2O + S02 - 2HCI + Na2SO,4

Sulfuric acid is absent from the 1986-1987 samples, presum-
ably due to the passive nature of the plume. An increase in
sulfuric acid during an eruption was noted by Rose, Chuan, and
Kyle (1985) and Chuan et al. (1986) at Erebus and by Rose,
Chuan, and Woods (1982) at Mount St. Helens. In general, the
Erebus plume is dominated by compounds containing halogens
over sulfur. Matrix glass from recent bombs shows an average of
1,527 parts per million and 2,162 parts per million for chlorine
and fluorine, respectively (Bigelow 1985). Halides play a promi-
nent role in the vaporization process of metal compounds from
the magma. The prevalence of metals, specifically zinc, copper,
and gold, infer that this process is occurring. Varekamp et al.
(1986) suggest that element signatures of high-temperature
fumarole incrustations are related to fluorine-to-chlorine ratios
in the vapors. Erebus would be analogous to Mount St. Helens
rather than to Mount Etna. Vapor transport of sodium, po-
tassium, and related metals (zinc, copper) occurs in the chlo-
rine-rich plume from Mount St. Helens, whereas in the Mount
Etna fluorine-rich plume, aluminum and iron sulfates, and rare
earth elements are dominant.

Cerium has previously been reported in the Erebus plume
(Germani and Rose, personal communication; quoted in
Varekamp et al. 1986) and may be transported in volatile fluoro-
complexes.
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In conclusion, preliminary results from particle analysis have
successfully shown a variation in size distribution and chemis-
try of aerosols since 1983. The difference between crater and
airborne samples suggests a zoning occurs in the plume. The
plume is characterized by the high halogen and relatively low
sulfur content, which could explain the high metal content seen
in the aerosols.

This work was supported by National Science Foundation
grant DPP 85-19122.
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Williams Field, Antarctica

ROBERT A. HALE and ROBERT J . RENARD

Department of Meteorology
Naval Postgraduate School

Monterey, California 93943-5000

Restricted visibility presents a significant hazard to both avia-
tion and surface operations at McMurdo Station, Antarctica
(77°51'S 166°40'E). Accurate forecasts of visibility can reduce
operational hazards for the Naval Support Force Antarctica
(NSFA). This research seeks to develop objective, probabilistic
guidance for predicting restricted visibility (i.e., less than 3
miles/5 kilometers) at McMurdo Station and nearby Williams
Field. This guidance not only augments the experience, forecast
rules, regional analyses and prognoses, and satellite imagery,
but also it may be useful in training weather officers attached to
NSFA.

The subject predictive scheme uses a multiple linear discrimi-
nate model (Dixon et al. 1983) to yield probabilities of visibility
less than defined operational limits. An essential part of the
research has been the construction of a database upon which to
derive the predictive equations. The database includes all avail-
able 3-hourly surface observations from McMurdo Station and
Williams Field, McMurdo Station rawinsonde reports, and ob-
servations from the Ross Ice Shelf automatic weather station
network (Stearns and Weidner 1985) in the period February
1980 through December 1985.

The data set itself provides much information about the
nature of restricted visibility. Table 1 summarizes the frequency

of various weather parameters/conditions as a function of vis-
ibilities less than 0.5 mile (0.8 kilometer) and less than 3 miles (5
kilometers). It is evident that restricted visibility (especially less
than 0.5 mile) is an uncommon event, although more frequent
at Williams Field than at McMurdo Station. Previous cli-
matological studies (Souders and Renard, 1984) agree with
these results. Table I indicates that both the frequency of re-
stricted visibility and the relative frequency of blowing snow are
much less in the months of November through February (called
warm season here) than in August, September, October, and
March (called cold season here). The non-operating season
months, April through July, are not treated here. The data set
and prediction equations have been split into warm and cold
seasons on this basis. Also highlighted in table 1 is the signifi-
cance of fog at Williams Field during the warm season. Re-
stricted visibility is strongly associated with cloud ceilings be-
low 2,000 feet (600 meters) and winds from both easterly
(prevailing) and southerly directions. (See table I for definition
of wind directions used here.) The wind speed association with
restricted visibility is more variable, with the cold season
strongly favoring speeds less than or equal to 6.5 meters per
second, evidently correlating highly with blowing snow.

The discriminant forecast method applied here uses visibility
as the predictand, keyed upon the operational observation of
visibilities of less than 0.5 mile (0.8 kilometer), less than 2 miles
(3.2 kilometers), and less than 3.0 miles (5.0 kilometers). The
predictors derived from the various data sources include vis-
ibility, weather type, cloud/ceiling condition, temperature, sea-
level pressure, wind and pressure gradient from McMurdo
Station/Williams Field and automatic weather station observa-
tions and the upper-level winds, moisture, stability and geo-
strophic temperature advection from the McMurdo Station
rawinsonde observations. Time tendencies of these predictors
are also considered. The predictors are of two types: categorical
(such as weather type, wind direction and ceiling height) and
continuous (such as temperature and pressure). The con-
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Terra Nova Bay (Bromwich 1986a) reaching the island. The other
feature of significance on the chart is an anticyclone (high-
pressure area) centered over the Ross Ice Shelf near Byrd
Glacier with a ridge extending northward over the western Ross
Sea.

Figure 2 compares Inexpressible Island and Franklin Island
observations for the 3-day period centered on 1200 GMT, 20
February. The sea-level pressure at Inexpressible Island was
lower than that at Franklin Island from 0430 to 1800 GMT on 20
February. This suggests that the cyclone may have started to
form around 1600 GMT. The pressure contrast was most negative
at 1500 GMT, and then increased rapidly as the cyclone moved
away from Terra Nova Bay. The average katabatic wind speed at
Inexpressible Island during the period of negative pressure
differences was 27.6 meters per second. During this interval,
the sea-level temperature contrast was the smallest of the 3-day
period with Franklin Island averaging 5.5°C warmer than Inex-
pressible Island. The relatively small temperature difference in
conjunction with mostly north-northwest winds at Franklin
Island indicates that katabatic winds from Terra Nova Bay were
affecting Franklin Island. The 5.5°C warming during transit
across the western Ross Sea is similar to the katabatic warming
found by Bromwich (1986a) for an April 1984 case. This occcurs
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Figure 2. Time series of wind speed readings from the automatic
weather stations on Inexpressible Island and on Franklin Island.
Also plotted are the air temperature (reduced to a common datum
and with the diurnal cycle extracted) and sea-level pressure dif-
ferences between the two sites—Inexpressible Island minus Frank-
lin Island. Franklin Island wind directions are plotted with the con-
vention that an arrow pointing from top to bottom of diagram
represents a north wind.

in spite of the very different sea-surface conditions on these
occasions; in late February the western Ross Sea was completely
ice free while in mid-April it was covered by 9-10 tenths of sea
ice (Naval Polar Oceanography Center 1985).

The 500 hectopascal hemispheric charts produced by the
World Meteorological Center, Melbourne, were examined to
determine the midtropospheric conditions at the time of surface
cyclogenesis (1200 GMT 20 February). Victoria Land lay between
a ridge oriented north-northeast to south-southwest across Ad-
élie Land and a trough oriented north-south along 165°W. Al-
though the analysis was indistinct near Terra Nova Bay, it is
probable that the 500 hectopascal winds were west-southwest
with speeds less than 20 meters per second. The analysis is
somewhat suspect, because it was based upon only two obser-
vations from Antarctica and neither of these was from the
vicinity of the Ross Sea. Thus, it is not possible to determine
whether surface cyclogenesis was accompanied by positive vor-
ticity advection in the midtroposphere (Sanders 1987). The dis-
cussion in the previous paragraph indicates that cold katabatic
air from Terra Nova Bay was part of the developing cyclonic
circulation and may have played a key role in its genesis through
the development of strong horizontal temperature gradients.

The cyclone moved east to the vicinity of Franklin Island and
developed slowly. It remained nearly stationary in this area
with a central pressure of around 984 hectopascals from 0000 to
1900 GMT on 21 February. By 0300 GMT on 21 February, a second
cyclone had formed over the Ross Ice Shelf just to the east of
Ross Island. A southward-moving, mesoscale maritime
cyclone, with a vast low-level cloud field on its northern side,
started to merge with the storm complex by 0742 GMT on 21
February. The maritime low appeared to merge with the Ross
Ice Shelf cyclone, so that the latter became more intense than
the center near Franklin Island by 1800 GMT on 21 February. A
DMSP visible for 1830 GMT showed that the storm complex had
assumed an "inverted comma" form (Carleton 1981) with two
centers just being discernible close to the locations resolved by
the automatic weather station analyses. The Ross Ice Shelf cen-
ter was much better defined and had an attached frontal band.
The Ross Ice Shelf cyclone continued to be the more prominent
circulation from 1800 GMT on 21 February until 0600 GMT on 22
February.

After the two storms were equally intense for several hours
(figure 3), the Ross Ice Shelf cyclone had started to dissipate
rapidly by 1200 GMT on 22 February. A 1023 GMT thermal in-
frared DMSP image on 22 February showed only one disor-
ganized circulation center and that the inverted comma cloud
signature had started to break down. The center near Franklin
Island dissipated slowly after 1200 GMT on 22 February and
completely disappeared by 0000 GMT on 25 February; the inten-
sity of outflow of cold katabatic air at Terra Nova Bay also
declined from 1200 GMT on 22 February until 1200 GMT on 24
February.

The relatively strong pressure gradients between the Ross Ice
Shelf low and the adjacent anticyclone moved near-surface air
toward that part of the Transantarctic Mountains lying between
Byrd Glacier and the latitude of Ross Island. This air overlying
the Ross Ice Shelf was probably stably stratified (i.e., the tem-
perature increased with height), although no data are available
to confirm this. When stable air encounters a sufficiently high
obstacle, the air does not pass over the obstruction, but turns
and flows parallel to it. After some time, an approximate bal-
ance develops between the pressure gradient generated by the
cold air sloped up against the obstacle and the Coriolis force
(Schwerdtfeger 1975). When these southerly barrier winds en-

1987 REVIEW	 255



Figure 3. Same as figure 1, but for 0900 GMT, 22 February 1984.

counter the steep, high topography of Ross Island, they split
and blow around the island (O'Connor and Bromwich in press).
A small high develops on the south side of the island to support
this air motion.

Barrier winds affected Ross Island from 0000 GMT on 21 Febru-
ary to 0000 GMT on 24 February and were best developed be-
tween 0000 and 0900 GMT on 22 February when the cyclone over
the Ross Ice Shelf was well-developed. Figure 3 shows the sea-
level pressure analysis for 0900 GMT on 22 February. The small
high which supports airflow around Ross Island is well re-
solved. The blocking effect of the island is shown by airflow
deceleration from 20 meters per second at AWS 11 to 1 meter per
second at AWS 18; the sea-level pressure also rose by 3 hec-
topascals over this distance. These results are in close agree-
ment with the modeling work of O'Connor and Bromwich (in
press); figure 2b of their paper shows the sea-level pressure
analysis for 0000 GMT on 22 February.

This cyclonic sequence produced adverse weather conditions
at McMurdo Station. Blowing snow was continuously reported
from 0000 GMT on 22 February to 0000 GMT on 24 February.
Horizontal visibilities were mostly less than 2 kilometers during
this period, and from 0300 GMT to 2100 GMT on 22 February did
not exceed 200 meters. Average wind speed for these 2 days was

10.9 meters per second. Generally light snow was noted from
1800 GMT on 21 February to 1200 GMT on 23 February. It is
probable that the close proximity of open water was responsible
for abundant snowfall over the northwestern part of the Ross
Ice Shelf. This snow was blown northward past McMurdo Sta-
tion for about 2 days.

Finally, it should be remarked that without the automatic
weather station data, it is unlikely that this weather sequence
could have been adequately studied. Visible and thermal in-
frared DMSP images between 0742 GMT on 21 February and 1838
GMT on 22 February did resolve the broad features of the
cyclonic complex but could not quantify the intensity of the
storms. Large-scale syntheses, such as hemispheric satellite
charts published by the U.S. Department of Commerce (1984)
and the sea-level pressure analyses by the World Mete-
orological Center, Melbourne, showed no evidence of the meso-
scale cyclones discussed here.

Fruitful discussions with Andrew Carleton are gratefully ac-
knowledged. The DMSP photographs were obtained from the
National Snow and Ice Data Center, Campus Box 449, Boulder,
Colorado 80309. This research was supported by National Sci-
ence Foundation grants DPP 83-14613 and DPP 85-19977.
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