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Figure 3. A. Mean number of calls per minute (±95 percent con-
fidence interval) for the five most common adult and pup calls (MO)
by hour of the day at Hutton Cliffs in 1977. B. Percentage of females
and their pups hauled out on a given hour at Hutton Cliffs in 1977
(determined by telemetry, Thomas and DeMaster 1983).

In conclusion, trills (MT) always are prevalent, but are high-
est during the mating period and when females haul out. Chugs
(MC) are most abundant during mating and increase slightly

when females are out of the water. Chirps (MP) show a sharp
increase during mating and are highest when females are in
the water. Pup cries (MQ) increase slightly when females are
out of the water and show a dramatic increase at weaning.
Use of cricket calls (MR) and knocks (MK) is not related to
haulout pattern, but does show a seasonal trend.

Grants from the National Science Foundation (DPP 73-09316
and DPP 77-21591) awarded to Donald Siniff from the Uni-
versity of Minnesota supported this research.
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Summary of WINCRUISE II
to the Antarctic Peninsula
during June and July 1987

L.B. QUETIN and R.M. Ross

Marine Science Institute
University of California at Santa Barbara

Santa Barbara, California 93106

Seventeen scientists (representing 5 projects), 12 crew, and
3 employees of ANS/ITT participated in WINCRUISE II from
7 June to 19 July 1987 aboard the Polar Duke. The cruise was
lead by L. Quetin, Chief Scientist, Captain P. Gates, and H.
Owen, Marine Projects Coordinator. Conditions west of the
Antarctic Peninsula were very different during WINCRUISE
II than during WINCRUISE I in August and September 1985
(Quetin and Ross 1986). During WINCRUISE II (figure 1), sea
ice was encountered 50-75 miles (80-120 kilometers) north-
west of the South Shetland Islands and northwest of Hugo
Island to the south. During WINCRUISE I, sea ice was not
encountered except nearshore south of the Lemaire Passage
and northwest of Adelaide Island, south of Hugo Island. This
dramatic difference in ice cover between the two cruises was
likely due to inter-annual rather than seasonal fluctuations
between June/July (WINCRUISE II) and August/September
(WINCRUISE I).

WINCRUISE II was staged to increase our knowledge of the
marine ecosystem west of the Antarctic Peninsula and included
midwinter observations of the physiology and composition of

660

64040'

85	86	87 •

	

88	89	.	•	•
90	91	92

adult and larval Euphausia superba, factors affecting the com-
munity structure of seabirds, and factors affecting primary
productivity, algal physiology, and pigment composition, bac-
terial growth and abundance, and protistan communities in
relation to the water column and sea-ice composition and dis-
tribution. Surface temperature, salinity, light, and chlorophyll
a were measured continually along the cruise track and peri-
odically down to depths of 100 meters. Areas most intensively
investigated were a transect across the Drake Passage, the
southern Bransfield Strait, northern Gerlache Strait, Dallmann
Bay, and the area south of Anvers Island between Hugo Island
and Palmer Basin. Listed below are the projects including a
brief summary of their aims, collections, and preliminary re-
suits.

Energetics of adult and larval krill. L. Quetin (field leader), R.
Ross and L. Quetin (co-principal investigators). The physio-
logical condition (rates of fecal pellet egestion, phytoplankton
ingestion, growth, and oxygen consumption and ammonia
excretion) of both larval and adult krill was determined. Met-
abolic rates at - 1.7°C, 0°C, and 2°C of larval and adult krill
in winter were compared to summer rates. Larva condition
factors (length, wet weight, dry weight, and carbon) were
measured for 180 krill larvae from calyptopis 3 to juvenile
stages for comparison with similar measurements made during
summer to determine if these stages might be stressed during
the winter months. Larval samples were returned frozen to
the University of California at Santa Barbara for analysis of
lipid, protein, and two digestive enzymes (laminarinase and
trypsin). Trawl samples of adults and larvae and diver-col-
lected samples of larvae were preserved for later analysis. Dur-
ing the cruise, we launched 75 expendable bathythermographs,
completed 16 hydrostations with measurements of chlorophyll
a, salinity and temperature down to 100 meters, and measured

Buff 1.

ubinJu;
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Figure 1. Transect stations surveyed during 14-15 July on WINCRUISE II. The stations were all in 10/10 pack ice and were sampled in
ascending numerical order.

1988 REVIEW	 149



surface chlorophyll a, temperature, and salinity at least every
10 miles (16 kilometers) along the cruise track to describe the
food available to krill and the physical environment during the
cruise.

D. Morris (principal investigator and field leader, British
Antarctic Survey, Cambridge, England, visiting scientist with
Ross and Quetin). D. Morris extended his studies on the molt
staging of krill in summer to krill in winter and collaborated
with Ross and Quetin on a comparison of molt staging to
molting frequency. The larvae were molting more frequently
than the adults in the winter. The molt stage distribution for
adults was different from adults during summer. In addition,
the activity of larval krill under the ice and of adult krill in
tanks aboard was filmed on video to test an activity tracking
system.

Project S-321 W. Fraser (field leader, University of Minne-
sota), D. Ainley (principal investigator, Point Reyes Bird Ob-
servatory). Seabird community structure was determined from
143 30-minute censuses between South America and the Ant-
arctic Peninsula. During each census the abundance and pres-
ence of seabird species and habitat bottom depth, wind speed,
thermocline depth, sea-surface temperature, and salinity were
recorded. The influence of prey distribution was determined
from stomach contents of 97 birds representing 7 species from
5 different habitats. Twelve hundred individual prey items
were obtained and specific trends in the age, size, and species
composition of prey in different habitats noted.

Initial inspection of the data suggests three distinct com-
munities of seabirds categorized by the dominant species: black-
browed albatross/Kerguelen petrel group in open water, south-
ern fulmar/antarctic petrel group along the ice edge, and snow
petrel/Adélie penguin group in the pack ice. Differences in the
species composition of the seabird groups were closely asso-
ciated with the presence of ice and proximity to the continental
shelf. Prey were distributed over a broader range of habitats
than were the seabird species feeding on them suggesting that
the physical features of the habitat, not the distribution of prey,
were responsible for the presence of seabirds in a particular
area.

Project S-320. M. Lizotte (field leader), C. Sullivan (principal
investigator, both from the University of Southern California,
Los Angeles). Major research goals were to study bacterial
growth and abundance, algal physiology, and pigment com-
position, and to measure the availability of light for algal pho-
tosynthesis. Studies included samples from the upper 100 meters
of the water column and sea ice in various stages of physical
development. Studies of the bacteria from 182 seawater and
52 sea-ice samples included preservation, incubation for growth
rates, and culture of samples to obtain bacterial strains to re-
turn to the University of Southern California. The dependence
of algal photosynthesis on irradiance was studied in samples
from deep in the pack ice, the ice edge and open water and
also with algae from a variety of sea-ice samples. In addition,
the productivity of ice algae and the effect of daylength on the
allocation of carbon to various end products of photosynthesis
was determined. Algal pigment samples as well as krill fecal
pellets were collected from sea ice and the water column for
later analysis at the University of Southern California. Light
measurements were made from 11 June 1987 to 11 July 1987
for photosynthetically active radiation (400 and 700 nanome-
ters). Subsurface light measurements showed the 1 percent
light level of surface light occurred between 30 and 40 meters
in open water, 25 and 35 meters under grease ice and forming
pancake ice, and at 12 meters under 10/10 pack ice. Light levels

in the water column were very low. Seawater samples were
also collected crossing the Drake Passage to document the
southerly decline in abundance of cyanobacteria.

Project S-323. K. Buck (field leader), D. Garrison (principal
investigator, both from the Institute of Marine Science, Uni-
versity of California at Santa Cruz). The sea-ice protistan com-
munity was sampled and characterized for comparison with
past studies in the Weddell Sea. Chlorophyll a, quantitative
population samples, carbon/nitrogen samples, and salinity
measurements were used to study the natural history and
inherent variability of young ice biomass. A protype particle
interceptor trap was deployed beneath ice to measure the flux
of biological material to the upper water column from the ice.
Unfortunately, after a successful deployment, bad weather oc-
curred and the trap could not be relocated 24 hours later. A
total of 104 separate ice sections was sampled and processed
from 57 thin-ice (<20 centimeters thick) and 23 thick-ice (>20
centimeters thick) samples using an ice core. In addition, sam-
ples of highly colored ice from beneath the floes and bottom
ice from a 15-station diving transect were obtained by divers
and analyzed (figure 2). A preliminary analysis of the results
indicates that there are many similarities between the sea ice
encountered during WINCRUISE II and sea ice from past stud-
ies in the Weddell Sea.

Project S-325. R. Brightman (field leader), W. Smith (principal
investigator, both from the University of Tennessee). Phyto-
plankton growth and biomass in the water column was de-
termined in relation to the low light and temperatures found
during the austral winter. During the cruise the following pa-
rameters were determined:
• the distribution of particulate matter (particulate carbon,

particulate nitrogen, chlorophyll a, biogenic silica) within
the upper 100 meters of the water column,

• the photosynthetic responses of the phytoplankton popu-
lations,

• the rate of primary production as measured by simulated in
situ techniques,

• the uptake rates of inorganic nitrogen (nitrate and ammo-
nium) by phytoplankton populations, and

• the amount of incident radiation at the seawater surface.
Depths sampled included depths to which known percent-
ages of surface irradiance penetrated (100, 50, 30, 15, 5, 1,
0.1 percent) and standard depths (0, 10, 20, 30, 50, 75, 100
meters). The water column in the Bransfield Strait region
was characterized by extremely low phytoplankton biomass,
particulate carbon, and nitrogen concentrations. The phy-
toplankton were highly shade adapted. Primary productiv-
ity was extremely low when estimated either by simulated
in situ techniques or by calculation from photosynthesis/
irradiance results and incident irradiance data. Productivity
during the austral winter provides only a minor contribution
to the total annual productivity of the southern ocean.
On 14-15 July, all groups participated in obtaining mea-

surements and samples during a 15 station transect from north-
west of Hugo Island and proceeding east to station 100 west
of the Waurmans Islands (figure 1). This rapid transect was
undertaken in 10/10 pack ice to assess the feasibility of con-
ducting more thorough diver-assisted sampling in the future
to investigate the dependency of larval krill on sea-ice algae.
Results from stations where a complete set of observations was
obtained are illustrated in figure 2. Chlorophyll a from ice algae
was obtained from the bottom 4 centimeters of ice cores, sur-
face chlorophyll a was obtained within 3 meters of the surface,
larvae were observed by a tethered diver under an area of ice
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encompassed by a half circle of 30-foot radius, and bongo nets
were fished vertically from 100 meters to the surface. Values
found along the transect were similar to data collected through-
out the cruise. Divers proved to be of fundamental importance
for their ability to characterize and sample krill larvae in sea
ice. Diving was not only necessary, but an efficient and safe
method of sampling.

Our references to the results of each project should be con-
sidered provisional and each principal investigator contacted
if more information or confirmation is desired. We would like
to thank not only the participants of WINCRUISE II but also
the Division of Polar Programs and Antarctic Services for their
support, cooperation, enthusiasm, and hard work in making
WINCRUISE II a success.
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Figure 2. Data from transect stations surveyed during 14-15 July.
Only those stations for which a complete set of observations and
samples were obtained are shown. A. Chlorophyll a (chi a) in the
bottom 4 centimeters of ice cores at each station was measured.
B. Surface chlorophyll a was determined from water samples in the
upper 3 meters of the water column. C. Larval numbers were es-
timated under the ice by divers. Vertical bars indicate the range of
the abundance estimate. Station .98 had greater than 120 larvae
present. D. The number of larvae caught in a bongo net fished to
100 meters at each station. All values are plotted for each station.
(pg/I denotes micrograms per liter.)
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Dissolved organic material
in desert lakes

in the dry valleys

D.M. MCKNIGHT, G.R. AIKEN, E.D. ANDREWS,

E.C. BOWLES, and R.L. SMITH

U.S. Geological Survey, WRD
Arvada, Colorado 80002

J.M. DUFF and L.G. MILLER

U.S. Geological Survey, WRD
Menlo Park, California 94025

Dissolved organic material (DOM) is often a major pool of
organic material in freshwater ecosystems and is predomi-
nantly comprised of refractory organic acids. In most fresh-
waters, DOM is derived from the soils and plants of the
watershed and from algae and other microorganisms growing
in the lake or stream (Steinburg and Munster 1985; McKnight
and Feder in press). In the McMurdo Dry Valleys, in contrast,
the watersheds are extremely barren, which greatly limits the
contribution from the watershed to the DOM of the perma-
nently ice-covered lakes found in these valleys. Therefore, these
lakes are unique environments for studying the biogeochem-
ical processes involving DOM derived from phytoplankton
and bacterial productivity within lakes. The approach taken in
this study was to characterize chemically the two major frac-
tions of the DOM (fulvic acids and hydrophilic acids) obtained
using large-scale preparative chromatography (Aiken 1985),
and to determine the major pathways of carbon cycling, and
dissolved organic carbon (DOC) production, in several dry
valley lake ecosystems.

Lake Fryxell, in the Taylor Valley, was chosen for study
because it is one of the more productive dry valley lakes (Vin-
cent 1981). Despite the low-light intensities (10-3 microein-
stems per square meter per second) caused by the 4.5-meter-
thick ice cover, abundant algal populations develop in the oxic
zone (above 9.5 meters) during the austral summer. The ex-
treme stability of the water column, resulting partially from
the ice cover, may contribute to the development of plates of
microbial dominance within the lake. Figure 1 shows the data
for in vivo fluoresence, a measure of chlorophyll concentration
and, indirectly, phytoplankton abundance, on three dates dur-
ing December 1987. In December, the phytoplankton was dom-
inated by filamentous blue-green algae; and the chlorophyll
peak at 7.0-meter depth was composed chiefly of Oscillatoria
sp. and the peak at 8.5-meter depth was composed chiefly of
Phormidium angustissima. The increases in in vivo fluorescence
at 8.5 meters, which occurred between 6 December and 23

0	1	2	3	4	5	6	7	8
IN—VIVO FLUORESCENCE (IVF UNITS)

Figure 1. Depth profile of in vivo fluorescence measured In Lake
Fryxell, McMurdo Dry Valleys, on three dates during December,
1987. (m denotes meter.)

December, may indicate rapid growth of P. angustissitna during
this period. The difference between the values at 8.5 meters
on 23 and 24 December may reflect a small inaccuracy in the
depth of sampling (± 0.1 meter).

The depth profile for DOC in the lakes (figure 2) is quite
distinct from the depth profile for in vivo fluorescence. DOC
was measured in samples filtered through 0.45-micrometer
silver membrane filters within several days of sample collection
using an OceanographicInternational* carbon analyzer oper-
ated at the Ecklund Biological Laboratory at McMurdo Station.
The DOC concentrations increased with depth throughout the
oxic and anoxic zones to a maximum concentration of 25 mil-
ligrams of carbon per liter at 18.0 meters. Sediment interstitial
water was obtained by centrifugation of bottom sediment sam-
pled with an Eckman dredge, and the organic material con-
centration in these samples was even greater, 135 milligrams

* The use of trade names in this report is for identification purposes
only and does not constitute endorsement by the U.S. Geological
Survey.
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of carbon per liter. The glacial meltwater inflows entering the
lake were sampled in late December and had DOC concentra-
tions ranging from 0.3 to 1.0 milligrams carbon per liter, sub-
stantially less than the most dilute water in the lake immediately
below the ice cover. These DOC concentrations were also lower
than DOC concentrations reported previously for glacial melt-
water streams in the dry valleys, 1.6 to 5.8 milligrams carbon
per liter (Downes, Howard-Williams, and Vincent 1986). Be-
cause several of the same streams were sampled, the different
values may reflect the differences in sampling time during the
austral summer or different analytical methods for DOC anal-
ysis.

The DOC depth profile is generally similar to the depth
profiles for specific conductance and several major cations such
as sodium and calcium, as shown in figures 2 and 3. Dissolved
calcium and sodium were determined in samples filtered through
0.4 micrometer Nucleopore filters (and diluted if necessary)
using a Jarrel-Ash 975 Inductively Coupled Plasma Spectrom-
eter. The profiles of these solutes, which follow the trend of
increasing with depth, probably result from:
• upward chemical diffusion of ions from the saline bottom

water,
• inflow of solutes in dilute glacial meltwater streams, and
• various chemical reactions (Green and Canfield 1984).
The resulting density gradient also contributes to the stability
of the water column. The similarity in the DOC and cation
depth profiles indicates that one source of DOM in Lake Fryxell
is degradation of particulate organic material derived from al-
gae and bacteria in the sediments or in the deeper zones of
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Figure 2. Depth profiles of dissolved organic carbon (in milligrams
of carbon per liter) and dissolved calcium (in milliequivalents per
liter). (m denotes meter.)

0	2	4	6	8	10	12	14
SPECIFIC CONDUCTANCE (mS)

Figure 3. Depth profiles of specific conductance (In millisemins)
and dissolved sodium (in milliequivalents per liter). (m denotes
meters.)

the anoxic bottomwaters. The trend of increasing DOC with
depth may result from the upward diffusion of the more re-
fractory components of the DOM from the deeper zones. This
hypthesis will be tested by analyzing for changes with depth
in the chemical characteristics of the DOM, especially the major
DOM pools represented by fulvic and hydrophilic acids.
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Anions and alkali metals
in Lake Vanda, Don Juan Pond,

and the Onyx River:
Further indications

of brine origin

J.G. WEBSTER and R.L. GOGUEL

DSIR Chemistry Division,
Private Bag, Petone,

New Zealand

During the 1987-1988 austral summer, we collected water
samples from Lake Vanda, Don Juan Pond, and the Onyx River
in the Wright Valley, McMurdo Oasis. Lake Vanda is approx-
imately 8.5 kilometers long, 2.5 kilometers wide (maximum)
and, at the time of sampling, was 74 meters deep and entirely
covered by a 3.6-meter-thick ice sheet. The waters collected
were preserved (filtered, acidified, and frozen), and we are
presently analyzing them for trace metal and major elements
at the Department of Scientific and Industrial Research (DSIR),
Chemistry Division, in New Zealand. When complete, trace
element assays will be related to anion concentrations in terms
of the metal complexes present, and a model for trace-element
speciation will be compiled. In the course of the trace-element
study, halides, oxyanions, and alkali metals have been deter-
mined for each sample. Although previous studies have in-
cluded sodium, potassium, sulfate and bicarbonate
determination on some of the waters assayed (e.g., Angino
and Armitage 1963; Boswell, Brooks, and Wilson 1967; Mudrey
et al. 1973), lithium, fluoride and bromide determinations are
reported here for the first time. Chloride concentration has
been redetermined in the interest of internal consistency but
varies little from previously published results (e.g., Angino

and Armitage 1963). Evidently, there has evidently been little
change in lake composition over the last 24 years.

Waters were taken from Lake Vanda using a 1.5-liter capacity
sampler, lowered on a calibrated line through a 10-centimeter
diameter hole in the ice cover. The sampler was constructed
of ultra-high-molecular-weight polyethylene and all metal parts
of titanium or niobium (to minimize trace metal contamina-
tion). Once at the required depth, a messenger weight dropped
onto the top-mounted spring mechanism released the ten-
sioned plugs, and sealed the sample chamber. Temperature
and pH were measured on site. (Eh and sulfide, also measured,
are not reported here.) Salts were collected from the margin
of Lake Vanda, from soils near the lake and from Don Juan
Pond.

Halides and sulfate assays were made on a DIONEX Ion
Chromatograph with a sodium bicarbonate/sodium carbonate
eluent. An HPIC AS4 column and conductivity detector were
used for low (<500 milligrams per kilogram) chloride, bromide,
flouride, and sulfate analysis, and a HPIC AG4 column with
amperometric detector (silver/silver chloride electrode) for io-
dide analysis and to confirm the bromide data. The alkali met-
als were determined by atomic emission spectrophotometry.
High chloride concentration (>500 milligrams per kilogram)
were titrated against silver nitrate, and bicarbonate titrated
against hydrogen chloride. The acidified bicarbonate solutions
were purged with nitrogen to remove carbon dioxide, then
back-titrated against sodium hydroxide to correct for possible
interference by other oxyanions.

With increasing depth in Lake Vanda, there is a correspond-
ing increase in temperature, acidity, specific gravity, and each
of the elements assayed (see table 1). There is a marked com-
positional change at the 50-meter depth, below which the sig-
nificantly warmer, denser, more saline brines occur. Wilson
(1964) considers the basal brines to have formed during a pe-
riod of prolonged evaporation. A climate change 1,200 years
ago caused the saturated calcium-chloride brine to be re-
flooded, and salts to diffuse chemically upwards through the
lighter, more dilute fluids. There is little evidence of physical
mixing in the lake. Relative solubilities and diffusion rates can

Table 1. Anion and alkali metal concentrations (in milligrams per liter) and ratios in Lake Vanda, Onyx River, and Don Juan Pond.

Onyx

Vanda:
5 meters

15 meters
25 meters
35 meters
40 meters
45 meters

50 meters
55 meters
60 meters
65 meters
70 meters

Don Juan Pond

Specific
TC	pH gravity

3.2 7.2	-	0.001

2.5 8.3	0.999
	

0.099
2.5 7.9	0.999	0.116
3.0 8.1	0.999

	
0.152

4.0 8.1	0.999	0.215
7.0 8.0	0.999

	
0.208

7.0 7.5	0.999
	0.164

8.5 7.4	1.00	0.51
12.5	7.0	1.01	4.12
17.0 6.4	1.04	14.3
20.5 5.9	1.07	24.5
21.0 5.7	1.09	29.5

3.3 5.6	1.27	300

	

0.02	-	4.00

	

0.06	<0.01	17.6

	

0.10	<0.01	17.6

	

0.14	<0.01	20.3

	

0.16	<0.01	28.1

	

0.16	<0.01	25.1

	

0.18	<0.01	25.7

	

0.47	-	32.6

	

3.84	-	139
9.56 <0.05 273

	

16.1	<0.05 555

	

21.4	<0.05 688

135	-	79.9

22.9

43.2
49.6
42.0
62.6
59.9
51.7

67.1
100
173
297
410

45.8

Lithium	Sodium	Potassium Fluoride	Chloride	Bromide Iodide Sulfate Bicarbonate
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be estimated from ratios of the alkali metals to sodium ion,
and of anions to chlorine. (See table 2.)

Halide ratios do not change with depth in Lake Vanda, nor
do the Vanda ratios vary significantly from those of the very
saline brines of Don Juan Pond. Bicarbonate/chloride ratios and
sulfate/chloride ratios, on the other hand, decline significantly
in the basal brines and are low in Don Juan Pond. We can
conclude that:

• the mobility of bromide and flouride in the water column is
similar to that of chloride anions, and

• the chemical diffusion of bicarbonate and sulfate is too slow
with respect to chlorid to adjust for the removal of these
ions from basal brines during periods of gypsum and calcite
precipitation. (Gypsum and calcite horizons have been re-
ported from sediment core beneath Lake Vanda by Gumbley
et al. 1974.)

Iodide/chloride ratios cannot be calculated due to the extremely
low levels of iodide in the lake waters. (The detection limit is
0.01 milligrams per liter in dilute lake waters and 0.05 in brines.)

Potassium/sodium ratio variation in Lake Vanda also ap-
pears to be decreasing with depth. Removal of potassium from
the basal brines is consistent with the tentative identification
of a potassium-sulfate salt filtered from samples taken at 65
and 70 meters. Potassium/sodium ratios in Don Juan Pond are
significantly less than those of the basal brines at Lake Vanda.
Lithium/sodium ratios increase markedly below 50 meters and,
in the absence of sodium salts in the sediments beneath the
lake, are likely to reflect the slower diffusion of lithium from
the basal brines with respect to sodium.

The use of halide and anion ratios to indicate fluid type and
origin has previously been applied to Lake Vanda and Don
Juan Pond with varying degrees of success. Possible origins
for the salts in Vanda include:
• geothermal activity,
• marine environments, i.e., a trapped body of seawater, ma-

rine spray or beds of ancient fjord sea salt in the valley
sediments, or

• bedrock weathering and/or snow melt.

Previous studies have failed to find evidence of hydrothermal
activity in the Wright Valley, and only a few have favored
marine origin for the salts (e.g., Morikawa, Minato, and Os-
saka 1975). The consensus of previous isotopic and major ion
or trace-metal ratio interpretations (Angino and Armitage 1963;
Boswell, Brooks, and Wilson 1967; Mudrey et al. 1973; Masuda,
Nishimura, and Toni 1982) is that the salts are derived from
the chemical weathering of bedrock and/or atmospheric pre-
cipitation, and transferred to the lakes via glacial and snow
meltwaters.

Perhaps the most elegant explanation for the high calcium
ion/sodium ion ratio, low sulfate anion composition of the basal
brines in Lake Vanda (and in Don Juan Pond) is that of Wilson
(1979). From the chemical similarity of lake waters and ground-
waters flowing on top of the frozen watertable, Wilson pro-
posed that, of the ions present in seepage from glacial or snow
melt, those forming the least deliquescent salts will be pref-
erentially removed from groundwaters flowing to the basin.
Salts such as sodium chloride and sodium sulfate are precip-
itated in sediments of the valley walls, enriching the ground-
water feeding Lake Vanda in calcium relative to sodium and
removing sulfate.

There is a certain element of support for a system in which
ions are partitioned according to the deliquescence and/or sol-
ubility of their salts in the lithium/sodium and flouride/chloride
ratios present in the basal brine. Assuming the Onyx River
provides a reasonable indication of the ion ratios present in
glaciers and snows from which the melt water is derived, lith-
ium has become enriched with respect to sodium, and fluoride
is depleted with respect to chloride in the basal brines of Vanda.
The high lithium/sodium ratio exceeds those typical of other
evaporated fluids (e.g., salt lakes or marine evaporites such as
the Dead Sea, table 2). Lithium solubility is limited mainly by
cation exchange with clays and does not readily form insoluble
salts with chloride or sulfate. Fluoride, however, precipitates
as calcium fluoride in many natural systems. Groundwater
enrichment in lithium and depletion in fluoride is therefore
consistent with former precipitation of sodium- and fluoride-
bearing salts in the valley sediments.

Table 2. Mean anion and alkali metal ratios by weight for assays in table 1 (range given in parentheses where appropriate).

Fluoride	 Bromide	Bicarbonate	Sulfate	 Lithium	Potassium

Chloride	 Chloride	 Chloride	Chloride	 Sodium	 Sodium

Onyx	 0.027	 0.0029	 3.29	 0.576	 0.00035	 0.52

Vanda:
5-50 meters	0.0015	 0.00029	 0.11	 0.047	 0.0025	 0.26

(0.0011-0.0017)	(0.00023-0.00035)	(0.05-0.16)	(0.024-0.066)	(0.0020-0.0036)	(0.24-0.28)

55-70 meters	0.0014	 0.00031	 0.0064	 0.010	 0.0048	 0.13
(0.0012-0.0015)	(0.00027-0.00038)	(0.0050-0.010)	(0.0082-0.014)	(0.0042-0.0054)	(0.107-0.160)

Don Juan Pond	0.0015	 0.00071	 0.00024	0.00042	0.036	 0.0015

Rivers a	 0.014	 0.0024	 7.49	 1.43	 0.00017	 0.37

Seawatera	0.000067	0.0035	 0.0075	 0.14	 0.000016	0.037

Dead Sea 	 -	 0.024	 0.001	 0.0019	 0.00043	 0.19

a World mean of major rivers and ocean water from Holland (1978).
bData of Neev and Emery (1967) reported in Lerman (1967).
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As previously noted, the bicarbonate/chloride ratio, the sul-
fate/chloride ratio, and possibly the potassium/sodium ratio
are affected by the in situ precipitation of lake salts and are
unlikely to reflect original brine compositions. The bromide/
chloride ratio is anomalously low (as is the iodide concentra -
tion) relative to the Onyx River, seawater, evaporated seawater
brines (see table 2), and indeed most natural brine systems.
Bromide solubility is usually limited in natural fluids by co-
precipitation with chloride, ultimately tending toward minor
enrichment of bromide in the fluid. Consequently, the low
bromide/chloride ratio (and iodide/chloride ratio) in the Vanda
brine is unlikely to be caused either by in situ or former salt
precipatation. Because bromide and iodide are both biophilic
ions, however, it is possible that the organisms present in Lake
Vanda (algae and bacteria) have removed the halides. If such
is the case, the organic-rich horizons reported by Gumbley et
al. (1974) in the sediments below Lake Vanda, might be ex-
pected to have high levels of bromide and iodide.

We would like to thank DSIR Antarctic Division, the U.S.
Navy, and the U.S. Antarctic Research Program for logistic
and field support. In particular, we are grateful to the New
Zealand Antarctic Research Program staff at Vanda Station and
to U.S. Antarctic Research Program participants Gary Clow
and Ed Lamoureux for their assistance.
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Lower atmosphere studies_________________

Balloonborne measurements of ozone,
water vapor, and aerosol

in the antarctic ozone hole
during NOZE II in 1987

D.J. HOFMANN, J.W. HARDER,

J.V. HEREFORD, J.R. CARPENTER, and J.M. ROSEN

Department of Physics and Astronomy
University of Wyoming

Laramie, Wyoming 82071

During the antarctic spring of 1986, the first National Ozone
Expedition (NOZE I) was conducted at McMurdo Station. The
purpose of that program was to study springtime depletion of
stratospheric ozone, first reported by Farman, Gardiner, and

10

>

Ea-a-

Shanklin (1985). Ozone soundings on 33 occasions from 25
August to 3 November, 1986, indicated that the springtime
decrease in ozone was limited to the 12-20-kilometer region
and that most of the reduction occurred in September. An
exponential haiflife of about 25 days for the 18-kilometer ozone
mixing ratio was measured during September (Hofmann et al.
1987). Aerosol measurements indicated that upward motions
in the polar vortex were not important in the ozone depletion
process. Condensation nuclei measurements revealed an en-
hanced layer just above the region of ozone depletion. To
determine if these features were characteristic of the ozone-
hole phenomenon, the measurements were expanded during
NOZE II in 1987 at McMurdo Station with more soundings
and the addition of water-vapor measurements.

Ozone and temperature profiles were measured in 50 bal-
loon flights at McMurdo Station (78°S) between 29 August and
9 November 1987. In 18 of these soundings, aerosol and/or
condensation nuclei profiles were also measured with optical
particle counters. Water vapor was measured, using a frost-
point hygrometer, in four flights.

McMURDO
18 KM
• 1986
o 1987

01
240

987 DAY NUMBER
Comparison of the decay rate of the 18 ± 1 kilometer average ozone mixing ratios at McMurdo Station in September of 1986 and 1987.
(ppmv denotes parts per million by volume.)
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Compared to similar data obtained in 1986, stratospheric
temperatures were lower and the springtime antarctic ozone
reduction was greater in magnitude, extended to higher alti-
tude, and proceeded at a higher rate in 1987. The major cause
of the reduction was an ozone sink in the 11-23-kilometer
region. Adiabatic vertical motions over 1-2-kilometer intervals
between 12 and 20 kilometers with consequent ozone reduc-
tions were observed in association with the formation of na-
creous clouds, indicating these to be rare events on a local
scale probably associated with mountain lee waves.

The figure compares the rate of ozone mixing ratio decay at
18 kilometers during the month of September in 1986 and 1987.
Although the decay began in a similar fashion in both years,
the rate of decay increased sharply after about 12 September
1987. The average exponential haiflife was about 25 days in
1986 and 12.5 in 1987.

The aerosol measurements confirmed the lack of upward
motions during the ozone depletion period. Evidence for low
but finite concentrations of large particles (radius greater than
about 1 micrometer) was obtained when the stratosphere was
colder than about - 80°C. The existence of such large particles
at temperatures above the frost point of water suggests that
the particles consist of a nitric acid-water mixture. A layer of
condensation nuclei was again observed to form just above
the ozone depletion region. It formed as the ozone hole de-

veloped and is, thus, thought to be related. Finally, the water
vapor measurements indicated that the antarctic stratosphere
is very dry with mixing ratios of lbout 2-3 parts per million
by volume.

The ozone measurements will be repeated during NOZE III
(WINFLY 1988) and additional condensation nuclei flights are
planned. A particle counter with greater sensitivity will be
employed to further investigate polar stratospheric cloud par-
ticles.

J.W. Harder, J.V. Hereford, and J.R. Carpenter were at
McMurdo Station from 26 August to 15 November, and D.J.
Hofmann and G.L. Olson from 1 October to 15 November.
This work was supported in part by National Science Foun-
dation grant DPP 85-15472 and by the National Aeronautics
and Space Administration grant NAG W-918.
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Measurements of hydrogen cyanide
as a tracer of stratospheric transport

M. JARAMILLO, R.L. DE ZAFRA,

J . BARRETF, and L.K. EMMONS

State University of New York
Stony Brook, New York 11790

Hydrogen cyanide, first detected in the stratosphere by Cof-
fey et al. (1981), is thought to be produced at ground level by
a combination of natural and anthropogenic sources. In the
Earth's atmosphere, it is a relatively stable gas, with a residence
time of a few years (Cicerone and Zeliner 1983; Brasseur et al.
1985). Current models indicate that its tropospheric mixing
ratio (about 160 parts per trillion by volume) should be roughly
constant with altitude, decreasing in the stratosphere due to
reactions with atomic oxygen, hydroxyl radicals, and through
photolysis, although at present the magnitude of the latter is
unknown.

The long atmospheric residence time of hydrogen cyanide
makes it potentially useful as a tracer of atmospheric motions,
and this fact motivated its observation from McMurdo Station
in late September of 1986 and 1987, during the course of the
National Ozone Expeditions (NOZE) I and II. On both occa-
sions, a ground-based millimeter-wave spectral measurement
of the hydrogen cyanide emission line at approximately 266
gigahertz was made using the Stony Brook receiver, with the
same technique employed in the chlorine monoxide observa-

tions described elsewhere (de Zafra et al., Antarctic Journal, this
issue.) A more detailed account of the experimental technique
and equipment can be found in Parrish et al. (1988b).

The solid lines in figure 1 show the antarctic hydrogen cy-
anide mixing ratio profiles derived from the inversion of the

MOO

40
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D

20

NO
0.0	0.5	1.0	1.5	2.0	2.5

X10-10
Mixing Ratio

Figure 1. The smooth lines are the retrieved hydrogen cyanide
profiles, obtained by inversion of the spectra of figure 2. Each
inversion was made with a different choice of input profile for the
deconvolution algorithm. The shaded area represents the most
likely profile envelope from our measurements of hydrogen cyanide
at Hawaii (200 N; Jaramillo et al. 1988). The dotted lines correspond
to the model of Brasseur et al. (1985) for two values of hydrogen
cyanide photolysis cross section. (km denotes kilometer.)
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spectral data. The latter is shown in figure 2, along with the
fits corresponding to the profiles of figure 1. The data inversion
process makes use of the fact that the spectral line shape (figure
2) is determined by collisional, i.e., pressure-dependent broad-
ening, with the signal observed at the ground being the su-
perposition of signals of varying width, according to the altitude
at which they originate. Due to a relatively poor signal/noise
ratio from the weak hydrogen cyanide emission, the inversion
is subject to considerable uncertainty, illustrated by the fact
that there are several retrieved profiles in figure 1 (solid lines),
all of which give a satisfactory fit to the spectrum (see figure
2). The altitude range for which information can be extracted,
from approximately 25 to 50 kilometers in this case, is deter-
mined by the bandpass and resolution of the spectrometer. At
approximately 20 kilometers, the mixing ratio values are those
corresponding to the published measurements in the lower
stratosphere (Rinsland et al. 1982; Coffey et al. 1981).

Figure 1 also compares the antarctic profiles with earlier
observations we have made at Mauna Kea, Hawaii (Jaramillo
et al. 1988), shown as the shaded area in the figure. The dotted
lines in the same figure correspond to theoretical profiles from
the mid-latitude model of Brasseur et al. (1985). Leaving aside
the McMurdo data for the moment, let us point out that there
is a large discrepancy between the model and the Hawaiian
results, the latter showing a much slower decrease with alti-
tude. This lack of agreement between the current models and
the measured mid-latitude hydrogen cyanide profiles has been
confirmed in other recent observations (Abbas et al. 1987; Zan-
der et al. 1988), and suggests that the simple chemistry as-
sumed in the models may be incomplete. It also makes the
interpretation of our antarctic hydrogen cyanide measure-
ments difficult, and in any case, no photochemical modeling
for hydrogen cyanide in the antarctic stratosphere has yet been
done.

0	20	40	60 80 100 120 iO
Channel N

Figure 2. Antarctic hydrogen cyanide spectrum (noisy line), cov-
ering 140 megahertz, the result of averaging the two measurements
made in late September, 1986 and 1987. The superimposed smooth
lines are the fits to the spectral data corresponding to the retrieved
profiles of figure 1. Vertical scale is relative intensity of emission
in temperature units. The horizontal scale is frequency, at 1 mega-
hertz per channel. (T denotes temperature. °K denotes degrees
Kelvin.)

A significant portion of the difference in the hydrogen cy-
anide profiles (Antarctica vs. mid-latitude) may be of dynam-
ical origin. In other millimeter-wave spectroscopic observations
at McMurdo Station, we have observed an abnormally low
quantity of nitrous oxide to be present in the antarctic spring
(Parrish et al. 1988a). Since nitrous oxide has an atmospheric
lifetime of well over 100 years, it is an extremely robust tracer
of dynamical transport (Brasseur and Solomon 1984). The ex-
treme deficit of nitrous oxide registered by mid-September
suggests that a prolonged subsidence is taking place over the
antarctic continent during the austral winter months which
would also affect the vertical profile of hydrogen cyanide. Var-
ious evidence points to a total downward transport of perhaps
as much as 5 kilometers from June to August or early Septem-
ber. It would appear from figure 1 that downward transport
alone cannot account for the evident difference between trop-
ical and antarctic profiles, however, and that further refine-
ment in both the chemistry and dynamics of models will be
required to explain the differences.

This work was funded in part by National Science Foun-
dation grant DPP 87-13780, and by grants NAGW-353 from
NASA's Upper Atmospheric Research Program, and FC86-607
and FC87-658 from the Chemical Manufacturer's Association.
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Quantitative observations
of chlorine monoxide
over McMurdo Station

during formation
of the antarctic spring ozone hole

in 1987

R.L. DE ZAFRA, M. JARAMILLO,

J. BARRETT, and L.K. EMMONS

State University of New York
Stony Brook, New York 11790

During the Second National Ozone Expedition (NOZE II),
ground-based observations were made on the stratospheric
trace-gas species chlorine monoxide (CIO) which is formed
when chlorine reacts with ozone:

C1+O3 — CIO +O2	(1)

The presence of chlorine monoxide is direct evidence for the
chemical removal of ozone by this process. Our discovery of
extraordinary amounts of chlorine monoxide in the lower strat-
osphere during NOZE I in September and October of 1986 (de
Zafra et al. 1987; P. Solomon et al. 1987), along with the finding
of a related species, chlorine dioxide, at night in the antarctic
stratosphere (S. Solomon et al. 1987), gave the first direct proof
that chlorine chemistry was driving the formation of the ant-
arctic springtime ozone hole.

Primary emphasis during NOZE II was on quantitative mea-
surements of chlorine monoxide at altitudes of :5 22 kilometers
in the stratosphere. The NOZE II observations were made with
double the spectral bandpass of our 1986 measurements, a!-
lowing us to observe a substantially greater fraction of the total
pressure-broadened millimeter-wave emission line shape of
the chlorine monoxide molecular rotational transition at 278
gigahertz. An accurate determination of the line shape allows
a vertical mixing ratio profile to be recovered for the species
being observed. To get good recovery of mixing ratios for spe-
cies at lower altitudes in the stratosphere (hence showing greater
pressure broadening), it is necessary to use a large spectral
bandwidth.

Observations were begun on 1 September, but a succession
of storms and relatively high atmospheric humidity, which
strongly absorbs stratospheric emission at millimeter-wave-
lengths, made it more difficult to obtain high-quality obser-
vations than in 1986. The best observing weather of several
days in succession occurred during 20-24 September and our
chlorine monoxide measurements during that period are the
basis of this report.

The extremely weak rotational radiation from chlorine mon-
oxide (the molecule is present with a mixing ratio of order 1
part in 10 1 at an altitude around 20 kilometers), makes it nec-
essary to perform long integrations of the received signal to
obtain good signal/noise ratios. Chlorine chemistry in the strat-
osphere is dominated by photolysis of various species, and
thus the amount of chlorine monoxide varies strongly during
a 24-hour period. Our observations were made around the
clock and averaged together into 2-hour time blocks, using
stratospheric dawn and sunset as reference times, to obtain a

picture of the diurnal variation of the vertical distribution of
chlorine monoxide throughout the altitude range from ap-
proximately 17 to 45 kilometers. As in our 1986 observations,
two distinct components were seen—a "normal" layer of chlorine
monoxide peaking at about 37 kilometers, which is found
worldwide, and a highly anomaios layer peaking around 19-
20 kilometers, found only over Antarctica during formation of
the springtime ozone hole.

Figure 1 shows the diurnal succession of presure-broadened
chlorine monoxide emission line shapes, from data divided
into various time bins. Bin a covers the last 2 hours before
stratospheric dawn: bin b runs from dawn to 2 hours after
dawn, etc. Bin h ends at sunset. Bin e, which is the only one
greater than 2 hours in length, covers all data taken more than
6 hours after sunrise and more than 6 hours before sunset: it
covers an average of about 31/2 hours. The rapid growth of
wide line wings, originating from low-altitude, pressure-
broadened chlorine monoxide, is very evident during the hours
of daylight.

A three-dimensional plot of the mixing ratio profiles as a
function of altitude and time, as recovered from the pressure-

Channel #
Figure 1. Spectral line shape for chlorine monoxide emission peak-
ing at 278,631 megahertz as a function of time of day. The abscissa
indicates frequency on a scale of 1 megahertz per spectrometer
channel number. Intensity Is measured In Rayleigh-Jeans equiva-
lent black-body temperature. The different spectra are averages
over 2-hour time Intervals, except for "e." See text for explanation.
The formation of broad line wings during daylight hours indicates
a large buildup of low-altitude chlorine monoxide which disappears
rapidly toward sunset, as photolysis stops. Smooth curves through
the data are synthetic lineshapes generated from the recovered
mixing ratio profiles of figure 2. (T denotes temperature. °K denotes
degrees Kelvin.)
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broadened lineshapes in figure 1, is given in figure 2. Here
the same letter designations are used for the various time bins
as in figure 1. The markedly different diurnal behavior of the
upper and lower stratospheric components of chlorine mon-
oxide is primarily a manifestation of different chlorine chem-
istry cycles in the two regions: in the upper stratosphere, there
is sufficient atomic oxygen present to allow the reaction

O+ CIO -Cl+O2	(2)

to close the catalytic cycle by which chlorine destroys ozone
via equation 1 (Molina and Rowland 1974). In the lower strat-
osphere, atomic oxygen is essentially absent and the large
concentration of chlorine monoxide which we find signifies
that the cycle can be closed quite efficiently by a different route
proposed by Molina and Molina (1987):

CIO + CIO + M ---> 	+ M	 (3)

followed by photolysis or thermal decompositon of the chlor-
ine monoxide dimer to eventually release two chlorine atoms

a	b c 	e	f g h i
50

-% 45
In

40
E
0

35

W
30

15

100

Figure 2. Diurnally changing profiles for the mixing ratio of chlorine
monoxide recovered from the data of figure 1. Letters refer to the
same time bins as used in figure 1. The maximum daytime mixing
ratio Is approximately 1.6 parts per billion by volume for chlorine
monoxide, occuring at an altitude of approximately 19.5 kilometers.

again. Here M is any third molecule carrying off excess energy.
A quantitative analysis using our measured chlorine monoxide
concentrations as a function of altitude shows that the ozone
depletion rates predicted as a function of altitude and available
daylight for this chemical cycle can be made to agree quite
well with the observed rates for ozone depletion as a function
of time and altitude measured over McMurdo in 1987 (Hof-
mann et al. in press). Full details of these calculations appear
in Barrett et al. (1988). Details of our determination of the
diurnal cycle of chlorine monoxide over the altitude range
approximately 17-45 kilometers appear in de Zafra et al. (in
press). These and other experiments carried out during 1986
and 1987 have yielded a reasonably complete picture of how
and why an ozone "hole" has developed in the antarctic spring
stratosphere.

This work was made possible through generous support of
NASA's Upper Atmospheric Research Program (grant NAGW-
353), the Chemical Manufacturer's Association (grant FC-87658),
and the National Science Foundation (grant DPP 87-13780).
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Lidar studies in the Antarctic
during the October 1987

ozone depletion
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Goddard Space Flight Center
Greenbelt, Maryland 20771

Our group operated a ground-based lidar* as part of the
1987 NOZE II expedition to McMurdo, Antarctica. We had
four objectives:
• to observe the formation of the "ozone hole" as the austral

spring ozone depletion occurs,
• to observe the changes in the ozone profile as the column

minimum circulates about the pole as observed in 1986,
• to provide profile information to complement the column

measurements provided by satellite and to complement the
electrochemical concentration cell sonde profiles determined
by balloon flight from McMurdo, and

• to investigate this performance of a differential absorption
lidar for ozone measurements in the harsh environment af-
forded by Antarctica. For a variety of reasons these objec-
tives were only partially fulfilled.
Differential absorption lidar. The differential absorption lidar

technique is in principal a very attractive method for measuring
trace species in the atmosphere. The approach is to transmit
lasar pulses at two wavelengths into the atmosphere—selected
so that one is much more strongly absorbed by the species of
interest than the other. The relative intensity of the backscat-
tered radiation is measured as a function of the time after the
laser fires. The time delay is used to calculate the length of the
optical path and from the observed absorption the average
concentration of the absorber along the path can be deduced.
By subtracting the average concentration for a path of length
Z from the average over a path of length Z + AZ a profile of
concentration versus range can be obtained. Two wavelengths
are used so that corrections can be made for any factors other
than absorption affecting the strength of the backscattered sig-
nal, most particularly changes in the aerosol loading of the
atmosphere.

Results. As previously mentioned, our goals in this venture
were only partially met. The first goal of observing the fall in
ozone concentration as the "hole" forms was not met because
the mission was started later than originally planned and the
weather following the assembly of this instrument at McMurdo
was not favorable for the lidar measurements. The result is
that the ozone concentration was quite near to its ultimate
minimum before any lidar observations were performed. The

• A lidar (also known as a laser radar) is an instrument which measures
some property of the atmosphere by transmitting a beam of light and
measuring some characteristic of the light which is scattered back to
the instrument by the atmosphere. Our particular instrument mea-
sured ozone concentration by measuring the difference in the at-
mospheric attenuation of two beams of different wavelengths—one
strongly absorbed by ozone and the second less strongly absorbed.
This technique is sometimes called DIAL for differential absorption
lidar.

second goal, that of observing changes in the ozone profile as
the minimum circulated the pole, was also thwarted by the
fact that the morphology of the hole was different in 1987 from
that in 1986. In short, the depletion region resembled a bulls-
eye pattern with a minimum centered almost directly on the
pole. At McMurdo the day-by-day changes in the total column
as observed by Total Ozone Mapping Spectrometer (TOMS)
were quite small and the profiles we obtained during our ob-
servation profile were remarkably similar. Figures 1 and 2 show
profiles measured on two separate occasions between 15 Sep-
tember and 7 October. The profiles labeled "Sept. 22E" and
"Sept. 22F" represent data collected in the early morning of
22 September and on the evening of 22-23 September, re-
spectively. The general pattern is a typical tropospheric value
up to about 10 kilometers at which altitude the ozone concen-
tration begins to increase. We would be inclined to term this
altitude the tropopause although in the absence of solar heat-
ing of the ozone during the polar winter, there is no significant
increase in temperature observed by the sondes. At an altitude
of 12-13 kilometers the ozone concentration reaches a maxi-
mum value and begins to decrease. This is certainly irregular
behavior since under most circumstances the ozone concen-
tration would be expected to increase continuously up to an
altitude of 20 kilometers or more. By 15 kilometers, the ozone
concentration is at or below tropospheric value. Generally, 15
kilometers appeared to be the altitude of minimum ozone con-
centration. Measurements above about 16 kilometers were not
possible because of the prevalence of polar stratospheric clouds
(PSCs) during every measurement episode. We had believed
PSCs to be something of a rarity over McMurdo, but we found
them to be present practically every single observation night.
A layer around 16 kilometers was extremely persistent and
effectively eliminated the possibility of ranging to greater al-
titudes by its strong attenuation of the signal. Figure 2 shows
a plot of a typical lidar signal, corrected for the exponential
fall-off of the atmosphere and for inverse square decrease, as
a function of range. The "bumps" in the profile below 16
kilometers are backscatter signals off of PSCs. The Stanford
Research Institute lidar operating next to our system was de-
signed to observe aerosols and produced detailed maps in
space and time of the PSCs on those nights when that system
was operational, (Morley personal communication). The PSCs
were particularly harmful to our effort because our two op-
erating wavelengths could not be transmitted simultaneously
as they should be in an optimally designed differential ab-
sorption system. Instead, we spent alternate periods of 10-15
minutes on each wavelength. To the extent that the properties
or position of the PSCs changed during this period, our cor-
rection for changes in atmospheric scattering is imperfect and
our ozone profile retrievals are noisier than they could be.
Since we are able to discern the presence of PSCs as demon-
strated in figure 2, the final analysis for ozone profiles makes
use of the strategem of throwing away data in the region of
PSCs. Obviously, this detracts from the ultimate signal-to-noise
ratio of our retrieval, but it avoids the more severe problem of
spurious signals from the clouds. The 14-kilometer point on
the profile from Sept. 22F shows the effect of this procedure.

Conclusions. Clearly an earlier arrival at McMurdo and better
weather would have greatly increased the value of our partic-
ipation in NOZE II. Nevertheless, a number of significant find-
ings may be drawn from our efforts. To summarize:
• ozone concentration profiles between 5 and 15 kilometers

of altitude were obtained on 13 evenings during the time
span from 13 September through 7 October,
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Figure 1. Shown are six profiles of ozone partial pressure versus altitude measured by the lidar over McMurdo between 15 September and
25 September 1987. Temperature profiles needed to convert concentration to partial pressure were obtained from balloon sondes operated
by the University of Wyoming. A "normal" profile would show an increase in ozone above the tropopause at about 10 kilometers altitude.
The decrease or failure to increase observed here indicates that the now famous ozone "hole" is present.
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Figure 2. These four profiles were obtained between 28 September and 7 October. As before, the ozone values above the tropopause are
abnormally low.

10

Figure 3. This plot shows the log of the number of photons detected
versus the altitude in kilometers for 6000 laser shots during the
10-minute span indicated. The dots on either side of the main line
repreent two standard deviations of uncertainty in the count. The
large features observed beyond about 12 kilometers arise from
strong scattering and absorption of the laser light by polar strat-
ospheric clouds. While our lidar was able to detect and observe
the motion and morphology of these clouds, their presence made
quantitative measurements of ozone number densities much more
difficult.
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• stratospheric ozone showed a strong depletion with levels
at 16 kilometers typically less than 20 nanobars,

• the shape of the altitude profile was more or less the same
during our period of observations with figure 1 being a good
representative, and

• polar stratospheric clouds were present essentially all the
time with a layer at about 16 kilometers being the most
consistent feature. Additionally, we suggest that the follow-
ing features be included in any lidar system proposed in the
future for ground-based ozone measurements during the
antarctic spring: (1) well-insulated thermally, or at least de-
signed to be tolerant of substantial thermal gradients in the
local vicinity, (2) tunability in the 285-300 nanometer region
in order to encompass the extreme changes in ozone column
likely to be observed and to offer maximum contrast with
increasing solar scatter from the rising Sun, (3) simultaneous

transmission of the two wavelengths for best connection of
rapidly changing atmospheric scattering characteristics due
to motion of the PSCs, and (4) use of a biaxial design and
a gated photomultiplier to protect the detector from strong
near-field Rayleigh scattering.
We gratefully acknowledge the support of National Aero-

nautics and Space Administration (NASA) Headquarters for
providing funds with which this instrument was modified for
polar use and the support of the National Science Foundation
for providing transportation and field support for NASA sci-
entists conducting this research.

Reference

Morley, R. 1987. Personal communication.

Nitric acid and hydrogen
chloride amounts

over McMurdo Station during the
spring of 1987
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The University of Denver atmospheric research group has
made infrared measurements from the South Pole for a number
of years. The recent detection of an ozone depletion over the
Antarctic during the austral spring has heightened interest in
gathering data on the concentration of several stratospheric
constituents during this depletion. To obtain such data, Frank
Murcray of the University of Denver and Nicholas Jones of the
New Zealand Division of Scientific and Industrial Research
took the instrumentation used in the South Pole studies to
McMurdo Station during winter fly-in (WINFLY). The instru-
mentation was set up at Arrival Heights and obtained infrared
solar spectra, when the weather permitted, between 10 Sep-
tember 1987 and 28 October 1987.

The instrument used for these measurements consists of a
50-centimeter path-difference, moving-mirror Michelson in-
terferometer equipped with a servo-controlled solar tracker.
Solar interferograms are recorded digitally on magnetic-tape
cartridges. The instrument complement sent to McMurdo Sta-
tion included a personal computer with the capability of trans-

forming interferograms to solar spectra. This made it possible
to check the quality of the data and make preliminary estimates
of the column amounts of selected constituents. For these ob-
servations, the interferometer was operated with two detec-
tors. This allowed data to be recorded in two spectral regions
simultaneously. An indium antinomide detector was used for
the short-wavelength region (2,700-3,100 wavenumbers), and
a mercury cadmium telluride detector was used for the region
from 750 to 1,250 wavenumbers. The interferometer system
was constructed for balloon use and is lightweight. As a result,
the total shipment to McMurdo Station weighed less than 400
kilograms.
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Figure 1. Portion of an infrared solar spectrum obtained from
McMurdo Station 10 October 1987. The solar zenith angle at the
time of observation was 80.60. The solid line is a spectrum calcu-
lated assuming a standard nitric-acid profile and adjusting the total
column. The dashed line is the observed spectrum.
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The interferometer and solar tracker were mounted on a
stand which could be raised and lowered by electric-motor-
operated screw jacks. When raised into position for observing,
the solar tracker protruded through a hole in the roof.

The observational program was conducted in collaboration
with the New Zealand Department of Scientific and Industrial
Research, which provided personnel, space at Arrival Heights,
and accommodations for the personnel involved in the expe-
dition. The equipment and personnel from the two groups
arrived at McMurdo Station in early September. The instru-
mentation was set up shortly after arrival; however, cloudy
weather prevented data-taking until 13 September. Data were
then taken as weather permitted (in addition to clouds, high
winds prevented data-taking on a number of days). The in-
strumentation operated very well and data were obtained until
a drive belt failed in early November, 4 days before the ex-
pedition was scheduled to end.

Spectra in the nitric-acid region (868-870 wavenumbers) were
matched to line-by-line calculations by varying the nitric-acid
total column amount. Figure 1 shows the agreement in the
spectral region between the observed and calculated spectra.
The column amounts determined in this way are given in
figure 2 which shows the variation in column amount with
time. The hydrogen-chloride column amount was determined
in the same fashion using the absorption line at 2,925.9 wave-
numbers. A typical fit for the hydrogen-chloride feature is
shown in figure 3. The variation in hydrogen-chloride column
amount are also shown in figure 2.
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Figure 3. Portion of an infrared solar spectrum obtained from
McMurdo Station 10 October 1987. The solar zenith angle at the
time of the observation was 80.6 0. The solid line is the spectrum
calculated using a standard profile for hydrogen chloride and ad-
justing the column amount. The dashed line is the observed spec-
trum.
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A satellite study
of barrier-wind airflow

around Ross Island

DAVID H. BROMWLCH
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The meteorology of the Ross Island area is of great interest
for both applied and theoretical reasons. Practical applications
relate to the safe and efficient movement of aircraft using the
ice runways near McMurdo Station. Theoretical interest cen-
ters on the profound modification of the surface windfield by
the mountainous topography of Ross Island, which has been
known since Simpson (1919) published the meteorological re-
sults from Captain R.F. Scott's British Antarctic Expedition
1910-1913. For most of the year, stably stratified air (in which
the temperature increases with height) approaches the island
from the south, and then is forced to blow around the high,
steep obstruction. This creates a stagnation (calm) zone on the
windward (south) side of the island in the area known as
Windless Bight. The streamline map constructed by Simpson
(figure 1) succinctly summarizes these ideas.

Recent research has clarified the kinematics and dynamics
of this topographically forced wind regime. Using automatic
weather station (AWS) observations, Savage and Stearns (1985)
described the persistent southerly airflow over the north-
western Ross Ice Shelf and found that the sea-level pressure
distribution around Ross Island is consistent with that ex-
pected for a climatological barrier-wind regime (described be-
low). Slotten and Stearns (1987), also from examination of AWS
data, obtained tentative support for the theory (Schwerdtfeger
1984) that northward-moving cold stable air is deflected around
Ross Island by the pressure gradient associated with the pile-
up of air against the southern side of the island. O'Connor
and Bromwich (1988) modeled the streamline pattern associ-
ated with this airflow deflection and the local pressure field
required to force it. The maximum perturbation pressure is
proportional to the square of the approaching (frictionless)
wind speed and ranges from negligible values for the clima-
tological situation to several hectopascals for strong (approx-
imately 20 meters per second) southerly winds. A close fit
between the theoretical predictions and observed winds and
pressures was obtained for one strong-wind case.

The persistent southerly winds just to the south of Ross
Island are thought to be primarily barrier winds, although as
discussed by O'Connor and Bromwich (1988), katabatic (i.e.,
downslope) winds may contribute significantly. When stable

air is moved by the large-scale pressure field toward a suffi-
ciently high and extended mountain range, like the Transant-
arctic Mountains, the air cannot pass over the obstruction but
turns and blows parallel to it. The direction of mountain-par-
allel barrier winds is determined by the geostrophic balance
between the pressure gradient force due to the varying depth
of cold air piled up against the mountains and the Coriolis
force (Schwerdtfeger 1984). Analyses of AWS and satellite data
have identified barrier-wind events forced by both synoptic-
scale (Bromwich 1986) and mesoscale cyclones (Bromwich 1987).

This report describes the effect of Ross Island upon a south-
erly barrier-wind stream generated by a synoptic-scale low-
pressure area centered over the northern Ross Sea. The anal-
ysis is primarily based on Defense Meteorological Satellite Pro-
gram (DMSP) thermal-infrared satellite imagery but is
supplemented with ground-based data where necessary. The
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Figure 1. Simpson's (1919) depiction of surface airflow around Ross
Island during blizzards (solid lines). Resultant winds for February
through May 1984 are given for the AWS sites (numbered) listed
by Savage et al. (1985) and for Scott Base (S.B.); these observations
demonstrate that the time-averaged airflow also follows the same
streamline pattern. The following plotting convention is used for
resultant speeds: no symbol means less than 1.3 meters per sec-
ond, half a barb 1.3-3.8 meters per second, and a full barb 3.9-6.4
meters per second. This diagram is an adaptation of figure 2(a) In
O'Connor and Bromwich (1988).
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satellite perspective allows several otherwise inaccessible as-
pects of this airflow deflection phenomenon to be studied.

Twice daily hemispheric synoptic maps produced by the
Australian Bureau of Meteorology, Melbourne, generally showed
pronounced southeasterly geostrophic winds affecting Ross
Island from 0000 universal coordinated time (about 12 hours
behind local time at McMurdo Station) on 13 August 1979 to
1200 universal coordinated time on 15 August 1979. The marked
pressure gradients were associated with a synoptic-scale low-
pressure trough over the northern Ross Sea which contained
several low centers during the 2 1/2-day interval. The satellite
images supported the analyzed snyoptic sequence, but showed
that the cyclone centers were generally analyzed several hundred
kilometers to the north and east of their actual locations. The
resulting southeasterly geostrophic airflow would pile stable
air up against the Transantarctic Mountains and would cause
a barrier wind to approach Ross Island from the south. This
case is similar to the one shown in figure 3 of Bromwich (1986).

Figure 2 gives a schematic representation of a thermal-in-
frared satellite image of the Ross Sea area during the mid-

1800

Cape Adore
Warm Feature

ffff Warmest Features
Fast Ice

•Low
1600E\

\Ross Sec
\1

L	 +75°S

Approximate boundary

	

(l)	 \ of high level overcast-_z

	

'—	\	 -5-------

Polynya
Ross Island

Royds 	 Ross land\

St=d	Windless

Subsidence worming
Skelton 61 ,—'!'

M inn a Bluff
l5O°E 

Mu/ock 

+80°s

Dorwin 6/

)cSyrdGr	Ross Ice Shelf

Figure 2. Schematic representation of thermal-infrared DMSP sat-
ellite Image of the Ross Sea neighborhood, 2033 universal coor-
dinated time (UTC) 14 August 1979. Data for fast ice anchored to
the north side of Ross Island and polynya near Cape Crozier, which
are hidden by the cloud band at 2033 universal coordinated time,
are taken from an image at 0551 universal coordinated time on 15
August. Inset is a location map for Ross Island.

August barrier-wind event. The dominant cyclone in the above-
mentioned low-pressure trough is located east-southeast of
Cape Adare. A frontal cloud band circles the cyclone and cov-
ers the eastern half of Ross Island. The warm signatures of
katabatic winds (e.g., Kurtz and Bromwich 1985; D'Aguanno
1986) from Byrd, Darwin, Mulock, and Skelton glaciers are
present on the Ross Ice Shelf and these airflows contribute to
the barrier-wind stream blowing northward toward Ross Is-
land. A warm wind shadow area is present on the downstream
side (north) of Minna Bluff. This wind shadow is a clear region
caused by adiabatic warming of air sinking into a zone pro-
tected from the low-level barrier winds (a wake) which are
deflected around the end of the 600- to 1,000-meter-high ob-
stacle. AWS observations show that this upstream blocking
situation south of Minna Bluff is a frequent occurrence
(O'Connor and Bromwich 1988). Once the barrier windstream
encounters the topography of Ross Island, it splits and blows
around the sides forming polynyas (areas of open water sur-
rounded by ice) near Capes Royds and Crozier. Because the
vast majority of antarctic coastal polynyas are generated by
strong surface winds (Knapp 1972; Bromwich and Kurtz 1984),
these lateral polynyas are probably caused by topographically
enhanced winds near the extremities of the obstacle as the air
rounds the island.

Figure 3 summarizes the relationship between the satellite-
observed polynyas and the concurrent surface winds at
McMurdo Station during the barrier-wind event. The western
polynya developed after a day of marked easterly winds at
McMurdo Station and persisted for a day or more until these
winds abated. This is the late winter polynya described by
Stonehouse (1967). The eastern polynya developed more rap-
idly than the western one but disappeared at about the same
rate. The satellite image for 1912 universal coordinated time
on 13 August 1979 suggests that this behavior difference was
due to katabatic airflow, primarily from Byrd Glacier, which
at least initially, passed eastward around Ross Island after
being deflected by Minna Bluff.

Satellite images also showed an extensive cold area of fast
ice attached to the north side of Ross Island throughout the
study period (compare figure 2). This feature is consistent with
the idea that this is an area sheltered from the southerly barrier
winds. In this case, light wind areas appear to be present on
both the upwind and downwind sides of the obstacle.

In summary, satellite imagery provided important details
about the mid-August 1979 barrier-wind event at Ross Island
that would be difficult or impossible to obtain with even a
spatially dense AWS array. Katabatic drainage through the
Transantarctic Mountains between Byrd Glacier and Minna
Bluff made an important contribution to the approaching bar-
rier windstream. The barrier airflow overcame Minna Bluff's
sheltering effect for Ross Island by skirting the obstacle at low
levels, while higher level air subsided into the downwind wake.
Near-surface airflow around Ross Island generated enhanced
winds adjacent to its eastern and western extremities which
in turn lead to polynya formation. There are indications that
the area immediately downwind of Ross Island experienced
nearly calm conditions for most of the study period.

This research was supported by National Science Founda-
tion grants DPP 83-14613 and DPP 85-19977. Bill O'Connor
provided valuable input on several aspects of this study. The
DMSP satellite pictures were obtained from CIRES/National
Snow and Ice Data Center, University of Colorado, Campus
Box 449, Boulder, Colorado 80309.
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Katabatic winds are intense near-surface drainage flows forced
primarily by the radiational cooling of the sloping ice surface.
Although the strongest katabatic flows are associated with the
near-coastal environment, the roots of the drainage winds can
often be traced deep into the continental interior. As noted in
Parish and Bromwich (1987), the surface-wind pattern over the
antarctic interior is highly irregular. In certain sections of the
interior, cold air becomes channeled into narrow zones focused
on the coastline. Such "confluence zones" represent regions

of enhanced supplies of negatively buoyant air which enable
coastal katabatic winds to become anomalously strong and
persistent. Terra Nova Bay is one such region influenced by
flow convergence in the interior. Observations suggest that
the katabatic regime in the vicinity of Terra Nova Bay is highly
anomalous with intense, persistent drainage flow for nearly 9
months of the year (Bromwich and Kurtz 1982).

Currently, a comprehensive study of the katabatic wind re-
gime at Terra Nova Bay is underway. Since 1984, an automatic
weather station (AWS) has been situated on Inexpressible Is-
land; four additional AWS units were installed about Reeves
Glacier during the 1987-1988 field season. Additional docu-
mentation of the katabatic wind regime near Terra Nova Bay
has been obtained from data collected from a series of LC-130
instrumented airplane flights. Details of the LC-130 data sys-
tem can be found in Renard and Foster (1978); an itemization
of the onboard instrumentation is given in Gosink (1982). The
portable data acquisition and real-time display system de-
signed and built by the Cloud and Aerosol Research Group at
the University of Washington was used on the LC-130 in this
study. Three LC-130 instrumented flights were conducted dur-
ing November 1987; two of the missions focused on measure-
ments of the katabatic stream in the lower atmosphere and the
third was to photograph the aeolian-forced sastrugi patterns
in the interior of the continent. The flights were conducted as
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Figure 1. LC-130 flight track in the Terra Nova Bay region for 5 November 1987 case study. (km denotes kilometer.)
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early in the austral spring as possible to ensure that the ka-
tabatic winds would still be active.

Data for the 5 November 1987 flight were collected over a
3-hour period commencing at 2000 local time. As illustrated in
figure 1, the flight track followed a zig-zag pattern covering
the interior and extending down Reeves Glacier to Terra Nova
Bay and then southward to the terminus of the katabatic stream.
A series of time sections of 10-second averages have been
prepared (figure 2) to illustrate the variation of meteorological
parameters with time. End points of the respective legs are
indicated by elongated tick marks along the top and bottom
of the time sections. The temperature and potential temper-
ature profiles are shown in figure 2a. The interior region at an
altitude of approximately 170 meters above ground level and
near the top of the katabatic layer (points A to E) is charac-
terized by cold temperatures ranging from 240°K over the high-
est terrain to near 255°K over lower portions of the continent.
Potential temperatures show smaller variations and over most
of the interior average approximately 270°K. Small-scale vari-
ations in the temperatures can be related to the changes in the
underlying terrain height with the warmer temperatures sit-
uated at the lower elevations.

The time traces of wind speed and wind direction are also
illustrated in figure 2. In the continental interior (points A to
E), wind speeds (figure 2b) are generally light to moderate
averaging approximately 6 meters per second. The observed
wind directions (figure 2c) are closely related to the orientation
of the underlying terrain slope. Since the flight level of 170
meters is near the top of the boundary layer, the friction force
is small. For such katabatic wind situations, the flow should
nearly parallel the underlying terrain contours with highest
terrain to the left as discussed in Lettau and Schwerdtfeger
(1967). An example of the topodynamic forcing of the wind
can be seen in the leg A-B in figure 2b. As figure 1 indicates,
the downslope direction of the underlying ice terrain varies
from approximately 310° at A to 230° or so at B. The wind
directions corresponding to this leg change from 220° at A to
150° at B, generally 90° from the fall line. Similar changes can
be seen the remaining three interior flight legs, underscoring
the dominance of terrain-induced processes.

Point E marks the start of the flight path down Reeves Glacier
and abrupt changes occur in both temperature and wind. Un-
mistakable signatures in both temperature and wind indicate
the presence of the strong katabatic flow. A strong increase in
the temperature is seen during the air-craft descent down the
glacier, presumably due to the attendant adiabatic compres-
sion of the air stream as it reaches lower elevations. The po-
tential temperatures display an abrupt drop corresponding to
a point at the head of Reeves Glacier. This indicates that while
the katabatic stream along and beyond Reeves Glacier is be-
tween 10-15° warmer than found at elevated regions upslope
in the interior, the air is potentially colder and, hence, is neg-
atively buoyant. A sharp increase in the wind speed accom-
panies the drop in potential temperature. This sudden onset
actually occurs before point E in figure 1 is reached and cor-
responds to the point at which the airplane enters the catch-
ment at the head of Reeves Glacier. The strongest katabatic
winds observed were approximately 30 meters per second and
occurred in the lower half of the glacier. The wind directions
during the passage down and beyond the glacier were con-
sistently from the northwest along the orientation of the glacier
fall line.

This research has been supported by National Science Foun-
dation grants DPP 85-21176 and DPP 85-19977.
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From accurate terrain slopes and estimates of the lower at-
mospheric temperature structure, the winter pattern of surface
airflow over the sloping ice fields of Antarctica can be inferred
with a high degree of confidence (Parish and Bromwich 1987).
Winds do not blow radially and uniformly away from the cen-
ter of the continent but rather converge into several narrow
zones just inland of the steep coastal ice slopes. These conflu-
ence zones in the surface windfield provide large reservoirs of
cold air which sustain regions of strong, persistent coastal
katabatic winds (Parish 1984), like Cape Denison and Port Mar-
tin in Adélie Land. Convincing evidence has been obtained
that similar wind conditions prevail at Terra Nova Bay along
the coast of Victoria Land (Bromwich in press). Katabatic wind
speeds average 17 meters per second for the fall months of
February through April with speeds mostly ranging between
10 and 30 meters per second. After providing an overview of
the katabatic windfield near Terra Nova Bay, this report uses
automatic weather station (AWS) observations to analyze a 2-
day interval in February 1988 during which this drainage pat-
tern was both completely disrupted and then greatly intensi-
fied. No satellite images were available for time period, however.

Figure 1 provides an approximate description of the winter
surface winds near Terra Nova Bay based upon AWS data for
February 1988; it should be noted, however, that the average
speed at the Inexpressible Island AWS for this month was the
lightest of the four Februarys monitored so far. We are cur-
rently conducting a joint project to describe the kinematics and
dynamics of this intense katabatic airstream. AWS platforms

05, 09, 21, 23, and 27 have been deployed specifically for this
work. In addition, complementary AWS observations are being
collected by the Italian National Antarctic Research Program
at sites 50, 51, 52, and 53. Figure 1 shows a very stable drainage
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Figure 1. Surface windfield near Terra Nova Bay as illustrated by
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average wind blows. Barbs attached to each direction line give the
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the former usually indicating randomly distributed directions, and
the latter, that the wind direction hardly ever changes. Wind speeds
have been corrected to a fixed height of 3 meters above the surface
by assuming a logarithmic wind speed profile and a roughness
length of 0.1 millimeters (Budd et al. 1966). Thin solid lines in the
left half of the figure are ice-sheet elevation contours in meters.
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pattern on the plateau with air converging into Reeves Glacier.
This focusing is most clearly demonstrated by the persistent
northerly winds at AWS 21 which are generated by both the
blocking effect of the mountains to the east and the topo-
graphic trough in which the station is situated. The air accel-
erates as it descends approximately 1,100 meters down Reeves
Glacier from the plateau to the Nansen Ice Sheet. The airstream
gradually slows as it crosses the 34-kilometer wide ice sheet
to reach Inexpressible Island where the strongest wind speeds

are recorded. AWS 50 is adjacent to the northern edge of the
katabatic airstream and is intermittently embedded within it.
A strong persistent katabatic wind also blows down Priestley
Glacier. AWS 53 is located on the eastern side of the 400- to
600-meter-high Northern Foothills, and appears to be sub-
jected to episodes of katabatic drainage from both Priestley
and Reeves glaciers.

Around 1200 universal coordinated time (about 12 hours
behind local time at McMurdo Station) on 16 February 1988,
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Figure 2. Surface cyclogenesis on the polar plateau in conjunction with a coastal mesoscale cyclone (0600 universal coordinated time on
17 February 1988). Solid lines are contours of pressure anomaly in hectopascals; this quantity is defined as the difference between AWS
pressure at chart time and the average for February 1988. Heavy dashed line on the plateau represents the —5 hectopascal pressure
anomaly isopleth. Pressure anomalies are used to represent the pressure field because this avoids the introduction of arbitrary assumptions
needed to reduce AWS pressure values to a common datum. Dashed-dot lines represent isopleths of potential temperature in degrees
Celsius; this derived variable removes a marked elevation dependence from the AWS temperature readings. For each AWS site (numbered)
observed wind vectors at chart time are plotted according to the convention described for figure 1; no corrections for differing measurement
heights have been applied to the wind speeds, however.
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a mesoscale maritime cyclone which may have moved south-
ward into the Ross Sea from the southern ocean appeared near
Franklin Island. Over the next 12 hours the storm remained
nearly stationary and developed steadily. By 0300 universal
coordinated time on 17 February, a much smaller cyclone had
developed over the Drygaiski Ice Tongue. By analogy with the
case described by Bromwich (1987), development near Terra
Nova Bay may have been favored by the formation of a near-
surface horizontal temperature gradient (a baroclinic zone) be-
tween the cold katabatic air from the ice sheet and the warmer
air of the offshore maritime cyclone; however, katabatic winds
at Inexpressible Island were not well developed prior to cy-
clone formation, averaging only 9 meters per second between
1800 universal coordinated time on 16 February and 0300 uni-
versal coordinated time on 17 February. It is probable that the

key factor for the development of this small-scale storm was
a favorable synoptic environment.

Between 0300 and 1200 universal coordinated time on 17
February, the coastal storm moved northward along the coast
and gradually intensified while the offshore cyclone remained
stationary and slowly weakened. Three hours after the meso-
cyclone developed near Drygalski Ice Tongue (i.e., by 0600
universal coordinated time on 17 February), a similar cyclone
formed over the plateau to the west of Terra Nova Bay and
disrupted the surface wind regime. Figure 2 shows that at this
time the winds at AWS sites 23, 27, and 09 were very different
to the typical pattern revealed by figure 1, with the former two
locations having marked upslope wind components. Clearly,
the plateau AWS winds were strongly influenced by the at-
mospheric pressure gradients. The plateau cyclone developed

Figure 3. Cyclogenesis over Drygaiski Ice Tongue forced by an intense katabatic outflow from Reeves Glacier (0000 universal coordinated
time on 18 February 1988). See caption for figure 2 for explanation of notation.
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in a strong baroclinic zone between warm maritime air ad-
vected onto the plateau by the coastal cyclone and cold kata-
batic air blowing southward along the mountains. This
baroclinicity is shown by the 4.8°C potential temperature dif-
ference between AWSs 27 and 21. The plateau storm moved
northward in tandem with the coastal low, and was not de-
tected by the plateau AWS array after 0900 universal coordi-
nated time on 17 February. Normal surface wind conditions
resumed by 1500 universal coordinated time on 17 February.
Thus, the disruption to the surface wind regime over the polar
plateau lasted for about 15 hours, but the most pronounced
non-katabatic winds were confined to the 6-hour period when
the plateau cyclone was well defined. The coastal cyclone prop-
agated northward along the Victoria Land coast at 18.5 kilo-
meters per hour and caused 25-meter-per-second winds at Cape
King for the 6-hour period centered at 1330 universal coordi-
nated time on 17 February. By 2100 universal coordinated time
on 17 February, the Victoria Land coast between Terra Nova
Bay and Cape King was completely free from the influence of
both the coastal and offshore meso-cyclones.

By 0000 universal coordinated time on 18 February, the ka-
tabatic wind speed at Inexpressible Island had increased to 30
meters per second and another mesoscale cyclone had sud-
denly formed near Drygalski Ice Tongue (figure 3). This de-
velopment appears to be very similar to the February 1984 case
described by Bromwich (1987) where an intense outflow of
cold katabatic air into the maritime environment over the
southwestern Ross Sea was associated with mesoscale cyclone
formation between Terra Nova Bay and Franklin Island. Over
the next 6 hours, the katabatic outflow continued unabated,
and the meso-cyclone developed slowly and remained nearly
stationary. By 0900 universal coordinated time on 18 February,
the katabatic speed at AWS 05 had declined to 22 meters per
second and the meso-cyclone had started to move slowly east-
ward. Katabatic wind speeds remained around 20 meters per
second for the next 9 hours, and by 1800 universal coordinated
time on 18 February the mesoscale cyclone had passed out of
the AWS array. A satellite photograph of this meso-cyclone at
a later time appears on the cover of the September 1988 issue
of the Bulletin of the American Meteorological Society (labeled as
vortex). In this instance, mesoscale cyclogenesis (i.e., cyclone

formation) appears to have been forced by the intense katabatic
airstream from Reeves Glacier, while the subsequent move-
ment of the storm was probably governed by the steering
winds higher in the atmosphere.

Two cases of mesoscale cyclogenesis near Terra Nova Bay
have been presented which were separated by only 21 hours.
The first developed in conjunction with comparatively weak
katabatic winds from Reeves Glacier and a favorable synoptic
environment. An associated but transient vortex formed in a
strong baroclinic zone over the plateau and completely dis-
rupted the surface wind regime upslope from Reeves Glacier.
The second meso-cyclone appeared to be forced by an intense
surge of cold katabatic air from Reeves Glacier. Midtropo-
spheric conditions were presumably less favorable for surface
cyclogenesis by this stage as the storm only intensified slowly,
before moving eastward. In the future, studies of the midtro-
pospheric behavior using satellite data will be conducted to
eliminate the uncertainties surrounding the dynamics of me-
soscale cyclogenesis near Terra Nova Bay.

This research was supported by National Science Founda-
tion grants DPP 85-19977 to David H. Bromwich and DPP 85-
21176 to Thomas R. Parish. The Italian AWS data presented
here were made available to David H. Bromwich under the
Data Exchange Agreement between the Italian National Ant-
arctic Research Program and the Byrd Polar Research Center.
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There is strong evidence for the theory that the antarctic
ozone hole is primarily due to chlorine-catalyzed destruction
of ozone from increased anthropogenic releases of halocarbons
F12 (CC12F2) and Fil (CC13F) into the atmosphere (Tuck et al.
in press). Nitrous oxide is the primary source of stratospheric
nitric oxide, and nitric oxide, like F12 and Fil, can deplete
stratospheric ozone (Crutzen 1970). Nitrous oxide, F12, and
F11 are strong infrared absorbers and may have an important
role in the radiative budget of the Earth (Wang et al. 1976).
Monitoring these compounds in a remote site can provide
useful information about their accumulation rates in the back-
ground atmosphere.

The Geophysical Monitoring for Climatic Change (GMCC)
division of the National Oceanic and Atmospheric Adminis-
tration (NOAA) has been analyzing flask samples for nitrous
oxide and halocarbons F12 and Fli collected from the South
Pole since 1977. Care was taken to avoid contamination of the
samples by reducing contact with elastomers in the valves and
by sampling air only in the clean-air sector (110° to 330°) of the
clean-air facility. Prior to 1983, a pair of flask samples was
collected semi-monthly during the antarctic summer and
monthly during the rest of the year, and then shipped to the
GMCC labs in Boulder for analysis. Since flasks can be shipped
from the South Pole only 3 months a year, flasks collected
during the antarctic winter required a long storage period be-
fore shipment to Boulder for analysis.

During the summer of 1983, a manually operated gas chro-
matograph was installed at the South Pole to eliminate sample
storage time in flasks. The gas chromatograph has been run 1
day a week, beginning with two initial calibration gas injec-
tions, then two injections of outside air from the clean-air
sector, and followed by another calibration analysis. With the
installation and operation of the gas chromatograph, the fre-
quency of sampling by flasks has been reduced to a pair of
flasks collected once a week only during the antarctic summer.
More technical information on the design of the flasks, gas
chromatograph experimental conditions, and data selection are
given in Thompson, Komhyr, and Dutton (1985) and Robinson
et al., (1988).

The figure shows the concentration and trends for nitrous
oxide, F12, and Fil for both flasks and the in situ gas chro-
matograph at the South Pole. The growth rate of nitrous oxide
in the atmosphere above the South Pole from NOAA/GMCC
flask samples taken between 1977 and 1987 is 0.66 ± 0.07 (95
percent confidence level) parts per billion per year. This rate
agrees (within the experimental uncertainties) with the results

of Howard et al. (1986) of 0.6 parts per billion per year during
1982-1986 at Palmer Station (65°S 64°W) and Weiss (1981) of
0.52 ± 0.13 (63 percent confidence level) parts per billion per
year during 1976-1980 at the South Pole. Our nitrous-oxide
growth rate is lower than the results by Rasmussen and Khalil
(1986) of 1.04 ± 0.14 (90 percent confidence level) parts per
billion per year during 1975-1985 at the South Pole. The cal-
culated growth rates of F12 and Fil at the South Pole from
NOAA/GMCC flask samples during the 1977-1987 period was
16.3 ± 0.5 (95 percent confidence level) and 9.3 ± 0.5 parts
per trillion per year, respectively. Data from Rasmussen and
Khalil (1986) yielded growth rates during the 1975-1985 period
for F12 and Fli at the South Pole of 18.4 ± 1.1 (95 percent
confidence level) and 10.4 ± 0.9 parts per trillion per year,
respectively. Howard et al. (1986) measured growth rates for
F12 and Fli during the 1982-1985 period at Palmer Station of
17.5 and 11.0 parts per trillion per year, respectively. From
data presented in Cunnold et al. (1986) for Cape Grim, Aus-
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tralia (41°S 143°W), we calculated growth rates of F12 and Fil
during the 1978-1983 period of 16.5 ± 0.4 (95 percent confi-
dence level) and 9.4 ± 0.2 parts per trillion per year, respec-
tively.

In 1988, we improved our existing in situ gas chromatograph
by automating the analyses, by increasing the frequency of
analysis to sampling the atmosphere once every 3 hours, and
by adding two new compounds, methyl chloroform and car-
bon tetrachloride. These improvements may help resolve cer-
tain questions concerning the vertical transport at the South
Pole and its effect on the ozone hole.

This work is funded by NOAA but has received generous
logistical and technical support from the Division of Polar Pro-
grams of the National Science Foundation. We would like to
thank W. Komhyr who started this program at the South Pole
and the National Science Foundation for supporting this pro-
gram.
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and population:

A graphical review of
methane concentrations

over the past 160,000 years
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During the past 8 years or so, there has been renewed in-
terest in the global cycle of atmospheric methane, because its
concentrations are increasing at about 1 percent per year. Such
increases may add to global warming expected from increasing
levels of carbon dioxide, affect atmospheric chemistry by add-
ing ozone and carbon monoxide to the lower atmosphere, and
reduce the oxidizing capacity of the Earth's atmosphere by
depleting hydroxyl ion radicals (see references in WMO, 1985).

Atmospheric concentrations of methane have been deduced
from analyses of polar ice cores, which extend the record back
some 160,000 years. Direct atmospheric measurements, using
gas chromatography, span the last 25 years and systematic
time series exist only for the last decade (Rasmussen and Khalil
1986; Khalil and Rasmussen 1987). Data on the ice age about
20,000 years ago come from Stauffer et al. (1988) based on
analyses of the Byrd and Dye 3 cores. Data from the ice age

some 150,000 years ago come from Raynaud et al. (1988) based
on analyses of the Vostok core. The remaining data are from
the various cores, including the Dye 3 and Byrd cores, stored
at the State University of New York's ice storage facilities (Khalil
and Rasmussen 1982, 1987; Craig and Chou 1982; Rasmussen
and Khalil 1984; Stauffer et al. 1985). Here we show a synthesis
of all the data in the figure.

There are two main features in the figure. During the ice
ages, methane concentrations dip to the lowest values ob-
served (about 300-350 parts per billion by volume), and in
recent years, there is a very rapid buildup from a natural back-
ground of about 600 parts per billion by volume to the present
concentrations of about 1,650 parts per billion by volume. Most
of the increase has taken place over the last century.

The two features are probably controlled by the change of
emissions. During the ice ages, emissions from wetlands and
other ecosystems are greatly reduced, causing a proportionate
reduction in methane concentrations. Therefore, natural var-
iations of climate, as reflected in the temperature records, affect
methane concentrations over long time scales of tens to hundreds
of thousands of years. The Earth's temperature is also likely
to be affected to some extent by the change of methane causing
a climatic feedback. In the figure, we have shown estimates
of Northern Hemisphere temperatures along with the methane
concentrations for periods up to the last 10,000 years. The
temperature data are as compiled by Watts (1982). The rapid
rise of methane in recent times is apparently unlike any period
in the past 160,000 years. The increase over the past 200 years
or so follows closely the rapid rise of population, which has
brought with it increasing demands for food and energy (Ehr-
lich et al. 1977). The increased production of rice, natural gas,
and cattle populations is likely to be a significant cause for
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present increases of methane. In the figure, we show the in-
crease of population over the past 1,000 years and 100 years.
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Methane is removed from the atmosphere primarily by re-
acting with hydroxyl radicals. Therefore, concentrations of
methane can also increase if tropospheric hydroxyl concentra-
tions decline. The cycles of hydroxyl, methane, carbon mon-
oxide, and ozone are closely coupled together so that increasing
emissions of carbon monoxide and methane can trigger a re-
duction of hydroxyl, causing a feedback that would tend to
further increase the concentrations of methane and carbon
monoxide. The extent of the changes in hydroxyl concentra -
tions over the past century are not known; however, estimates
suggest that hydroxyl may have declined by some 20 percent
or less (Khalil and Rasmussen 1985; Levine, Rinsland, and
Tenille 1985; Thompson and Cicerone 1986). If that is so, the
hydroxyl change would cause a relatively small increase of
methane compared to the large difference of about 250 percent
in concentrations 100-200 years ago and the present.

This work was supported in part by National Science Foun-
dation grants DPP 82-07470 and ATM 84-14020 and the De-
partment of Energy grant DE-FG06-85ER6031. Additional
support was provided by the Biospherics Research Corpora-
tion and the Andarz Company.
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The secular trends of atmospheric methane (CH4) over time scales
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100 years. The decreased concentrations during ice ages may be
caused by the cold temperatures. The temperature records are
shown over the time scales of the ice ages up to the last 10,000
years. The more recent increases may be caused by increasing
production of food related to population growth. The population
records are shown over the last 1,000-year and 100-year scales. [T
(°K) denotes temperature In degrees Kelvin. ppbv denotes parts
per billion by volume.]
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Radiative and energy fluxes on the
ice slope of East Antarctica

G. WENDLER AND J.P. GOSINK

Geophysical Institute
University of Alaska

Fairbanks, Alaska 99701

The coastal area of Adélie Land has probably the strongest
surface winds found anywhere at sea level on Earth (Mawson
1915). These winds are gravitational in origin: cold, heavy air
is pulled down the ice slopes. They can become very strong,
especially when topographic forcing enhances them as in Adé-
lie Land (Parish 1984). To obtain a better understanding of the
energetics, detailed radiative and heat-budget measurements
were carried out in summer at a station some 100 kilometers
inland from the coast. Figure 1 shows the instrument mast
with the standard micrometeorological equipment.

The global radiation was high during the period. A clearness
index, K, was computed; it is the ratio of the global radiation
to the extraterrestrial radiation on the horizontal surface and
reduced to mean Earth/Sun distance. It was 0.89 for 0/10 clou-
diness, a very high value indeed, even for totally clear skies.
This shows that the atmosphere over Antarctica has a very
low turbidity and contains very little water vapor. A decrease
of Kt with increasing cloudiness was observed, the lowest value
being 0.57 for 10/10 cloudiness. More scattering was observed
for overcast than for totally clear skies, indicating that variation
in the opacity of clouds is larger than the variation in turbidity.

We found the dependency of Kt on cloudiness to be less pro-
nounced than in areas where the surface albedo is lower, e.g.,
Alaska. The reasons for this are:
• The site in Antarctica has lower temperatures compared to

Alaska. Hence, the atmosphere can hold less water vapor.
Clouds, when formed, are normally "thinner," with a lower
opacity.

• Multiple reflection between the surface and the base of the
cloud is important in Antarctica. We measured a very high
surface albedo of 83 percent, which enhances the global
radiation, especially during overcast periods.
We measured not only the short-wave radiation, but also

the long-wave—or thermal infrared—radiative fluxes. We found
the long-wave radiation budget—the long-wave incoming mi-
nus the long-wave outgoing—to be of greater importance than
the short-wave budget (global minus reflected). Figure 2 illus-
trates that with increasingly positive short-wave radiation bud-
get, the long-wave radiation budget decreases even more
strongly. This results in the so-called "radiation paradox"
(Wendler 1986), indicating that with increased global radiation
(or under clear skies), the all-wave radiation budget is more
negative than for cloudy conditions. It is, of course, an effect
of the high-surface albedo, and modeling with our data set
showed that a surface reflectivity above 60 percent is needed
to observe this phenomenon.

The components of the heat balance are averaged for a 43-
day period in figure 3. The short-wave radiation budget sup-
plies most of the energy toward the surface. The second pos-
itive flux is that of sensible heat, which means the air above
the surface is cooled on the average. Most of the energy re-
ceived is lost as long-wave radiation. To a lesser degree, energy
is also needed for sublimation of snow and to heat the snow
cover (Wendler, Ishikawa, and Kodama 1988). Naturally, all
these fluxes have strong diurnal variations. The radiation bud-
get is positive during the day and negative during the night,
while sensible, latent, and the heat flux in the snow are neg-
ative during the day, but positive or close to zero (latent heat
flux) during night. In summary, the mean warming of the

Figure 1. Photo of the meteorological tower at D-47. Measuring
heights are 0.5, 1, 2, and 4 meters.

Figure 2. Relation between the short-wave radiation budget (SWRB)
and the long-wave radiation budget (LWRB). (Note: y-axis is in-
verted.) (Wm 2 denotes watts per square meter.)

1988 REVIEW	 179



SWRB
LWRB
s-
L-

B-
I-

6'.

+72	 +9	 +3

-9

-5

- short wave radiation balance
- long wave radiation balance

sensible heat flux

latent heat flux

heat flux in the snow
imbalance

Figure 3. Mean fluxes of the components of the heat balance for the period 20 November to 22 December 1985. The values are expressed
In watts per square meter and In percent. For the calculation of the imbalance, the sum of all the outgoing fluxes was assumed to be 100
percent.

snow, the sublimation, and the negative radiation budget for
most of the day are compensated by a high positive sensible
heat flux, which means that the air above the surface is cooled
for most of the summer, which explains the frequent occur-
rence of gravity flow.

This study was supported by National Science Foundation
grant DPP 84-13367. Our thanks go to many individuals of the
U.S. Antarctic Research Program, as well as to the Expeditions
Polaires Francaises. We are also grateful to Charles Stearns'
group (University of Wisconsin, Madison), who did a great
job in maintaining our automatic weather stations.
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Palmer Station trace gas
time-trend analyses and production

rates

KEVIN J . SCHILLING and DAGMAR R. CRONN

Laboratory for Atmospheric Research
Washington State University

Pullman, Washington 99164-2730

JOHN C. SHEPPARD

Department of Chemical Engineering
Washington State University

Pullman, Washington 99164-2730

Time-series analysis and interpretation is complete for meth-
ane, carbon monoxide, and carbon dioxide weekly average
mixing ratios calculated from hourly measurements conducted
at Palmer Station, Antarctica, from 1982 through 1985. Long-
term increasing mixing ratio trends were calculated at 12.6 ±
1.0 parts per billion by volume per year for methane, 5.7 ±
0.9 parts per billion by volume per year for carbon monoxide,
and 0.62 ± 0.20 parts per million by volume per year for carbon
dioxide. These rates of increase were variable from year to
year, with some years showing large increases and other years
exhibiting only slight increases. The methane-increasing trend
observed supports the hypothesis that the global rate of meth-
ane increase is decreasing, since earlier antarctic methane trends
were reported at 18.1 ± 0.6 parts per billion by volume per
year for 1978 through 1984 (Fraser et al. 1986). The trend ob-
served for carbon monoxide suggests that the rate of increase
is rising, although this trend was strongly influenced by the

presence of a very large mixing-ratio peak in 1985. Because of
the lack of a consistent year-to-year pattern in carbon monoxide
growth, a substantially longer carbon-monoxide data set is
needed to describe the long-term carbon monoxide behavior
accurately. The carbon-dioxide-increasing trend observed is
substantially lower than the 1.35 ± 0.42 parts per million by
volume per year trend observed at South Pole for 1975 through
1982 (Komhyr et al. 1985). Such a low trend was a result of
unusually high mixing-ratio values observed in 1982 and low
values in late 1985.

Seasonal mixing-ratio behavior was obtained by subtracting
the long-term trend from the data. Methane, carbon monoxide,
and carbon dioxide all show mixing ratio maxima in early spring,
usually around September, and minima during the late sum-
mer, usually around March for methane and carbon monoxide,
and January for carbon dioxide. The figure shows the seasonal
behavior of carbon-monoxide mixing ratios along with time
series model results. Seasonal amplitudes were measured at
30 parts per billion by volume for methane, 17 parts per billion
by volume for carbon monoxide, and 3.4 parts per million by
volume for carbon dioxide. Methane and carbon-monoxide
amplitudes observed at Palmer Station are comparable to other
Southern Hemisphere observations. Carbon-dioxide ampli-
tudes are significantly higher than other antarctic observations.
Reasons for the discrepancy are unknown, although it must
be noted that most other coastal antarctic carbon-dioxide stud-
ies are based on weekly grab samples, collected during periods
representative of background continental air masses, rather
than hourly measurements. Variations in the long-term trend
and seasonal fluctuations are observed (as can be seen in the
figure) for carbon monoxide and are primarily a result of changes
in global circulation patterns and source/sink characteristics.

Global trace-gas production rates were estimated from Pal-
mer Station net trace-gas production rates and are summarized
in the table. For dichiorodifluoromethane (CC12F2 or F-12) a
global production rate of 3.7 x 1011 grams per year was ob-
tained; for trichlorofluoromethane (CC13F or F-li) a production

1982	 1983	 1984	 1985

Palmer Station carbon monoxide weekly mean mixing ratio data with the long-term trend removed using mean December mixing ratios as
a base. Time series model results are indicated by -.
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Trace gas production rates at Palmer Station

G 
(in grams

Species	 pa	 per year)

F-12	 5.5 x 10	 3.7 x 1011
F-li	 3.1 x 10	 2.4 x 1011
Nitrous oxide	 2.0 x 10_8	 4.8 x 1012
Carbon tetrachloride	6.4 x 10-8	 5.6 x 1010
Methyl chloroform	 4.6 x 10_7c	 3.4 x 10
Methane	 2.2 x 10	 2.0 x 1014
Carbon monoxide	 3.0 x 10-6C	 6.4 x 1014

a Methane and carbon monoxide P are in parts per billion by volume
per second; remaining species P in parts per trillion by volume per
second.

b Global production rates.
c Obtained by using the slope of the annual mixing ratio changes when

photochemistry was negligible (see text).

rate of 2.4 x 1011 grams per year was calculated; for nitrous
oxide the production rate was 4.8 x 1012 grams per year; and
a production rate of 5.6 x 1010 grams per year was calculated
for carbon tetrachloride. For compounds with distinct seasonal
cycles, production rates were obtained using the slopes of the
annual concentration changes when photochemistry was neg-
ligible relative to production from various sources (late fall
through early winter in Antarctica). Global production rates

using this technique were 3.4 x 1011 grams per year for methyl
chloroform, 2.0 x 1014 grams per year for methane, and 6.4
X 1014 grams per year for carbon monoxide.

Net production rates of methyl chloroform, methane, and
carbon monoxide (4.6 x 10' parts per billion by volume per
second, 2.2 x 10-6 parts per billion by volume per second,
and 3.0 x 10_6 parts per billion by volume per second, re-
spectively) were also used to calculate hydroxyl-radical con-
centrations, assuming that the gases are at steady state and
the hydroxyl radical is the primary sink. Hydroxyl-radical con-
centrations were calculated at 5.3 x 10 1 molecules per cubic
centimeter using methyl chloroform, 4.5 x 10 molecules per
cubic centimeter using methane, and 2.1 x 105 molecules per
cubic centimeter using carbon monoxide.

We wish to thank Lee Bamesberger and Elmer Robinson,
co-principal investigators for the Palmer project, and those
who collected the data: Fred A. Menzia (1982), Annette S.
Waylett and Steve F. Waylett (1983), Tom W. Ferrara (1984),
and Harry M. Howard (1985). This research was supported by
National Science Foundation grants DPP 79-21003, DPP 80-
05797, and DPP 85-15752.
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The airborne
Data Acquisition and Display System

visits both polar regions

H.E. TERRY and L.F. RADKE

Cloud and Aerosol Research Group
Department of Atmospheric Sciences, AK-40

University of Washington
Seattle, Washington 98195

During the 1986-1987 research season, the Data Acquisition
and Display System (DADS) was deployed aboard the ski-
equipped LC-130 airplane (XD-9131) to both Antarctica and
Greenland. The DADS, developed by the Cloud and Aerosol
Research Group at the University of Washington, is a user-
friendly, data-recording and -display system designed to re-
cord the aircraft navigation and flight-level meteorological data
as well as data from experimenters' instrumentations (table).

The DADS "talks" with the experimenter through a micro-
computer (currently a Compaq Portable II) and displays data
in a variety of formats, including custom ones, selected from
a menu. The user similarly controls the 67-megabyte cassette

Primary characteristics of the Data Acquisition and Display
System

Recording capacity:	67 megabytes (18.2 hours per tape)

Inputs:	 16 analog ±5 volts	 10 hertz
32 discrete TTL	 10 hertz

Data display:	IBM-compatible computer
(Compaq Portable II)

Hardcopy:	Thermal printer (HP2671 G)
120 characters per second text
90 dots per inch graphics

Physical:	 Two transportable enclosures, each:
0.61 height x 0.61 width x 0.74 (in meters),
54 kilograms

recorder (the DADS features dual redundant recorders for added
reliability). This rugged high-density cassette recorder is easily
capable of recording an entire flight's data on a single cassette.

The experiments supported were "A Study of the Wind Field
Near Terra Nova Bay" (Tom Parish, University of Wyoming)
in the Antarctic, and project "Ice and Climate" (Steve Hodge,
U.S. Geological Survey) in Greenland. The DADS was used
to record ice-sounding radar data, along with the standard
aircraft data.
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During this year, the DADS reached its design criterion and
became independent of dedicated field support. After receiv-
ing instruction, U.S. Geological Survey personnel unpacked
the DADS recorder from its traveling cases and installed it in
the LC-130 in Greenland. U.S. Geological Survey personnel
also operated the device in flight for a successful series of
missions without any data loss.

In summary, the DADS is proving to be a reliable airborne
recording system with increasingly flexible data-display ca-
pabilities. Inquiries about future use, scheduling, or system
capabilities of the DADS should be directed to Hap Terry (206)
543-7684. A user's instruction manual is available. The DADS
is supported by the University of Washington by National
Science Foundation grant DPP 85- 07730.

Antarctic automatic weather stations:
Austral summer 1987-1988

CHARLES R. STEARNS and GEORGE A. WEIDNER

Department of Meteorology
University of Wisconsin

Madison, Wisconsin 53706

The United States Antarctic Program (USAP) automatic
weather station project places automatic weather station (AWS)
units in remote areas of Antarctica in support of meteorological
research. Stearns and Weidner (1986) describe the AWS sys-
tem.

The USAP AWS units support the following studies:
• Barrier windflow along the Antarctic Peninsula and the

Transantarctic Mountains,
• Katabatic windflow down the slope to the Adélie Coast,

Reeves Glacier, Byrd Glacier, and Beardmore Glacier,
• Mesoscale circulation and the sensible and latent heat fluxes

on the Ross Ice Shelf, and
• Climatology of Byrd, Siple, and Dome C stations. Stearns

and Wendler (1988) reviewed the results from the above
studies. The data are used for support of air operations at
Williams Field, Antarctica, and of oceanographic work in
the Ross Sea.
Table .1 gives the AWS unit location, identification number

(ID), latitude, longitude, elevation, start date, and stop date.
AWS 8903 at Byrd Station operated continuously from Feb-
ruary 1980 until stopping 27 March 1988. The AWS unit will
be replaced in austral summer 1988-1989. Plans were made to
remove AWS 8916 at D-57 during austral summer 1987-1988
so the same ID was installed at Scott Island. Then, the AWS
unit at D-57 started up resulting in the same ID at two locations.
The data from the two units can be separated and D-57 is
included in table 1.

Figures 1 and 2 are maps of the AWS sites in Antarctica.
Monthly mean data for March 1988 are included on both maps.

The field work during austral summer 1987-1988 started
with C.R. Stearns boarding the ice breaker, Polar Star, at Punta
Arenas, Chile, for the trip to McMurdo Station, Antarctica.
One AWS unit with batteries and tower sections was unloaded
at Palmer Station for pick up by the British Antarctic Survey
(BAS). This unit is for possible deployment along the east side
of the Antarctic Peninsula. The present AWS units along the
east side of the Antarctic Peninsula are in need of repair. Due
to aircraft problems, the AWS units were not repaired in austral
summer 1987-1988.

On 24 December 1987, the Polar Star reached Scott Island.
On 25 December 1987, AWS 8916 was installed on the island
with the able help of two marine-science technicians from the
Polar Star.

The Polar Star reached Terra Nova Bay on 27 December 1987.
The Manuela site aerovane had been destroyed by the wind.
The AWS unit was returned to the Polar Star for repairs. AWS
8909 was installed on the Reeves Glacier for D. Bromwich and
T. Parish. Two marine-science technicians from the Polar Star
did the hard work of digging the anchoring holes in the wind-
packed snow. On 28 December 1987, AWS 8929, provided by
Bromwich, was installed near the Snow Cave on Inexpressible
Island. AWS 8905 and a new aerovane were installed at Man-
uela site.

The Polar Star arrived near Martha I site on 1 January 1988.
AWS 8923 was removed for installation at another site. Martha
II site was not visited. The Polar Star arrived at McMurdo
Station, Antarctica, on 3 January 1988.

On 15 November 1987 Lee Powell, using the Twin Otter
aircraft, replaced the aerovane at Lettau Site and raised the
lower temperature difference sensors at Lettau and Elaine sites.

Bill Trabucco (Antarctic Services) found that the positive lead
of the power cable for the Siple AWS was shorted to the tower.
New batteries and power cable were installed, and the AWS
unit operated properly beginning 10 December 1987.

The first task at McMurdo Station was to dig out the radio-
active thermal generator at Ferrell site. The radioactive thermal
generator was encrusted in ice and a great deal of ice chipping
was needed. The work was completed in 1 day because of the
help of the helicopter crew, LCDR Fanday, LCDR Bronsink,
AMAC Karo, and AMH2 Gisey. The helicopter lifted the ra-
dioactive thermal generator from the hole to the snow surface.
The radioactive thermal generator will be taken to McMurdo
Station in austral summer 1988-1989.

On 8 January 1988, C. R. Stearns and Rabindra Basnyat went
to the South Pole to remove the AWS units from Allison and
Patrick sites. At the clean-air site, six gel cell batteries and a
solar panel were added to AWS 8918, and the boom was raised
approximately 0. 75 meters. Two sets of batteries with inde-
pendent solar panels will reduce the possibility of failure for
the entire battery set if one cell fails. Experience is showing
that at least nine 40-ampere gel cell batteries are needed at
South Pole for the winter night. Seven 5-foot tower sections
were left at South Pole so that the station anemometer and
wind vane could be raised to a height of 10 meters.

George Weidner visited Marilyn site installing a new set of
six batteries. One battery cell of the nine battery set had failed
preventing the solar panel from charging the battery set above
10.5 volts of direct current. The unit would run while the Sun
was charging the batteries. At Schwerdtfeger and Gill sites the
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Table 1. Automatic weather station locations for 1988.

Site name	 ID	 Latitude	Longitude

Purpose: Katabatic wind flow; G. Wendler, University of Alaska
D-10	 8912	 66.700S	139.800E
D-47	 8914	 67.380S	138.720E

8916	 68.180S	137.520E

D-80	 8919	 70.020S	134.720E
Dome C	 8904	 74.500S	123.00°E

Purpose: Climatic record; C. Stearns, University of Wisconsin
Byrd Station	 8903	 80.00°S	1 20.00°W
Siple Station	 8910	 75.900S	83.92°W
Clean air	 8918	 90.00°S

Purpose: Naval Support Force Antarctica (NSFA) support network
Marble Point	 8906	 77.430S	163.750E
Ferrell	 8907	 78.020S	170.800E
Whitlock	 8913	 76.240S	168.700E
Buckle Island	 8928	 66.870S	163.240E
Scott island	 8916	 67.370S	179.97°W

Purpose: Ross Ice Shelf network; C. Stearns, University of Wisconsin
Marilyn	 8915 U,Ta	 165.030E
Schwerdtfeger	 8924 U,T	79.940S	169.830E
Gill	 8925 U,T	80.00°S	179.00°W
Elaine	 8911 U,T	83.150S	174.460E
Lettau	 8908 U,T	82.590S	174.27°W
Martha Il	 8900 U,T	78.380S	173.42°W

Purpose: Reeves katabatic flow; Bromwich and Parish, Ohio and Wyoming
Manuela	 8905 U,T	74.920S	163.600E

Shristi	 8909 U,T	74.700S	161.570E
Sushilab	8921 T	 74.300S	161.300E
Sandra	 8923	 74.490S	160.490E
Lynn	 8927 U,T	74.230S	160.370E

Purpose: Barrier Wind, Antarctic Peninsula; C. Stearns, University of Wisconsin
Larsen Ice	 8926	 60.970S	66.55°W
Dollman Island	 8917	 70.580S	60.92°W
Butler Island	 8902	 72.200S	60.34°W
Uranus Glacier	8920	 71.430S	68.93°W

Purpose: Testing
Jimmy	 8901	 77.870S	166.810E

	Elevation	 ID start
	

ID stop

	

(in meters)
	

date
	 date

	

240
	

15 Jan 84

	

1560
	

13 Nov 85
17 Nov 85
	

1 Oct 87

	

2103
	

2 Jan 88

	

2500
	

11 Dec 85

	

3280
	

13 Jan 83

	

1530	 5 Feb 80	27 Mar 88

	

1054	 10 Dec 87

	

2836	 28 Jan 86

	

120	 5 Feb 80

	

45	 10 Dec 80

	

275	 23 Jan 82

	

520?	 20 Feb 87

	

30?	 25 Dec 87

	

75	 16 Jan 88

	

60	 24 Jan 85

	

55	 24 Jan 85

	

60	 28 Jan 86

	

55	 29 Jan 86

	

18	 11 Feb 87

	

80	 15 Feb 87
	

27 Jun 87
28 Dec 87

	

1200	 28 Dec 87

	

1431	 20 Jan 88
	

16 Mar 88

	

1525	 19 Jan 88
	

23 Feb 88

	

1772	 19 Jan 88

	

17	 1 Jan 86

	

396	 18 Feb 86

	

91	 1 Mar 86	18 Jul 87

	

780	 6 Mar 86

	

200	 12 Jan 88

a U denotes that AWS unit has relative humidity sensor. T denotes that AWS unit has vertical temperature difference sensor.
b Sushila site is not equipped with a pressure gauge.

towers were raised and the aerovanes replaced. Both aero-
vanes had failed after 3 years in the field.

Lynn and Sandra sites were installed on 19 January 1988
using the Twin Otter aircraft for transportation and navigation.
The next day Sushila site was installed in the same manner.
The Twin Otter crew helped in the installation of the AWS
units at the three sites. The AWS units were in support of T.
Parish and D. Bromwich. David Bromwich directed the in-
stallations.

In January 1986, two AWS units were installed near South
Pole Station, and one was installed about 100 meters from the
clean-air building in the clean-air sector (Stearns 1987). The
purpose was to determine the possible influence of the South
Pole Station on the local climate. The means for the period 1

February 1986 to 31 December 1986 are shown in table 2. The
South Pole data is published in the Antarctic Journal of the U.S.
21, (2), (3), (4), and 22, (1/2). The reported monthly mean wind
speeds for South Pole for February, March, and April 1986

Table 2. Means for period 1 February 1986 to 31 December 1986.

	Patrick	Clean air	South
site	site	Pole

Temperature, 'C	 -51.2	-52.5	-52.1
Pressure, millibars	 679.9	679.9	680.0
Wind speed, meters/second	3.2	4.2	4.7
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Figure 1. Map of Antarctica showing the locations of the AWS units for 1988. The units in the rectangle around Manuela site are shown in
figure 2. The meteorological data are mean values of temperature, pressure, scalar wind speed, constancy, resultant wind direction, and
speed for March 1988. (The station model is: TT denotes air temperature, °C; PP denotes air pressure, millibars; VV denotes scalar wind
speed, meters per second; C denotes resultant wind speed/scalar wind speed.)

were converted to meters per second. The agreement between
the clean-air AWS unit and the South Pole Station data is
excellent for air temperature and pressure. The AWS units
measure wind speed at a nominal height of 3 meters and the
South Pole wind speed is adjusted to a height of 10 meters.
When the AWS wind speed is extrapolated to 10 meters height,
the wind speed difference between South Pole Station and the
clean-air AWS is reduced to 0.1 meter per second.

Patrick site is approximately 25 kilometers northeast of South
Pole Station. The comparison between Patrick site and clean-

air site shows that Patrick site is 1.1°C warmer, the pressure
is within 0.1 millibar and the wind speed is 0.9 meters per
second lower than clean-air site.

Comparisons of Patrick site and Allison site (25 kilometers
from South Pole along 60°W) with clean-air site for other time
periods confirm that clean-air site has wind speeds about 1
meter per second higher and air temperatures about 1°C colder
than Patrick and Allison sites.

This work was sponsored by National Science Foundation
grant DPP 86-06385.
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Figure 2. Map showing the locations of AWS units in the Reeves
Glacier area. The meteorological data are mean values for March
1988. The station model is given in figure 1.
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Upper atmosphere studies_________________
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On 8 January 1988, the gamma-ray advanced detector (GRAD)
supernova observer was launched on a 3.3 x 10 1 cubic meter
helium balloon from Williams Field. The instrument main-
tained a float altitude of 36 kilometers as it drifted eastward
along the 78°S parallel until it was brought down 320 kilometers
east of Vostok Station on 10 January and recovered on 13
January. High-energy resolution gamma-ray spectra of the su-
pernova 5N1987A were taken; it is hoped that these spectra
will provide evidence of explosive nucleosynthesis of the heavy
elements in the supernova. We report here some of the early
results of the experiment.

The gamma-ray spectrometer. The instrument has been de-
scribed in detail elsewhere (Rester et al. 1986). The central
element is a 135-cubic-centimeter element of n-type germa-
nium with an energy resolution of 2.3 kiloelectronvolts at 1,332
kiloelectronvolts. It is enclosed in active shielding of bismuth
germanate scintillator, which provides a viewing cone with a
half angle of 27° and an aperture shield of plastic scintillator.
For optimal background suppression, special care was taken
in the reduction of the amount of passive material inside the
shield and of iron in the entire system. During full operation
of the system over Antarctica, we noted a background suppres-

sion factor of better than 20 over the energy range from 700-
3,000 kiloelectronvolts, the range of principal interest for ob-
servation of the supernova although data were taken over the
range from 50 kiloelectronvolts to 10 megaelectronvolts. Time
bins of 30 seconds duration were accumulated and transmitted
to the ground in real time while the balloon was in the line of
sight of Williams Field. Thereafter, the data were held in stor-
age to be transmitted to a portable receiving station aboard an
Lockheed Hercules airplane that flew below the balloon.

Observations and analysis. The failure of a 1,200-volt power
supply on the first day of the flight left us with a half-operating
shield. The present results are, therefore, based on our best
data set, taken when the system was fully functional for a total
of 4.7 hours of on-supernova and 2.3 hours of off-supernova
time. Unlike optical systems, a gamma-ray telescope detects
gamma-ray emissions a photon at a time. Each photon is ana-
lyzed according to energy, and a count is added to the appro-
priate bin of a histogram spectrum of gamma-ray energy versus
frequency of occurrence. The spectra acquired in this manner
are then analyzed with statistical techniques to yield the ener-
gies and intensities of the gamma-ray lines. In the present case,
the data analysis was performed with a computer code (Cold-
well 1986) which represents spectral peaks and the background
continuum with combinations of spline functions. The on-su-
pernova and off-supernova spectra were analyzed separately,
and the results were compared. Within statistical limits, none
of the supernova peaks appeared in the off-supernova spec-
trum. However, known background lines such as the 511, 690,
834, 1014, 1039, and 2614-kiloelectronvolt lines appeared with
equal intensity in both the on- and off-supernova spectra, in-
dicating that our comparison was valid. The difference spec-
trum (i.e., on- minus off-supernova) was also analyzed, yielding
results which were consistent with the above, although with
larger error limits.

Results. The earliest results of our analysis, made while we
were still on the ice, showed evidence of gamma rays from
the radioactive decay of the isotope cobalt-56, the longer-lived
daughter of short-lived nickel-56, which was expected to be
produced in great abundance in the supernova explosion, but
the cobalt-56 line appearing most clearly in our supernova
spectrum—the 1,238-kiloelectronvolt gamma-ray—was ap-
parently split into two doppler-shifted and broadened com-
ponents. This astonishing result appeared to suggest that the
mantle of the supernova had expanded asymmetrically with
a velocity in excess of 3,000 kilometers per second. This result
was later corroborated with the discovery in our spectrum of
a second cobalt-56 line at 2,598 kiloelectronvolts with similar
splitting and broadening. A gamma-ray at 847 kiloelectronvolts
is obscured by background lines from the detector and alu-
minum structural materials, so the evidence is less clear for
that line. Working under the assumption that we have in fact
observed doppler line shifts, we have transformed the spectral
energy coordinate to doppler velocity in order to illustrate the
effect in figures 1 and 2.
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Figure 1. Gamma-ray peaks tentatively Identified as red- and blue-
shifted components of a 1 ,238-kiloelectronvolt (ke y) transition from
the radioactive decay of cobalt-56 produced in the explosion of
supernova SN1987A. (km s denotes kilometers per second.)
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Figure 2. Red- and blue-shifted components of a 2,598-kiloelec-
tronvolt (keV) transition from the same nuclear decay. (km s
denotes kilometers per second.)

The picture which emerges is this: instead of expanding in
a neat, spherically symmetrical fashion, the supernova evi-
dently exploded asymmetrically, ejecting fingers of mantle ma-
terial in directions both toward and away from the solar system.
The results of other measurements in other bands of the elec-
tromagnetic spectrum appear to agree with this interpretation
(Lingenfelter personal communication).

This research project was supported by the Defense Ad-
vanced Research Projects Agency and the Department of De-
fense Space Test Program through contracts monitored by the
Office of Naval Research, through a grant from the National
Science Foundation, and through balloon launch support pro-

vided by the Air Force Geophysics Laboratory. Richard Starr
and Jack Trombka acknowledge the support of the National
Aeronautics and Space Administration through grant NSG-
5066 and RTOP 682-157-03-50, respectively.
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The discovery on 27 February 1987 of the supernova SN1987A
in the Large Magellanic Cloud provided us with a perfect op-
portunity to use the gamma-ray advanced detector (GRAD),
which had otherwise been waiting for a shuttle flight. The
atmosphere absorbs gamma-rays, so observations of SN1987A
had to be made above most of the atmosphere, a requirement
that dictated the use of a high-altitude balloon. The relatively
short duration of regular high-altitude balloon flights pre-
sented a problem for these observations since the expected
gamma-ray flux from the supernova was rather low. Antarctica
presented the ideal solution. The estimated weather pattern
during the austral summer, we calculated, would allow balloon
flights of many days with the balloon staying at its float altitude
of 118,000 feet (38 kilometers) continuously.

Getting all the necessary equipment—with a total weight of
160,000 pounds (71,000 kilograms)—to McMurdo Station was
our primary logistics problem. All transportation was super-
vised by the U.S. Air Force/Space Division in coordination with
the National Science Foundation. The heaviest parts of the
equipment (compressed helium tanks and balloons) were
shipped ahead by sea to Christchurch, New Zealand, then
airlifted to McMurdo Station on C-141 airplanes. The other
equipment was scheduled to be airlifted directly to McMurdo
on a C-141 after integration and testing at Holloman Air Force
Base in New Mexico with the balloon operations group of the
Air Force Geophysics Laboratory (AFGL), Hanscom Air Force
Base, Massachusetts. The AFGL was responsible for launching
the balloon and receiving the telemetry. On 16 December, the
experimenters and balloon-operations crews arrived in McMurdo
Station.

The gondola for this flight was about 10 feet (3 meters) high,
weighed over 2,000 pounds (900 kilograms) and needed a 10-
foot-by-10-foot (3-meter-by-3-meter) floor space plus enough
room for work benches, computers, and telemetry equipment.
Fortunately, the heavy-vehicle maintenance building at

McMurdo was not yet in use. After construction of a "clean
room," set up in only a few hours by an ITT/Antarctic Services
team, this building proved to be ideally suited for assembly
and testing of our equipment. The next few days were spent
calibrating the detector in the low-radiation environment on
the Ross Ice Shelf.

When the end of the calibration runs was in sight, we started
planning for a launch date: 8 January 1988, 4:00 a.m. The AFGL
group led by John Ground had been collecting weather infor-
mation at high altitudes with radio-sonde balloons since our
arrival in Antarctica and predicted favorable winds at float
altitude. For a launch the wind speed up to 500 feet (150 meters)
had to be below 8 knots. At 1:00 am. on launch day the winds
were around 9 to 10 knots, but we decided to proceed with
the preparations for launch. The gondola was attached to the
gantry that ANS had built on top of a Delta 3 and the final
checkouts of the telemetry system were conducted—all sys-
tems go. Everything was ready if the winds would calm down
enough. Finally around 9:00 a.m., the weather improved
enough. We had a "go" for lay-out of the balloon and later
for inflation (figure 1). At 12:12 p.m., the balloon was released
for a picture-perfect launch.

The balloon stayed within telemetry range for 24 hours and
transmitted exciting data (Rester et al., Antarctic Journal, this
issue). For the remaining flight out of telemetry range, the
electronics were designed to integrate the data in on-board
memory. A mobile telemetry station had been prepared and
tested on a C-130 airplane with a special hatch cover antenna
to enable us to receive the accumulated data inflight after ren-
dezvous with the balloon. On 11 January, we flew out toward
the balloon in an LC-130 airplane. The position of the balloon
had been tracked with an ARGOS satellite location system on
board the gondola (figure 2). After a 3.5-hour flight, the balloon
was located, telemetry contact successfully established, and
the data downloaded. Unfortunately, a high-voltage power
supply had failed, so we decided to release the payload and
try to recover it.

On 13 January, another LC-130 flight took the recovery crew
back to the landing site. After some searching, the payload
was located, and we landed next to it (figure 3). Within 1 hour,
the gondola was back in the airplane, and we prepared for
takeoff. Because of the rather deep snow and the high altitude,
it took a takeoff run of about 15 miles (22 kilometers) to get
the ski-equipped airplane flying again. The rest of the mission
was uneventful, and a few hours later the detector was back
at McMurdo for its post-mission counting.

-	-	-,

Figure 1. Gondola on gantry atop Delta 3. The balloon is inflated
and ready for launch.
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Figure 2. Ground track of the balloon flight as determined from ARGOS position reports.
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Figure 3. Gondola on the polar plateau during recovery operation.

Large, high-altitude balloon flights are possible in Antarctica
and have the unique advantage of potential flight times of
many days or even some weeks. There was no reason why
our balloon could not have circumnavigated Antarctica and
returned to the McMurdo area. The automatic ballast system
had not been activated in the 3 days of flight that took the
balloon one quarter around the continent.

Flight following and in-flight telemetry downlink to an LC-
130 airplane work very well if prepared for in advance. The
mobile telemetry station has to be tested thoroughly to ensure
operation in the air (power conditioning and interference prob-
lems). The LC-130 missions must be planned early to coordi-
nate flights with the Navy squadron.

The solar-cell power system, augmented by batteries for times
when the gondola pointed away from the Sun, worked very
well. After recovery, it was noted that some of the cells had
blistered and delaminated. This affected the performance only
minimally but is a concern that needs further study.

This research project was supported by the Defense Ad-
vanced Research Projects Agency and the Department of De-
fense/Space Test Program through contracts monitored by Office
of Naval Research, through National Science Foundation grant
DPP 87-15809 and through balloon launch support provided
by AFGL. R. Starr and J.I. Trombka acknowledge the support
of the National Aeronautics and Space Administration through
grant NSG-5066 and RTOP 682-157-03-50, respectively.
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Helioseismology is the study of the Sun's interior by means
of observations of its global oscillations. The Sun constantly
oscillates, at periods of about 5 minutes, in millions of different
modes which probe different depth and latitude ranges. The
observer's task is to measure the frequency, amplitude, and
time behavior of as many of these oscillations as possible in
order to build a detailed picture of the solar interior. This field
has grown rapidly since its start in 1975 with the literature
doubling every 2 years and now nearing 1,000 references.

Helio seismological observations have been made from the
Amundsen-Scott South Pole Station nearly every year since
1980. This site offers the unique advantage of uninterrupted
sunlight during the austral summer (except for clouds, of course)
and otherwise generally good atmospheric conditions for as-
tronomical observations. Thus, it is possible to measure oscil-
lations without long nighttime gaps which confuse
measurements made at low-latitude observatories.

Measurements from the South Pole and elsewhere have shown
that the solar interior is roughly similar to the predictions of
the theory of stellar structure and evolution. This theory is
one of the key foundations of our present picture of the uni-
verse. It is, therefore, disturbing that there are small, but highly
significant, discrepancies between theory and observations and
that these discrepancies have not been resolved by reasonable
adjustments of theoretical parameters and physics. Currently,
the source of these discrepancies is not at all clear. Helioseis-
mology, however, not only revealed the problem but offers
excellent prospects for solving it.

In December 1981, at a time of high solar activity, we made
observations from the South Pole with the solar disk resolved
into about 50,000 spatial elements (Pomerantz, Harvey, and
Duvall 1982). This allowed unambiguous measurement of the
frequencies of thousands of oscillations (Pomerantz et al. 1985;
Duvall, Harvey, and Pomerantz 1988; Duvall et al. 1988). These
measurements have been used to deduce the depth variation
of sound speed and the interior rotation vs. depth and latitude
(Duvall, Harvey, and Pomerantz 1986). An unexpected result
was the first evidence that the internal structure is different
along equatorial and polar radii. Comparison of our frequency
measurements with those made at other observatories sug-

gests that the frequencies of the oscillations and the structural
asymmetry may vary with the level of solar activity, but com-
parisons are currently contradictory.

To help resolve this issue, we obtained additional obser-
vations in November 1987 at a time when the Sun was near
the low point of its 11-year cycle of activity. The experimental
setup was essentially the same as used in 1981, but with some
improvements. A new optical system was constructed and
mounted on the Bartol Solar Tracking Platform which replaced
the original vertical telescope (Pomerantz 1983). A better cam-
era system was available so the new measurements have a
higher signal-to-noise ratio and also the weather was more
favorable in 1987. About 16,000 images were recorded at a rate
of one per 75 seconds over a period of 17 days. The figure
shows the difference of two images obtained about half an
oscillation period apart. The oscillations are visible as dark and
light patches.

Processing the 2 gigabytes of recorded data is a formidable
job which is not complete at the time of this writing. So far,
indications are that the data are satisfactory for making a good
comparison with our 1981 results to determine whether the
oscillations change with the level of solar activity.

This program could never have been accomplished without
the outstanding support provided by Antarctic Services, Inc.,
personnel at the South Pole and elsewhere as well as by cog-
nizant members of the Division of Polar Programs at the Na-
tional Science Foundation and VXE-6. Their efforts allowed us
to start observing promptly after our arrival on the second
flight of the season in spite of abnormally low temperatures.
We are also indebted to personnel of Photometrics, Ltd., for
making special modifications to their digital camera system.
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Difference between two images of the Sun recorded about half an
oscillation period apart with the equipment used in the 1987 cam-
paign. Each image is recorded with a charge-coupled-device cam-
era and a filter which transmits light only from cool parts of the
solar atmosphere where oscillations are particularly strong. The
difference image shows oscillations as light and dark patches. These
patterns are the superposition of thousands of modes of oscillation
which probe different depth and latitude ranges in the Sun.
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In the same year that Amundsen reached the South Pole,
an Austrian physicist, Victor Hess, discovered that the outer
layers of the Earth's atmosphere are continuously being bom-
barded by a rain of charged particles called cosmic rays. In yet
another of many attempts which have been made in the en-
suing years to pin down the origin of this important compo-
nent of extraterrestrial radiation, a new instrument was set up
at the South Pole during the 1987-1988 austral summer.

Recently it has been discovered that some X-ray binary sys-
tems (such as Cygnus X-3 and Vela X-1) emit gamma rays with
energies greater than 100 terraelectronvolts. The gamma rays
arise from the decay of neutral ir-mesons which in turn are
produced by the interaction of energetic protons with gas in
the region around the X-ray binary. These protons—the grand -
parents of the gamma rays—are accelerated in the complex
electric and magnetic fields associated with the neutron star
and accretion disc of the binary system. Only a fraction of the
protons interact, and those which escape are injected into the
interstellar medium to become "cosmic rays." It is more fruitful
to study the gamma rays as a clue to cosmic ray origin, rather
than to look at the incoming proton beam itself: unlike the
charged protons which "random walk" as they are scattered
by magnetic fields in the galaxy, the gamma rays travel in
straight lines. This makes it possible to identify point sources,
provided the exceedingly small gamma-ray signal can be picked
out from the more abundant and isotropic cosmic-ray back-
ground.

Detection of high-energy cosmic and gamma rays is rather
complicated. Because of the very low flux above 100 terrae-
lectronvolts (approximately 1 per square meter per year), a
very large area detector is required, and one must make use
of the fact that both the cosmic and gamma rays generate
cascades containing many thousands of particles when they
interact in the Earth's atmosphere. At the altitude of the South
Pole, the particles are traveling at the velocity of light in a disk
about 50-100 meters in radius and a few meters thick (figure
1). In the Bartol/Leeds telescope, sixteen 1-square-meter blocks
of plastic scintillator are spread out over about 7,000 square
meters (figure 2). The disk arrives at each detector at a different
time (see figure 1) and, by measuring the relative arrival times,
it is possible to deduce the arrival direction of the incoming
cosmic ray or gamma ray to within about 1°. The precision of
measurement necessary at each accurately known detector po-
sition is about one billionth of a second.

The South Pole provides a unique location for studying X-
ray binary systems which are candidate sources of ultra-high-
energy gamma rays: many more are visible than from northern
latitudes and, most importantly, every source remains at con-
stant elevation. This latter feature is particularly crucial because
most of the sources detected so far appear to be sporadic emit-
ters of radiations. Additionally, the height of Amundsen-Scott
Station (equivalent to 3,200 at warmer latitudes) means that
the cascades of particles are close to their maximum size. Thus,
the energy threshold of the telescope is relatively low. An
added bonus that was not anticipated when this project began

p

Figure 1. A schematic representation of the particle cascade (dots)
about to hit four detectors. The arrow shows the direction of the
incoming cosmic ray or gamma ray which has initiated the cascade.
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was the birth of a rare supernova. Supernova SN1987A is in
the Large Magellanic Cloud, which is only 21° from the polar
zenith. The median energy of events detectable from that di-
rection in our experiment is about 100 terraelectronvolts. SPASE
(South Pole Air Shower Experiment) is by far the world's most
sensitive detector of ultra-high-energy gamma rays.

SPASE began acquiring data just before Christmas 1987. Data
from tapes brought out at station closing have now been ana-
lyzed, but at this writing, no signal from the supernova has
yet been detected. The experiment is continuing to operate
with over 90 percent on-time, a level of efficiency which is
impressive even at more hospitable sites. At the present time,
only about 2 percent of the data can be transmitted during the
winter, so the collaborators at Bartol and Leeds are preparing
to cope with an influx of about four gigabytes of data late in
1988.

This research was supported in part by National Science
Foundation grant DPP 86-13231.

Spase Array
30

Figure 2. The arrangement of the 1-square-meter detectors in the
ultra-high-energy gamma-ray telescope at South Pole Station. High
bandwidth cables bring the signals to the central recording cell
where amplitude and relative arrival time measurements are made.
(SPASE denotes South Pole Air Shower Experiment. m denotes
meter.)

Variation of emission features
in 2 Velorum

KWAN-YU CHEN, MARYJANE TAYLOR, JOHN P. OLIVER
and FRANK B. WOOD

Department of Astronomy
University of Florida

Gainesville, Florida 32611

The bright southern star (1.82 visual magnitude), -y2 Velo-
rum, is a spectroscopic binary consisting of a Wolf-Rayet star
and an 0-type star. The emission lines in its spectrum show
variations on the order of minutes as observed by a number
of investigators (e.g., Sanyal, Weller, and Jeffers 1974).

Photoelectric photometry of -y2 Velorum was made with the
use of the automated 3-inch South Pole Optical Telescope (Wood
and Chen 1985; Chen et al. 1986) during the austral winters

of 1986, 1987 (Chen et al. 1987), and 1988. Two interference
filters were used to observe the emission features of Hell X4686
and CIII X5696. The full width at half maximum (FWHM) of
each of these filters are 32 Angstroms. In addition, an inter-
ference filter centered at 4,768 Angstroms with a FWHM of 92
Angstroms was chosen for the continuum which is used as a
reference for the emission lines. Detailed reduction and anal-
ysis of the observational data are being carried out and will be
presented elsewhere. The result of a sample 5-hour run of the
Hell emission line, which is a subset of a 16-hour data set, is
given here. The ratio of the brightness measurement of the
line feature to that of the continuum is calculated, and power
spectrum is computed; this is shown in figure 1. The relatively
strong peak, which occurs at 19.0 per day, corresponds to a
period of 1.26 hours. A sine curve was also fitted to the normal
points of these data, computed at 0.004-day intervals, with the
use of the method of least squares. This model yields a period
of 1.28 hours, and it is depicted in figure 2. The strong agree-
ment between these two methods leads to the belief that this
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Figure 1. Power spectrum of the brightness of Hell X4,686 relative
to X4,768 continuum for a 5-hour obsevation of 'y 2 Velorum.

is a real variation in y 2 Velorum. This new discovery will aid
in the study of the nature of the extended atmosphere of the
Wolf-Rayet star system.

This work was supported in part by National Science Foun-
dation grants DPP 84-14128 and DPP 86-14550.
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The long-term modulation
of cosmic rays

JOHN W. BIEBER, JIASHENG CHEN,
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Newark, Delaware 19716

Various effects of solar activity on the cosmic-ray intensity
have been observed for more than half a century (Pomerantz
and Duggal 1974). One well-known consequence of this influ-
ence is the long-term variation. During the 11-year solar cycle,
the peak of the galactic cosmic-ray intensity occurs within 1
year after sunspot minimum. Many investigations have been
conducted over the years to determine the mechanisms whereby
the Sun controls the cosmic-ray flux in the vicinity of the Earth.
The role of fluctuations in the interplanetary magnetic field as
an important factor in cosmic-ray modulation was recognized
by Hedgecock (1975); however, attempts to establish correla-
tions between cosmic-ray intensity and the interplanetary mag-
netic field magnetic-energy spectra were largely unsuccessful.

In the present work, new analytical techniques have pro-
vided more exact determinations of the year-to-year variations

in the properties of the interplanetary magnetic field. This
study has revealed that the interplanetary magnetic field fluc-
tuation parameters also display a solar-cycle variation, which
is well correlated with the intensity of cosmic rays.

The analysis used two data bases: the cosmic-ray intensity
recorded by the Bartol neutron monitor at McMurdo Station,
Antarctica, and the "Omnitape," which contains interplane-
tary magnetic field and plasma data from the National Space
Science Data Center (Couzens and King 1986). The yearly mean
neutron monitor count rate and the low-frequency magnetic-
energy spectral density were determined for each of 20 years,
1965-1984. The frequency range of magnetic-energy spectra
between 5.8 x 10- 6 and 4.6 x 10 hertz corresponds to
wavelengths that are responsible for the scattering of primary
cosmic rays with neutron monitor energies (magnetic rigidity
approximately 10 gigavolts). It is also consistent with reported
values of the magnetic field correlation length (Matthaeus,
Goldstein, and King 1986).

The observed solar wind speed (obtained from the "Om-
nitape") was used to convert frequency spectra to wave-num-
ber spectra, and these spectra were then fitted to a power law
in order to obtain the spectral amplitude. Figure 1 shows the
amplitude of the low-frequency magnetic-energy spectra dur-
ing the years 1965-1984. This quantity represents the mag-
netic-energy density for a wave number of 3 x 10-10permeter,
which is representative of the fluctuations responsible for scat-
tering 10-gigavolt cosmic rays. The yearly average cosmic-ray
intensity, as represented by the McMurdo Station neutron
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Figure 1. Magnetic-energy spectral amplitude in the years 1965-
1984. Error bars are ± 1 o and are determined from the least-square
fit. The arrows in the graphs indicate years when the Sun's north
pole (N) and/or south pole (S) reversed polarity. (nT 2m denotes
nanoteslas-squared meter.)

monitor count rate, is plotted in figure 2. The mean rigidity of
response of this detector is about 10 gigavolts. Comparison of
the two figures shows that lower cosmic-ray intensity corre-
sponds to higher spectral amplitude with the exception of a
few years. It is well known that certain solar phenomena, as
well as the shape of the cosmic-ray intensity vs. time curves
differ between successive solar cycles. The spectral amplitude
during the first 10 years (1965-1974) and the second 10 years
(1975-1984) also differs, supporting current ideas about the
nature of the 20-year solar magnetic cycle.

The regression plot in figure 3 reveals an anticorrelation
between cosmic-ray intensity and low-frequency magnetic
spectral amplitude (99 percent confidence level). It is note-
worthy that the years with negative solar magnetic polarity
(1965-1968 and 1981-1984) are grouped at a different level than
years with positive solar polarity (1972-1979). A higher cosmic-
ray intensity corresponds to positive polarity at fixed spectral
amplitude. It remains to be determined whether the effects of
helicity, drift, or other interplanetary magnetic field charac-
teristics are involved in this phenomenon.

This research was supported by National Science Founda-
tion grants ATM 86-05124 and DPP 85-16501.
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IRIS: An imaging riometer
for ionospheric studies

D.L. DETRICK and T.J. ROSENBERG

Institute for Physical Science and Technology
University of Maryland

College Park, Maryland 20742

Auroral absorption of cosmic radio noise is produced by
changes in the electron density of the ionosphere, caused by
the precipitation of energetic (> 10 kiloelectronvolt) electrons
from the Earth's magnetosphere. Historically, riometry has
been a very simple experiment, since it was necessary to have
only an antenna which would produce a circular broad-beam
pattern, a riometer receiver, and a recording device. Even with
such a simple system, it was possible to infer limited infor-
mation about the spatial scale of precipitation structures in the
ionosphere, if data from two or more frequencies were ex-
amined simultaneously, but any fine detail would be averaged
by the broad-beam antenna (e.g., Hargreaves, Chivers, and
Nielson 1979; Imhof et al. 1984; Rosenberg et al. 1987).

A natural progression in sophistication led to multiple-beam
systems, comprising phased antennas which produced fixed,
narrow beams (e.g., Nielsen and Axford 1977; Nielson 1980;
Nielsen et al. 1987), or a single beam which was swept in a
linear path across the radio sky (Kikuchi, Yamagishi, and Sato
1988).

The next logical step in riometry has been taken with the
installation of a full imaging system at South Pole Station dur-
ing the 1987-1988 austral summer. The imaging riometer for
ionospheric studies (IRIS) experiment examines the radio sky
with 49 independent beams, which are sampled every second.
This enables auroral activity to be examined continuously from
a ground-based station, with an unprecedented time resolu-
tion and with a spatial detail unique in riometry.

Hardware. The main components of IRIS are the antenna
array, the phasing/receiver system, and the data-recording sys-
tem. The IRIS antenna is a square array of 64 circularly polar-
ized crossed-dipole (turnstile) antennas. The dipoles are oriented
parallel to the surface, and lie in a plane a quarter-wavelength
above a metal ground plane; the horizontal separation of the
elements is one-half wavelength. The ground plane consists
of parallel rows of poultry netting (chicken wire), connected
electrically at eighth-wavelength intervals. The IRIS system
operates at 38.2 megahertz, so the antenna array covers a square
4.5 wavelengths, or about 35 meters on a side; the dipole
element plane is about 2 meters above the ground plane, which
affords a convenient height for assembling the array. A portion
of the IRIS antenna is shown in figure 1.

The signals from the dipoles are combined in a sophisticated
complex of 15 Butler matrices; these matrices provide the elec-
trical phasing to produce 49 independent beams in a 7 x 7
square array, covering the radio sky out to about 50 degrees
along the principal axes of the antenna, and to about 80 degrees
along the diagonal directions. The full —3 decibel beamwidth
of the zenithal beam is about 12 degrees, which projects to a
20-kilometer circle at 90 kilometers altitude; the complete io-
nospheric projection of the array is shown in figure 2. The
dashed circle in the figure is the projection of the —3 decibel
locus of a broad-beam antenna; the improvement in spatial

-1

Q

AW

AW

Figure 1. A partial view of the IRIS antenna array at South Pole
Station. The coax cables from the dipole elements connect to the
phasing/receiver box, buried in the center of the array. The ground
plane mesh, and interconnecting plates are evident in the fore-
ground.

resolution of the IRIS antenna over a broad-beam antenna is
seen to be about ten-to-one, and the ionospheric coverage is
improved significantly.

The signals from seven beams are multiplexed into one of
seven riometer receivers at a rate of seven times a second, so
that the receivers sample all 49 beams every second. The phas-
ing system and riometer receivers are housed in an insulated
vault located at the center of the antenna array; internal heaters
keep the electronics at room temperature. The data are trans-
mitted by cable to the station, located 1 kilometer away, and
recorded on digital magnetic tape by a dedicated microcom-
puter system. The returned data are displayed on a video
monitor, both as voltages, and as a gray-scale image of the
radio sky. Software was provided for preparing IRIS data files
for transmission back to Maryland over the ATS-3 satellite.

Results. About 1 month of continuous, full-time resolution
data were retrieved from the station before closing for the
winter, and data from short intervals of particular interest are
received periodically over the satellite system. As expected,
much of the auroral absorption activity examined with the
imaging system is of limited spatial extent, sometimes occur-
ring in only a single beam; simultaneous broad-beam absorp-
tion data, although often near the limit of the resolution of the
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instrument, verify that precipitation is indeed occurring at these
times, and additional support is provided by other instru-
mentation at the station.

The range of structures and motions of precipitation regions
is too varied to describe here. Instead, we present a single
example of a relatively simple structure. The panels shown in
figure 3a are images produced 10 seconds apart, proceeding
sequentially from left-to-right and top-to-bottom, beginning at
1840 universal time on 15 January 1988. Each image is of io-

IRIS

Distance, km
Figure 2. The projection of the —3 decibel contours of the 49 IRIS
beams onto the ionosphere at 90 kilometers altitude. The dashed
circle in the center of the image represents the viewing area of a
conventional broad-beam antenna. (km denotes kilometers.)

South Pole IRIS, 15 January, 1988

1840

1841

18421843_H_H_H_H_H_
1844_.LH_U_H_ H i

nospheric absorption seen from the ground: the direction of
the south magnetic pole is toward the top of the image, the
magnetic equator is to the bottom, east is to the right, and
west to the left. The projection is onto a flat ionosphere, so
the image displayed represents a square region of the ionos-
phere 200 kilometers on a side, at 90 kilometers altitude. Local
magnetic noon at South Pole Station is near 1530 universal
time.

Starting shortly before 1840, a faint arc appeared slightly to
the west of zenith, extending from the equatorward limit of
the antenna, to the poleward limit. Part of the arc brightened
significantly within a few tens of seconds after 1840:40 and
moved quickly over the station, disappearing off the poleward
edge of the antenna after about 1842:30; the peak absorption
during the event reached 1.6 decibels at 1841:30. The bright
arc was oriented perpendicular to the Sun-Earth line, which
at the time was collinear with the diagonal running from the
lower left corner (direction of the Sun) to the upper right corner
of the image. As the precipitation moved overhead of the an-
tenna, the bright region traveled along the arc, from the equa-
torward edge of the sky to the poleward edge.

The data from a broad-beam 38.2 megahertz riometer, and
3-axis fluxgate magnetometer are shown in figure 3b, covering
the interval from 1820 to 1850 universal time. The broad-beam
absorption reached a peak of 0.4 decibels at 1841. Examination
of the broad-beam riometer record provides only a time history
of the precipitation event; since there is no correlation of spatial
location or extent with the temporal record, the dynamics of
the event can only be inferred, and may be misleading. Like-
wise, the magnetometer record reflects the time history of
ionospheric currents, with the same limits on uncertainty of
the dynamics of the current systems. These uncertainties could

38.2 MHz Riometer
1.80

1.60

Magnetometer H

'E

475' I.. .1.... I.,	.1..,,

Magnetometer D

75 . . . . . . . . ^_,.	. . . .. . . ^.

—300 Magnetometer Z

—450 I	I	.1
1820 1830 1840 1850

UT, South Pole, 1 5 January, 1 988

Figure 3. A. Ten-second IRIS images of a riometer absorption event at South Pole. The panels are sequential in time, from left-to-right in
each 1-minute row. The time to the left of each row is in universal time. B. A 30-minute plot of the broadbeam 38.2 megahertz riometer
signal at South Pole, and the 3-axis fluxgate magnetometer data. The IRIS data shown in figure 3 correspond to the 5-minute section
beginning at 1840 UT. (UT denotes universal time; MHz denotes megahertz; nT denotes nanotesla.)
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only be resolved in the past with the spatial information pro-
vided by optical imagery of auroral activity. Unfortunately,
optical data at auroral latitudes becomes sparse or nonexistent
during local summer, and is affected by clouds and moonlight
even during the winter. Although the spatial resolution of the
IRIS is inferior to optical systems, the time resolution is far
superior, and in addition, the riometer can operate year-round,
unaffected by clouds or extraneous light. We expect the im-
aging riometer data to be of significant value in understanding
the dynamics of magnetospheric and ionospheric processes.

The IRIS project from design to installation was supported
by National Science Foundation grant DPP 84-19272. The field
installation was performed by D.L. Detrick, L.F. Lutz, T.J.
Rosenberg, and Q. Wu. The team arrived at South Pole Station
on 21 December 1987; the antenna was installed and operating
on 2 January 1988, without a ground plane. The ground plane
was installed on 4 and 5 January. Operation and maintenance
of the instrument, as well as data processing and analysis, are
being supported by National Science Foundation grant DPP
86-10061.

The successful completion of the IRIS hardware project re-
quired the assistance of many people. The design parameters
evolved from valuable discussions with J. K. Hargreaves, W. C.
Erickson, L.F. Lutz, and H.J.A. Chivers; the hardware itself
was fabricated the the Electronic Development Group of the
University of Maryland Physics Department, with especially
useful contributions from J . Giganti and E. Knouse; initial anal-
ysis has benefited from the contributions of S. Krishnaswamy
and J.K. Hargreaves.

During the 1988 austral winter, Ed Wollack at South Pole
Station, and Brian Christensen at McMurdo Station (both of
Bartol Research Institute) will maintain the University of Mary-
land equipment at the respective stations. We appreciate the
assistance of Shep Doeleman at McMurdo, and Barry Goldberg

at South Pole (both of Bartol Research Institute) during the
1987 winter season. The ATS-3 satellite system is operated by
Paul Eden, of the University of Miami; we gratefully acknowl-
edge his assistance.

The magnetometer data used in figure 3b were acquired with
the assistance of L.J. Lanzerotti, AT&T Bell Laboratories, Mur-
ray Hill, New Jersey.
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Balloonborne measurements
of energetic dayside electron

precipitation at South Pole Station
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University of Houston
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There is relatively little published information about ener-
getic (x 20 kiloelectronvolt) electron precipitation in the high-
latitude dayside auroral zone. The emphasis in statistical stud-

ies has been on energies of 20 kiloelectronvolts or less (e.g.,
Hardy, Gussenhoven, and Holeman 1985). We will present
data which suggest that energetic electron precipitation is a
significant phenomenon even at invariant (i.e., magnetic) lat-
itudes as high as 75°, the invariant latitude of South Pole Sta-
tion. Between 15 December 1985 and 16 January 1986, the
University of Houston and the University of Maryland used
balloon-borne sensors to measure bremsstrahlung X-rays (from
precipitating electrons) and electric fields at South Pole Station.
In this paper, we present bremsstrahlung data for 2 and 3
January 1986 (Matthews et al. 1988).

On the dayside under quiet conditions, South Pole Station
is well equatorward of the cusp and may even be equatorward
of the auroral oval. Under magnetically active conditions, how-
ever, the cusp moves equatorward, often to 75° invariant or
even lower; thus at one time or another on the dayside the
station may be in the auroral oval, in the cusp, or in the polar
cap.

As these very different plasma and field regions pass over
the station, electrons precipitated on the station field line can
be expected to exhibit an extreme range of characteristic ener-
gies, from tens of electronvolts up to (as we shall show here)
hundreds of kiloelectronvolts. Likewise, magnetospheric and
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ionospheric electric fields and the associated plasma flows and
currents will exhibit a wide variety of behavior at the station,
depending on the region that is overhead. Ground-based mea-
surements have been made at South Pole Station continuously
for many years (e.g., Lanzerotti and Park 1978; Rosenberg
1982); but neither the very wide range of electron energy spec-
tra nor the effects of electric fields can be measured adequately
by ground-based sensors at the station. For example, the riom-
eter provides a measure of the intensity of electron precipi-
tation for energies 5-10 kiloelectronvolts, and during the
winter months optical observations can give limited informa-
tion on the electron energy spectrum at lower energies; how-
ever, no spectral information at higher energies can be obtained
with present ground-based techniques.

Balloon-borne instruments provide the opportunity to sam-
ple the higher-energy component of the precipitated electrons
(via X-ray bremsstrahlung) as well as the electric field. In the
vicinity of South Pole Station in the summer months of De-
cember and January, winds aloft are very light, typically 2 or
3 meters per second, so that balloons can remain within te-
lemetry range of the station—about 500 kilometers—for 4 days
or more.

Results. The data presented here are from the University of
Maryland balloon X-ray spectrometer. X-ray events were ana-
lyzed on board into seven differential channels between 25
and 500 kiloelectronvolts and an integral channel >25 kiloe-
lectronvolts. Energy spectra of precipitating electrons were de-
duced from the X-ray measurements on 2 and 3 January 1986
during which time the balloon remained within 70 kilometers
of the station. The period was one of low to moderate geo-
magnetic activity.

Figure 1 summarizes the precipitation on 2 January as ob-
served in cosmic radio-noise absorption (30-megahertz riom-
eter data) and in four energy channels of the balloon X-ray
data. The X-ray data are actual counts, including background
due to cosmic-ray effects in the atmosphere. On both 2 and 3
January almost all the precipitation occurred between approx-
imately 0830 and approximately 1830 universal time (0500 and
1500 local magnetic time). This diurnal pattern of precipitation
is often observed in riometer data at South Pole Station (Har-
greaves, Chivers, and Petlock 1964; Rosenberg 1987). We as-
sume that the precipitation observed within the study period,
which we identify as the dayside, occurred on field lines equa-
torward of the trapping boundary.

We inverted the X-ray spectra during particular intervals into
spectra of precipitating electrons with characteristic (average)
energy Er,. Most of the time, on both days, the characteristic
energy Ec was between 20 and 30 kiloelectronvolts; however,
there were a number of intervals, lasting from a few minutes
to almost an hour, in which E 0 was in the range of 40 to 200
kiloelectronvolts. A particularly interesting event of this kind
is shown in figure 2, which displays the X-ray count rates in
all 7 differential energy channels. The data are shown both
unfiltered and low-pass filtered. Initially E 0 was 150 kiloelec-
tronvolts at 0957 universal time, softening to 30 kiloelectron-
volts at 1006; that is, the electrons of lowest energy
(approximately 35 kiloelectronvolts) peaked 9 minutes later
than those of highest energy (approximately 350 kiloelectron-
volts). This observation of 9-minute dispersion suggests gra-
dient drift and subsequent precipitation of trapped electrons
from an injection event in the midnight sector.

In another event, however, dispersion was less than 0.5
minute, indicating a strong perturbation of the trapped elec-
tron population close to the longitude of the station. This per-

South Pole	 30.0 MHz Riometer
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Cts/sec

09	 11	 13	 15	 17

UT, Jan 2, 1986

Figure 1. Dayside cosmic-noise absorption (Abs) and tour channels
of X-ray data, 10-second averages, background not subtracted, 2
January 1986. Data averaged over 10 seconds. Background counts
have not been subtracted. Local magnetic noon (N) is at 1530 uni-
versal time (UT). The maximum electron and energy fluxes for the
2-day period occurred at 1345 universal time and were 0.8 x 10
per square centimeter per second (>25 kiloelectronvolts) and 0.4
erg per square centimeter per second. (MHz denotes megahertz.
dB denotes decibel. Cts/sec denotes counts per second. keV de-
notes kiloelectronvolt.)

turbation, therefore, occurred in the morning sector and cannot
be explained in terms of a near-midnight injection.

We are not aware of any other published reports of electron
precipitation events with significant fluxes measured at all
energies from 20 to > 250 kiloelectronvolts at L> 10 (X > 72°).

The maximum electron and energy fluxes for the 2-day pe-
riod occurred at 1345 universal time on 2 January and were
0.8 x 107 per square centimeter per second (>25 kiloelectron-
volts) and 0.4 erg per square centimeter per second.

Another feature that can be seen in figure 1 is long-period
(several-minute) pulsations, especially between 1300 and 1400
universal time. Closely correlated pulsations were also present
in the balloon electric-field data and in the ground-based mag-
netometer data.

We acknowledge essential support by Larry Lutz in engi-
neering. This work was supported in part by National Science
Foundation grants DPP 84-15203 to the University of Houston
and DPP 86-14457 to the University of Maryland.
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Deducing the structure
of plasma

density irregularities using signals
from the Siple Station

very-low-frequency transmitter
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The top panel of figure 1 shows a sweep-frequency trans-
mission from the Siple Station transmitter as received on the
ISIS-2 spacecraft; the lower panel shows the pulse format as

ISIS-2
9 JULY 1982

0933 UT

kHz	 (a)

The study of density irregularities in the ionosphere and
magnetosphere is important because these structures are man-
ifestations of large-scale dynamic processes in the Earth's plasma
environment which at present are only partially understood
(Fejer and Kelly 1980). Furthermore, these irregularities can
catalyze interactions between plasma waves and energetic par-
ticles, leading to coupling between the magnetosphere, io-
nosphere, and upper atmosphere (Bell and Ngo 1988).

At present, work is progressing at Stanford University on
the development of a new technique to determine the char-
acteristics of magnetic-field-aligned plasma density irregular-
ities using the Siple Station very-low-frequency transmitter.
This technique is based upon a recently discovered phenom-
enon in which coherent signals from ground- based very-low-
frequency transmitters have been observed to excite short-
wavelength electrostatic waves (greater than or equal to 5 me-
ters but less than or equal to 100 meters) throughout large
regions of the magnetosphere and ionosphere. This effect has
been explained in terms of scattering of the initial input signals
from magnetic-field-aligned plasma density irregularities of small
transverse scale (5-100 meters) which exist in the magnetos-
phere, and during this process, excite electrostatic waves with
wave normals near the resonance cone (Bell et al. 1983; Bell
and Ngo 1988, in preparation). Because of the large refractive
index associated with the stimulated electrostatic waves, they
are observed on satellites with significant doppler shifts of up
to 500 hertz. Since the measured doppler spectrum contains
information on the spatial distribution and enhancement fac-
tors of the irregularities, it can be used as a diagnostic tool to
study the irregularity structure.

A full-wave electromagnetic theory has recently been de-
veloped which describes the scattering process (Bell and Ngo
1988, in preparation) and which gives the electrostatic wave
amplitude as a function of the irregularity distribution. This
relationship can be used as a diagnostic tool to predict the
irregularity structure which produces a given measured elec-
trostatic wave spectrum.

This new diagnostic tool has recently been applied to very-
low-frequency wave data acquired in 1982 during a joint in-
ternational research effort involving Stanford University and
the Canadian Communication Research Center. In these ex-
periments, signals from the Siple Station very-low-frequency
transmitter were injected into the magnetosphere and the in-
put signal plus the stimulated electrostatic waves were ob-
served on the Canadian ISIS-1 and ISIS-2 satellites as these
spacecraft passed near Siple Station. A portion of the data
acquired during one of these experiments is shown in figure
1.

kHz	 (b)

0	1	2	3	4	5 sec

Figure 1. A. Spectrogram showing a sweep frequency Siple Station
transmitter pulse as received on the ISIS-2 satellite during wave-
injection experiments in July 1982. The large apparent bandwidth
of the signal (approximately 150 hertz) results from the doppler
shift of short-wavelength electrostatic waves excited by the input
pulse. B. The pulse format as transmitted. (UT denotes universal
time. KHz denotes kilohertz.)

15

(a) ELECTROSTATIC WAVE AMPLITUDE

EXP ERROR = 1 dB
10

.tJ

LU

0.01

(bI DENSITY ENHANCEMENT SPECTRUM

C
z

0.001
-1

0.0001	 I	I	I	I	II	I	II
12	 17	 22	 27	 32

A (METERS)

Figure 2. A. The measured electric field amplitude (E ES) of the sweep
frequency pulse shown in figure 1A plotted as a function of the
wavelength of the electrostatic waves. B. The predicted Fourier
spectrum of the irregularities which led to the generation of the
electrostatic waves. The quantity N 00 refers to the amplitude of
each individual Fourier component in the irregularity spatial spec-
trum. (A denotes wavelength. dB denotes decibel.)
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transmitted from Siple Station. The large apparent bandwidth
of the signal received on the spacecraft results from the pres-
ence of electrostatic waves stimulated as the input pulse scat-
tered from magnetic-field-aligned plasma density irregularities
located along the propagation path.

The top panel of figure 2 shows the measured amplitude of
the electrostatic waves shown in figure 1 as a function of the
wavelength of these waves. The bottom panel shows the pre-
dicted Fourier spectrum of the irregularities which lead to the
generation of the electrostatic waves. The dominant predicted
wavelengths in the spatial Fourier spectrum of the irregular-
ities lie in the range 27-30 meters.

This new diagnostic technique is potentially very powerful
since it can be used at altitudes far above that at which ground-
based radar is useful and covers a scale range (5-100 meters)
that is an order of magnitude better than the resolution of most
experiments designed to measure density irregularities di-
rectly. Further tests of the technique will be carried out using
data acquired at Siple Station in the period 1982-1987 with the
ISIS satellite as well as the high altitude ISEE-1 and DE-1 sat-
ellites. If the technique can be perfected, it will be of substantial

benefit to the fields of both magnetospheric and ionospheric
physics.

This research was supported under National Aeronautic and
Space Administration grants NGL-05-020-008 and NAS 5-28447.
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Balloon observations
of ultra-low-frequency waves

in the electric field
above the South Pole
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The physics of ultra-low-frequency waves in the magnetos-
phere, near the cusp and in the polar cap, is important because
this region is one where ultra-low-frequency wave energy from
the magnetopause can most easily enter the magnetosphere
(Russell, Holzer, and Smith 1969; Russell and Chappel 1971;
Lanzerotti, Medford, and Rosenberg 1982). During the 1985-
1986 South Pole balloon campaign (Bering et al. 1986), eight
stratospheric balloon payloads were launched from Amund-
sen-Scott Station, South Geographic Pole, Antarctica, to record
data on ultra-low-frequency waves. The payloads were instru-
mented with three-axis double-probe electric field detectors
and X-ray scintillation counters.

This paper concentrates on the third flight of this series,
which was launched at 2205 universal time on 21 December
1985. Good data were received from the payload until the
transmitter failed at 0342 universal time on 22 December. Dur-
ing most of the four hours that the balloon was afloat, an
intense ultra-low-frequency wave event was in progress. The
electric-field data from this period have been examined in detail
and compared with magnetic field data, obtained with ground-

based fluxgate and induction magnetometers to determine the
characteristics of the waves.

After float was reached, the electric-field data in figure 1
show large-amplitude, quasi-periodic fluctuations suggesting

SOUTH POLE BALLOON CAMPAIGN
University of Houston

Flight 3
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Figure 1. The three components of the electric field measured by
the balloon payload and the three components of the magnetic
field measured by ground magnetometers at the South Pole (solid
curve) and Iqaluit (dashed curve) are shown for the duration of
flight 3. The conventional labels for the three components of the
magnetic field are H-poleward, D-eastward, and Z-vertical. (mV/rn
denotes millivolts per meter. nT denotes nanoteslas.)
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Internal gravity waves in the
stratosphere above the South Pole
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During the austral summer of 1985-1986, we launched a
series of eight stratospheric, zero-pressure balloons from
Amundsen-Scott Station at the South Geographic Pole. A sum-
mary of the scientific objectives of the balloon campaign is
given by Bering et al. (1986).

One of the major objectives of the balloon campaign is a
detailed study of the stratospheric winds at float altitudes
through analysis of the balloon-tracking data. Because they are
sensitive to atmospheric wave motions, balloons can provide
information on small-scale perturbations to the mean wind
flow. Atmospheric waves play a crucial role in horizontal and
vertical chemical transport, especially in the summertime strat-
osphere above the South Pole. In this region, the mean winds
are very light so that the total wind vector may be dominated
by perturbation winds of the waves.

Our initial analysis of the tracking data focuses on charac-
terizing atmospheric motions associated with internal gravity
waves. Our study of gravity waves was motivated by the recent
interest in the chemistry of the south polar region. In addition,
we are investigating fluctuations in the ionospheric electric
field that may be generated by the upwardly propagating grav-
ity waves (Bering et al., Antarctic Journal, this issue).

A total of 468 hours of tracking data was obtained from the
eight flights.

Tracking data. One of the balloon flights, flight 7, was unique
because clear weather permitted the precise monitoring of the
balloon position (azimuth and elevation) with an optical theo-
dolite for the first 26 hours of the flight. This allowed us to
resolve the small-scale motions as well as the mean flow during
this time. For the rest of flight 7, and for most of the other
flights, the balloon tracking was done primarily by telemetry
signal strength and tone-ranging techniques, which are less
accurate than the theodolite readings but from which the mean
winds and long-period tidal motions can still be determined.

Balloon 7 was launched from Amundsen-Scott Station on 7
January 1986 at 0945 universal time. The altitude of the balloon
as a function of time is shown in figure 1. The altitude was
calculated from the onboard atmospheric pressure and tem-
perature measurements which were telemetered to a ground
receiving station. The balloon ascended at a nearly constant
rate after launch to an altitude of approximately 37 kilometers.
It then descended due to a slow helium leak over a period of
60 hours to approximately 27 kilometers before drifting beyond
the radio horizon. Oscillations in the balloon altitude with
periods of a few hours are evidence of vertical motions asso-
ciated with internal gravity waves. This motion was present
during most of the balloon flights. Vertical displacements were
typically a few hundred meters.

The ground track of flight 7 is shown in figure 2. Theodolite
tracking readings were taken every 15-20 minutes until hour
36. The random error in the theodolite azimuth and elevation

Figure 1. Balloon flight 7 altitude versus universal time (UT) hours
from the start of the day of the launch. <km denotes kilometers.)

FLIGHT 7 TRACK

945 UT 1/7/86
270E	 90ESP

89S

88S

87S	 12/	
_____4)

180E

Figure 2. Track of flight 7 in geographic coordinates; 2-hour inter-
vals are marked as + and 12-hour intervals are labeled along the
track. (UT denotes universal time.)

readings was at most 20 seconds of arc, so that the error in
the relative positions of the balloon between readings before
hour 36 was negligible. After hour 36, tracking data were ob-
tained every 30 minutes by the tone-ranging method, which
had an estimated resolution of 50 A 2-hour running average
of these tone-ranging data was used. The direction of the mean
flow was approximately along 220°E. The large counterclock-
wise loops in the balloon track were caused by wind pertur-
bations associated with wave activity.

Wave characteristics. The magnitude of the horizontal wind
velocity determined from the balloon tracking of flight 7 is
shown in figure 3. Quasi-periodic perturbations in the mean
wind are evident. The mean wind was approximately 3 meters
per second. A spectral analysis of the wind data indicates that
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Figure 3. Magnitude of the horizontal wind velocity measured by
flight 7 versus universal time (UT) hours. (m/s denotes meters per
second.)

the dominant wave motion in the wind velocity had a period
of approximately 5 hours. Other important parameters that
characterize gravity waves include the vertical wavelength X,
the horizontal wavelength Xh, the horizontal phase velocity C,,
and the horizontal and vertical perturbation velocities of the
waves U,, and U, respectively. Figure 3 shows that U,, was
typically 2-3 meters per second. We estimated X from the
vertical wind profile measured by a radiosonde launched at
1200 universal time on 7 January 1986 which shows quasi-
periodic oscillations with X 2.5 kilometers. The other pa-
rameters, estimated from the gravity wave theory of Hines
(1960), are found to be X,, 125 kilometers, C,, 8 meters per

second, and U 0.05 meters per second. From a hodograph
analysis, the waves were found to be nearly linearly polarized.

All of the above observed characteristics are typical of past
observations of internal gravity waves although observations
in the stratosphere are sparse. Gravity waves are generally
believed to be of tropospheric origin with either wind flow
over topographical features or wind shear instability as the
most important sources. Since the nearest mountain range to
the South Pole is approximately 350 kilometers away, topo-
graphy was an unlikely source.

In conclusion, the horizontal perturbation velocities of in-
ternal gravity waves appear to be comparable to the mean wind
flow in the stratosphere above the South Pole. Vertical dis-
placements of air parcels by the gravity waves are on the order
of hundreds of meters. The implication is that internal gravity
waves play an important role in the transport of stratospheric
constituents in the south polar region. Future work includes
a statistical analysis of the tracking data for the entire campaign
in order to characterize tidal motions.

This research was supported by National Science Founda-
tion grants DPP 84-15203 and DPP 86-14091.
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Dawn-sector energetic
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During the 1985-1986 austral summer, the University of
Houston and the University of Maryland conducted the first
balloon compaign from South Pole Station which measured
the ionospheric electric field and bremsstrahlung X-rays. The
suitability of the location (invariant latitude 75°S) and ob-
jectives of the campaign are described by Bering et al. (1986).

Presented here are some of the X-ray data from dawn-sector
time period of 0700 to 1000 universal time on 19 December
1985 (local magnetic noon is 1530 universal time).

An energetic electron impinging on the atmosphere at an
altitude of about 100 kilometers starts to lose energy through
a number of mechanisms, some of which produce X-rays known
as bremsstrahlung or braking radiation. The X-rays, as high-
energy photons, are able to penetrate the atmosphere nearly
another 70 kilometers to a depth where they can be received
by balloon-borne instruments. Berger and Seltzer (1972) de-
veloped a model which relates the electron precipitation rate
to the e-folding energy of the detected bremsstrahlung radia-
tion and the altitude at which it is measured. For an incident
electron beam with an assumed exponential spectrum, they
find that the electron precipitation spectral shape for energies
greater than 60 kiloelectronvolts can be characterized by the
bremsstrahlung e-folding energy alone, thereby establishing a
direct connection between electron and bremsstrahlung e-fold-
ing energies. In addition, in this energy regime, the brems-
strahiung flux spectrum per unit incident current can be ex-
pressed as the product of two factors: a scale factor f (Eeiectron)
depending on the electron e-folding energy and an attenuation
factor g(z) depending on the atmospheric depth. The product
of these factors yields the bremsstrahlung flux spectrum per
unit incident current; namely:
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The bremsstrahlung e-folding energy is computed by fitting
the magnetospheric portion of the spectrum to the function:

ln(N) = a6 +	
a7E

10)1 + (a9E\a

The bremsstrahlung e-folding energy is the negative inverse

of a7. '- is then computed, and the Berger and Seltzer results
dEX

for an energy of 100 kiloelectronvolts are interpolated to allow
the calculation of the incident electron precipitation rate for
times of interest.

The X-ray detector for this time period consisted of a sodium
iodide (Ti) scintillator 7.5 centimeters in diameter and 0.5 cen-
timeter thick mounted on a 7.5-centimeter diameter photo-
multiplier tube. The output of the photomultiplier tube was
subjected to on-board pulse height analysis resulting in count-
ing rates in 15 integral channels covering the range from 15 to
185 kiloelectronvolts. These data were telemetered to ground
via a bi-phase pulse code modulation system.

Figure 1 shows counting rates from five of the energy chan-
nels with the lowest energy channel being the top and most
active line. The magnetospheric portion of the spectrum ap-
pears as multiple spikes superimposed on a relatively smooth
cosmic-ray background. From launch at 0536 universal time,
the balloon rises through the Pfotzer peak and reaches float
altitude at 0730 universal time with an event in progress. Three
separate periods of intense activity with durations of 15 to 30
minutes followed.

The measurements were made during a geomagnetically ac-
tive period. Figure 2 shows D,t varying from about —50 to —80
during the time of the three intense events. Kp was at 6 for
the first two events and 5 for the last one. Syowa Station
magnetograms provided by Yamagishi et al. (1987) show a
sudden commencement of a large magnetic storm occurring
at approximately 0120 universal time, followed by a series of

SOUTH POLE BALLOON CAMPAIGN
University of Houston
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Figure 1. Counting rate versus time of day in universal time (UT)
for 19 December 1985. (keV enotes kiloelectronvolts.)

several substorms. The strongest of these substorms was ob-
served to begin at Syowa at 0740 universal time and reached
maximum intensity just after 0800 universal time. Four addi-
tional substorm expansions were seen at South Pole Station
during the next 2 hours that were not seen at Syowa.

The Berger and Seltzer model was applied to these events
resulting in the graphs of figure 3. An interesting feature of
the three events is the dispersion in electron energy, with more
energetic electrons arriving first, followed by greater numbers
of lower energy particles.
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It is at this point difficult to make any firm conclusions with
regard to the specific nature of these precipitation events since
these data need to be compared to data from other ground-
based sources and from satellites; however, one possible ex-
planation is that the auroral forms are moving over the balloon
location, dumping magnetospheric electrons into the atmos-
phere. This suggestion is consistent with the observation of
correlated negative perturbations in the H component of the
magnetic field measured at the South Pole. Collaboration with
the University of Iowa auroral satellite group and the U.S. Air
Force Geophysical Lab has begun in order to explore this pos-
sibility.

This work was supported by National Science Foundation
grants DPP 84-15203 and DPP 86-14091 to the University of
Houston and DPP 82-17260 to the University of Maryland.
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Neutral wave-driven dynamo
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of ultra-low-frequency fluctuations
in the ionospheric electric field
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The study of the perturbation of the ionosphere by upper-
atmospheric neutral waves has been a subject of major interest
for more than 30 years (Hines 1960; Georges 1973; Jacobson
1986; Earle and Kelley 1987). The initial energy source for these
waves is weather activity in the troposphere. In the absence
of dissipation, neutral waves propagating upward through an
atmosphere with exponentially decreasing density will grow
exponentially in amplitude due to the conservation of energy.
In the E layer of the ionosphere, collisions keep the ions cou-
pled strongly to the neutral gas, whereas the electron-neutral
collisions have become so infrequent that the electrons are
magnetized and held fixed with respect to the Earth's magnetic
field. Therefore, in the E layer, neutral wind fluctuations will
move the ions with respect to the electrons, thus driving cur-
rents and building up space charge to create an electric field
(Jacobson and Bernhardt 1985). Historically, this topic has been
investigated at mid- and low-latitude because auroral pro-
cesses can easily dominate the atmospheric dynamo signature
at higher latitudes (Mozer 1971).

Recent evidence suggests that neutral wave-driven dynamo
fields can be an important signal source at high-latitude during
geomagnetically quiet times (Earle and Kelley 1987); however,
Earle and Kelley's argument was based on statistical compar-
ison of spectral shapes. Simultaneous direct observations of
lower atmosphere neutral-wind waves and upper atmosphere
electric fields were lacking. This paper will present an example
of just such an observation.

The data were acquired during the 1985-1986 South Pole
balloon campaign (Bering et al. 1986) in which eight balloon
payloads carrying three-axis double-probe electric-field detec-

tors, X-ray scintillation counters, and pressure and tempera-
ture sensors were launched sequentially from South Pole Station,
Antarctica. The primary objective of the campaign was to mea-
sure the ionospheric electric field in the vicinity of the southern
magnetic dayside cusp in order to obtain an understanding of
the sources of the field. In fair weather, a balloon at a 30-
kilometer altitude in the stratosphere measures the 100-kilo-
meter, 1-second average of the horizontal ionospheric electric
field (Mozer and Serlin 1969).

An example of neutral waves in the stratosphere and their
dynamo effects in the ionosphere is shown in figure 1. The
figure shows 34 minutes of data acquired on 7 January 1986.
The presence of neutral waves in the stratosphere is indicated
by the perturbations in ambient temperature shown in the
bottom panel. Figure 2 shows the same data after applying a
0.002-0.007 hertz bandpass filter. The presence of an anti-

-360	 Fifteen Second Averages

!

2476

1728	 1744	 1800	 1816	 1832
UT, 07 January 1986

Figure 1. Thirty-four minutes of 15-second averages of data plotted
as a function of universal time (UT) on 7 January 1986. From top
to bottom, the panels display the variations of the vertical com-
ponent (Ba) of the geomagnetic field on the ground at South Pole,
the geomagnetic poleward component (E n) of the ionospheric elec-
tric field, the geomagnetic eastward electric field (E E), the ambient
pressure (P) seen by the balloon payload, and the ambient air tem-
perature (T). (K denotes Kelvin. MV/rn denotes millivolts per meter.
nT denotes nanoteslas. rnb denotes millibar.)
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Figure 2. The same data as figure 1 after applying a 0.002-0.007
hertz bandpass filter.

correlated signal in the eastward component of the electric field
is clear. Quantitatively, the cross-correlation between T and
EEastward (not shown) peaks at a value of -0.35 with the electric
field lagging by 285-300 seconds. The dominant period in
the cross-correlation curve is m315-330 seconds.

The power spectra of and coherence between the ambient
temperature and the EEas tward are shown in figure 3. Peaks are
evident in the power spectra at 3.2 x iO hertz that corre-
spond to the m330-second waves in figures 1 and 2; however,
the coherence between the two time-series peaks at a higher
frequency, m4 x iO hertz corresponding to a period of 200-
280 seconds.

A puzzling feature of the data is the fact that the coherence
between the two time series peaks at a higher frequency than
the frequency of the common peaks in the power spectra or
of the dominant frequency in the cross-correlation curve. This
apparent anomaly can be understood by considering the dis-
persion relation for internal waves in the atmosphere (Hines
1960). The two relevant roots of this relation are the acoustic
mode (i.e., sound waves) that propagates at frequencies above
the acoustic cut-off and the internal gravity mode, a mixed
buoyancy-compression mode that propagates below the Brunt-
Väisälä frequency.

For the acoustic mode just above the acoustic cut-off, energy
propagation is preferentially vertical; for upward energy prop-
agation, phase propagation will also be upward; and the phase
speed will be significantly higher than the usual speed of sound.
On the other hand, for the internal gravity mode just below
the Brunt-Väisalä frequency, both phase and energy propa-
gation are nearly horizontal, and the phase propagation is
downward for upward energy propagation. Coherence is a
phase sensitive, amplitude independent statistic. Therefore,
we expect strong coherence only for the nearly vertical prop-
agation of the acoustic mode, where the neutral waves impact
the ionosphere within the 100-kilometer detection range of the
balloon electric field experiment. The low-frequency cut-off of
the coherence in figure 3 at the acoustic cut-off frequency is
consistent with this picture. The presence of stronger, but
incoherent peaks in the power spectra at the resonant Brunt-
Väisälä frequency is an indication that the obliquely propa-
gating internal gravity waves that are illuminating the ionos-

phere above the balloon originate in the lower atmosphere
more than a horizontal coherence length of the gravity waves
away from the balloon.

1726-1830 UT, 7 January 1986

Frequency, Hz

Figure 3. The power spectra of the temperature (1) and eastward
electric field (EEastward) and the coherence between the temperature
and the eastward electric field are shown as functions of frequency.
The coherence is plotted as a solid line, referring to the linear scale
on the left. The power spectra are plotted as dashed lines referring
to the logarithmic scale on the right. From left to right, the three
vertical lines indicate the Brunt-Väisâlä acoustic cut-off, and bal-
loon neutral buoyancy oscillation frequencies. (UT denotes uni-
versal time. Hz denotes hertz.)

We are obliged to Louis J . Lanzerotti and Carol Maclennan
of AT&T Bell Laboratories for the use of the Cusp Lab mag-
netometer data. We are indebted to Liao Bing for her assistance
in data reduction.

This research was supported by National Science Founda-
tion grants DPP 84-15203 and DPP 86-14091.
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High-latitude
geomagnetic studies (22-33 millihertz)

A. WOLFE*, L.J. LANZEROTTL,
C.G. MACLENNAN, and L.V. MEDFORD

AT&T Bell Laboratories
Murray Hill, New Jersey 07974

Geomagnetic field measurements were initiated at Iqaluit
(formerly Frobisher Bay) in the Northwest Territories of Can-
ada during July 1985 (Wolfe et al. 1986). This site was selected
because it was calculated to be in the conjugate area to the
Amundsen-Scott South Pole Station where extensive geomag-
netic research has been conducted. The principal scientific ob-
jectives are to study the conjugacy of high-latitude magnetic
fluctuations observed at Iqaluit and South Pole (L13). In this
report, we extend the previous report of Wolfe et al. (1987)
and comment upon the conjugacy of the stations for magnetic
field fluctuations in the Pc3 (22-33 millihertz) hydromagnetic
regime and upon the penetration of hydromagnetic energy
deeper into the magnetosphere on the local dayside.

Figure 1 shows the antarctic continent mapped in geomag-
netic coordinates to the Northern Hemisphere (courtesy of M.
Rycroft and R. Greenwald). The locations of Iqaluit (IQ), South
Pole (SP), and Green Hill (GH), Rhode Island (a Bell Labora-

1'IL
GH

- ANTARCTIC CONTINENT
GH GREEN HILL

IQ IQALUIT (FROBISHER BAY)
SP SOUTH POLE

tories station at lower latitude near L3), are indicated. Three-
axis fluxgate magnetometer measurements were recorded at
intervals of 1 second (South Pole), 5 seconds (Iqaluit), and 10
seconds (Green Hill). Local time is nearly equivalent to uni-
versal time minus 3.5, 4, and 5 hours at South Pole, Iqaluit,
and Green Hill, respectively. Field measurements were made
in the geomagnetic north-south (H), east-west (D), and vertical
(Z) directions at all three ground sites. Noise levels in all in-
struments were 0.2 nanoteslas. Digitization increments were
0.06 nanoteslas provided by 10-bit analog-to-digital converters.

Hourly power spectral energy densities were calculated for
the H-component fluctuations at the three ground stations for
simultaneous data collected from 17 July to 3 August 1985
during 1100-2000 universal time, hours which are geomagnetic
local daytime at all three stations. These spectra were inte-
grated over several frequency bandwidths within the Pc 3-5
range. The resulting spectral powers (magnetic energies) were
compared at the three stations. Figure 2 shows boxplots of the
log power ratios South Pole/Iqaluit (upper panel) and Green

JULY 17—AUG 3 9 1985
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Figure 1. Locations of Iqaluit (10), South Pole (SP), and Green Hill
(GH) in geomagnetic coordinates. The antarctic continent has been
mapped to the Northern Hemisphere.

* Also affiliated with City University of New York, Brooklyn, New York
11201.

Figure 2. Boxplots of the log power (magnetic energy) ratio for the
conjugate stations South Pole/Iqaluit (SP/IQ) (upper panel) and Green
Hill/Iqaluit (GH/IQ) (lower panel) during local daytime hours. The
medians near zero (upper panel) show that comparable powers are
generally observed at South Pole and Iqaluit. Log power ratios
evident between -3 and -2 (bottom panel) correspond to wave
decay lengths between 3 and 4 earth radii (Re). (UT denotes
universal time.)
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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 RE 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.
Lessard for assistance with station maintenance at Iqaluit.
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Ionospheric signatures of
cusp-latitude Pc 3 pulsations
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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
XBB 0

YBB _

R103

PHO2

VLF 

VLF2

0.001	0.003	0.010	0.030	0.100	0.300	1.000
Log (Hz)

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 =
	200
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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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Landsat Thematic Mapper images have been acquired over
the region of West Antarctica, broadly referred to as the Siple
Coast, where multiple ice streams feed the Ross Ice Shelf. The
goals of a joint project by the U.S. Geological Survey and the
National Aeronautics and Space Administration are to produce
multicolor image maps at scales of 1:250,000 (some selected
areas at 1:100,000), to demonstrate the utility of thematic map-
per imagery in planning future field programs, and to use the
digital data in the analysis of the ice dynamics of this region.

To date, digital tapes have been purchased for 10 thematic
mapper scenes (table). The figure shows how these scenes
overlap and provide coverage for the region occupied by Ice
Streams D, E, and part of C. Landsat coverage further south

Images purchased in digital format

Scene identification	 Latitude	Longitude
number	Path-row	Date	(in degrees) (in degrees)

Y5105215333X0	014-117 01/17/87	79.08	138.36
Y1505215335X0	014-118 01/17/87	80.02	144.59
Y502761 4544X0	006-118 12/02/84	80.01	132.42
Y510511451 0X0	007-119 01/16/87	80.42	141.55
Y5105014074X0	233-119 01/15/87	80.42	131.07
Y5105212174X0	215-122 01/17/87	81.45	131.26
Y5105615094X0	010-119 01/12/87	80.42	146.33
Y5104915025X0	009-118 01/14/87	80.02	137.15
Y5032913362X0	226-122 01/24/85	81.50	148.25
Y5032913355X0	226-121 01/24/85	81.42	138.17

is not feasible due to orbital limitations; however, additional
imagery will be acquired northward to extend the coverage to
areas with established geodetic control. This is particularly
critical for the mapping effort because no rock outcrops exist
in the 10 scenes currently held. In addition, attempts will be
made to obtain position coordinates for suitable fixed or slow-
moving ice features located in the imagery to provide addi-
tional ground control for the mapping project.

Enhancements of the imagery reveal a wealth of features
that are relevant to studies of ice dynamics (see, for example,
Lucchitta and others 1985; Swithinbank and Lucchitta 1986;
and Orheim and Lucchitta 1987). Flowbands, crevasses, and
undulations indicate flow direction, relative strengths of ad-
jacent flowbands, the boundaries of the ice streams, and lo-
cations of resistive patches within ice streams. On this new
imagery, flowbanded structure appears even on Ice Stream C,
an ice stream, which is no longer active, indicating how it
flowed in the past. The identification of these large-scale fea-
tures, particularly the flowbands and undulations, was not
possible with the aerial photographs taken over Ice Stream B.
Satellite imagery represents a considerable improvement over
aerial photography in this regard and is more cost effective
than standard photography.

A new aspect to this imagery is that it is an integral part of
an ongoing investigative field program. The qualitative as-
sessment of these images has affected the formulation of future
field operations in this region. The location of ground-based
radar-sounding profiles has been adjusted to take advantage
of the different types of surfaces seen in the imagery which
are near the base camp. The identification of bifurcating flow-
bands in the immediate vicinity of the Upstream C camp (82.4°S
136.4°W) may offer an explanation of a puzzling distribution
of strain rates measured in this area (Whillans personal com-
munication). The imagery will also prove useful for the location
of other remote field sites where surface strain rates and ve-
locities will be measured as well as in the planning of the
airborne radar sounding program. As these data are collected,
the image map will form a basis for a regional interpretation
of the complete data set.

This project is supported by National Science Foundation
(Memorandum of Agreement DPP 85-12516) and National
Aeronautics and Space Administration's Ocean Program, grant
161-40-17.
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Map of study area showing location of imagery.
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Polar Research Board:
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July 1987 through June 1988
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Since its establishment in 1958, the Polar Research Board
has monitored the status and needs of domestic and inter-
national polar sciences. Accordingly, the board assists in the
formulation and maintenance of strong research programs that
are responsive to U.S. national interests and scientific oppor-
tunities. The board also serves as U.S. National Committee for
the Scientific Committee on Antarctic Research (SCAR) of the
International Council of Scientific Unions (ICSU), ensuring
participation of the U.S. polar research community in SCAR's
activities and encouraging international cooperation in antarc-
tic research endeavors recommended by SCAR.

The board is multidisciplinary and bipolar, with represen-
tatives of the biological, earth, physical, and social sciences
and of engineering, and represents a balance between arctic
and antarctic experience.* Board members are appointed for
4-year terms. The board's subgroups include two standing
committees, the Committee on Glaciology and the Committee
on Permafrost, and a dozen ad hoc groups that are formed for
specific studies and dismissed upon their completion.

The board meets semiannually to review its program, de-
velop U.S. positions on matters to come before SCAR, and
provide a forum for discussion of Federal programs in the polar
regions and the activities of non-Federal organizations with
polar interests. Discourse at board meetings often reveals ques-
tions or needs that become the focus of new studies.

This report summarizes the board's antarctic activities by
first addressing antarctic activities of the board's ongoing pro-
gram and second describing the board's activities as U.S. Na-
tional Committee for SCAR.

Polar Research Board antarctic activities. The board has recently
completed a broad, multidisciplinary examination of research
directions in antarctic science, publishing an article summa-
rizing accomplishments since the Interational Geophysical Year
of 1958 and a report identifying long-term U.S. scientific prior-
ities, U.S. Research in Antarctica in 2000 A.D. and Beyond. Two
important board initiatives of 1987-1988 follow in this vein,
and carry antarctic science questions into a global arena.

The first of these initiatives is an article published in Science,
4 December 1987, entitled "Laboratory Antarctica: Research

* Current board membership: Gunter E. Weller (Chairman), Knut Aa-
gaard, Roger C. Barry, Rita Colwell, Mim Dixon, David Elliot, Dennis
Hayes, Louis J. Lanzerotti, John Middaugh, Ian Stirling, Kevin Tren-
berth, Patrick J. Webber, Ray F. Weiss. Ex Officio members: Charles
R. Bentley (Alternate U.S. Delegate to SCAR), Ted Vinson (Chair-
man, Committee on Permafrost), Charles Raymond (Chairman,
Committee on Glaciology), and Robert Rutford (U.S. Delegate to
SCAR). Polar Research Board Staff are W. Timothy Hushen, Andrea
L. Smith, and Mariann S. Platt.

Contributions to Global Problems," authored by five board
members (C. Weller, C. Bentley, D. Elliot, L. Lanzerotti, and
P. Webber). This article discusses the importance of antarctic
research to large interdisciplinary studies of connections within
the Earth's geosphere and biosphere systems, and presents
examples of antarctic contributions from four research fields:
upper atmosphere research, antarctic ice sheet studies, Cen-
ozoic paleoclimatic history, and biological adaptations.

The second of the board's antarctic-global initiatives is the
development of the report "The Role of Antarctica in Global
Change." This report examines phenomena and processes in
the antarctic region that have an important role in global change
and provides a set of high-priority research themes building
on existing efforts and filling important gaps that could serve
as an antarctic component of the International Geosphere-Bios-
phere Program (IGBP). The report will be a primary focus of
the twentieth meeting of SCAR (SCAR XX).

Over the past year, the board has made significant progress
in its examination of infrastructure and logistic systems re-
quired to support research in polar regions. In response to a
U.S. Coast Guard request, the board has undertaken a multi-
year evaluation of the disciplines, equipment, and support
requirements necessary to maximize the scientific research po-
tential of existing and proposed U.S. Coast Guard ice-breaking
vessels. The board presented the conclusions of these exam-
inations in two reports completed in February 1988, "Quality
of Science Support on Existing U.S. Coast Guard Icebreakers—
Report of a Survey," and "Evaluation of the U.S. Coast Guard's
'Conceptual Design Document' and 'Preliminary Design Doc-
ument' for the Proposed Next Generation of Polar Class Ice-
breaker."

Board members involved with its Coast Guard icebreaker
studies presented testimony at the July 1987 hearing of the
U.S. House of Representatives Subcommittee on Coast Guard
and Navigation. This hearing focused on U.S. Coast Guard
icebreaker missions and the current and projected needs of
icebreaker users.

Additional projects have been completed by the board's
subgroups. At its May 1988 meeting, the Committee on Gla-
ciology discussed the need for additional airborne remote-
sensing capability in the Antarctic following the crash of LC-
130-03. The committee is polling the scientific community to
summarize its remote-sensing support requirements antici-
pated for the next decade, and to ensure its involvement in
the selection process for a replacement aircraft. In response to
a Department of Energy request, the committee is also plan-
ning a December 1989 forum on sea-level change to examine
progress made in this area since the publication of the Com-
mittee's 1984 report, Glaciers, Ice Sheets and Sea Level: Effects of
a CO2-induced Climate Change.

In the spring of 1988, the board's ad hoc Committee on Ant-
arctic Physical and Chemical Oceanography published its strat-
egy series report, Physical Oceanography and Tracer Chemistry of
the Southern Ocean. This report reviews and assesses the prin-
cipal research questions in southern ocean physical oceanog-
raphy, evalutes the implications of these problems on a global
scale, and recommends four research programs. An extensive
review of the scientific background for the study is included
as an appendix. This project was supported by the Andrew
Mellon Foundation, the Department of Energy, and the Na-
tional Science Foundation.

The ad hoc panel on Remote Sensing of Snow and Ice of the
Committee on Glaciology met in December 1987 to complete
its report, "Prospects and Concerns for Satellite Remote Sens-
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ing of Snow and Ice." The report follows an examination of
remote-sensing needs of the snow and ice research commu-
nity, and of current and planned international satellite tech-
nologies that may help meet these needs.

In August 1987, board representatives participated in a Na-
tional Science Foundation/National Aeronautics and Space Ad-
ministration-sponsored conference, The Human Experience in
Antarctica: Applications to Life in Space. This conference focused
on the use of the Antarctic as an experimental analog to long-
term manned space missions. Board representatives have been
examining analog research opportunities in biomedical and
human factors research and will convene a workshop on this
topic at SCAR XX during the meeting of the SCAR Working
Group on Human Biology and Medicine. A major board strat-
egy study on antarctic-space biomedical analog studies is planned
for 1989.

Scientific Committee on Antarctic Research (SCAR) activities. As
U.S. National Committee for SCAR, the Polar Research Board
continues to take the lead in activities that may increase the
effectiveness and strengthen the scientific leadership of SCAR.

The formation of ICSU's new IGBP was seen by the board
as a timely opportunity for SCAR to make a compelling state-
ment of the importance of antarctic science to global studies.
The board devoted a day of its 28-30 April 1988 board meeting
to the development of a preliminary report, "The Role of Ant-
arctica in Global Change," which will serve as a discussion
paper for consideration at SCAR XX. This report outlines top
priority research themes that could serve as an antarctic com-
ponent of large global change programs. Board chair, Gunter
Weller, and SCAR president, Claude Lorius, will convene a
meeting of a new SCAR-IGBP Steering Committee at SCAR
XX to discuss steps that should be taken to develop and im-
plement the multidisciplinary program. Special sessions of
Working Group meetings at SCAR XX are reserved for review
and comment on the board report. SCAR XX provides a rare
occasion for SCAR to carry such a multidisciplinary activity
because almost all Working Groups will be convened at this
meeting. When completed, "The Role of Antarctica in Global
Change" may be forwarded to the Scientific Advisory Com-
mittee of the IGBP for consideration.

In preparation of U.S. national positions on matters to come
before SCAR XX, the board examined a series of policy and
management options for SCAR that may strengthen its effec-
tiveness in dealing with an ever-expanding workload and
membership. During the past decade, SCAR membership has
increased from 12 to 19 nations while SCAR has been increas-
ingly called upon for advice from the Antarctic Treaty System
and other international organizations. Additional management
concerns addressed by the board include the establishment of
a Managers of National Antarctic Programs group within SCAR,
the future of the SCAR secretariat, and the streamlining of
SCAR procedures and meetings.

The board prepared positions on other scientific matters to
come before SCAR XX, including the need for the establish-
ment of a broad-based Group of Specialists on Antarctic En-
vironmental Affairs and Conservation, the consideration of a
new forum to discuss research aspects of atmospheric physics
and chemistry, the development and review of Sites of Special
Scientific interest (SSSI) and Special Protected Areas (SPAs),
and the need to disband groups of specialists that have com-
pleted their tasks or to reconstitute groups that have not carried
out their tasks in a timely manner.

U.S. scientists recently were selected conveners of two new
groups of specialists, which held initial meetings in association
with the Fifth Symposium on Antarctic Earth Sciences in Au-
gust 1987. Peter N. Webb is convener of the Group of Spe-
cialists on the Evolution of Cenozoic Paleoenvironment in High
Southern Latitudes. Ian Dalziel convenes the group on the
Structure and Evolution of the Antarctic Lithosphere. The
Working Groups on Geology and Solid-Earth Geophysics held
meetings at that time. The Working Group on Glaciology met
in September 1987.

As called for by SCAR, the board assembled data, published
and distributed the annual catalog of U.S. research activities
in Antarctica, entitled: Report on U.S. Antarctic Research Activ-
ities, February 1987—October 1988: U.S. Antarctic Research Activ-
ities Planned for October 1988—September 1989. Report No. 30 to
SCAR.

Additional information concerning the activities of the board
is available in Polar Research Board Annual Report 1987 and Future
Plans, available from the Polar Research Board.
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World Data Center-A
for Glaciology/National Snow

and Ice Data Center
antarctic-related activities for 1987

	 I

C.S. HANSON, G.R. SCHARFEN

and A.M. BRENNAN

WDC-A for Glaciology
University of Colorado

Boulder, Colorado 80309

During 1987, the World Data Center-A for Glaciology (Snow
and Ice)/National Snow and Ice Data Center (WDC/NSIDC)
has been involved in several antarctic data-management, anal-
ysis, and archiving projects.

The Polar Coordination and Information Section of the Di-
vision of Polar Programs at the National Science Foundation
sponsored a meeting of 28 representatives from organizations
that collect, process, transmit, archive, or use meteorological
data collected at U.S. Antarctic stations. This workshop, con-
vened by the World Data Center-A for Glaciology, and the
National Snow and Ice Data Center met at the University of
Colorado at Boulder on 10-11 September 1987. Workshop par-
ticipants considered the present flow of data from antarctic
stations to end users. A set of recommendations was drafted
to address problem areas in collecting, archiving, and accessing
the data. Charles Stearns of the University of Wisconsin chaired
the workshop, which was organized by Roger Barry, director
of WDCINSIDC, and by Claire Hanson of User Services at
WDC/NSIDC.

The recommendations pertain to data collection, entry, and
display at observing stations, transmission of real-time data
from Antarctica, the flow of data into permanent archives, and
data access for the user. The types of data and data products
considered included surface, and upper-air data, data from
satellites, buoys, and automatic weather stations, numerical
analyses, and historical data sets.

The workshop's recommendations have been presented to
the National Science Foundation. Proceedings of the work-
shop, including the recommendations and a preliminary in-
ventory of U.S. antarctic meteorological data, are published in
Glaciological Data, Report GD-20 (World Data Center-A for Gla-
ciology, January 1988).

The formation of a huge tabular iceberg in Antarctica was
observable from the polar-orbiting platforms of the U.S. Air
Force Defense Meteorological Satellite Program (DMSP). DMSP
visible and infrared data are archived at the NSIDC in Boulder,
Colorado.

Examination of DMSP images shows the dramatic change
in local geography following the calving of the berg from the
Ross Ice Shelf. Figure 1 shows the Bay of Whales region on
20 November 1986. The bay is the triangular shaped inden-
tation in the Ross Ice Shelf. Figure 2 shows the area after the
berg has begun to calve on 14 October 1987. By 27 December
1987 (figure 3), the berg is completely separated from the ice
shelf, and is in a rotated position. The images were collected
in the DMSP visible-band (0.4-1.1 micrometers) and have a
spatial resolution of 2.7 kilometers.

The Bay of Whales, an area marked on most maps of the
Antarctic, is the place from which Norwegian explorer Roald

Figure 1. The Bay of Whales region of the Ross Ice Shelf, Antarctica,
20 November 1986.
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Figure 2. The Bay of Whales on 14 October 1987 as a huge tabular
iceberg has begun to calve.

Figure 3. By 27 December 1987, the iceberg is completely separated
from the Ross Ice Shelf.
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Amundsen and his party of five began their trek to become
the first to reach the South Pole in December 1911, and the
base for Admiral R.E. Byrd's five expeditions between 1929
and 1956. Cartographers may want to consider this historical
information when they treat what used to be the Bay of Whales
in new editions of maps and atlases.

The DMSP image archive at NSIDC contains over 1.25 mil-
lion pieces of visible and thermal infrared-band hard-copy trans-
parencies, with coverage of up to four times per day globally
since 1973. It is now the longest running satellite collection of
its kind. Many areas of the world are covered by imagery with
a spatial resolution of 600 meters, making this the most detailed
daily satellite imagery available. Another unique feature of the
DMSP satellites is their ability to view the Earth at night in the
visible-band. These data are useful for studying the distribu-
tion of city lights, lightning, and various kinds of fires. The
archive is operated with funding from the National Oceanic
and Atmospheric Administration/National Environmental Sat-
ellite, Data, and Information Service. The data are used ex-
tensively by the national and international user communities
in a side range of topics including meteorology, climatology,
snow and ice studies, oceanography, astronomy, demogra-
phy, economics, ecology, and litigation. Recently, DMSP data
were used in support of the National Oceanic and Atmospheric
Administration/National Aeronautics and Space Administra-
tion/National Center for Atmospheric Research Antarctic Ozone
Hole Experiment. The archive receives about 20-30 requests
for data and information per month. The data can be used on-

site by visitors of the collection or copied to a variety of pho-
tographic formats.

WDC/NSJDC has arranged to archive and distribute data
from drifting buoys in the Ross Sea area, analyzed by Richard
Moritz, Polar Science Center, University of Washington (now
Department of Meteorology, University of Wisconsin). Data
will include:
• hourly Lagrangian point data: position, temperature, pres-

sure, and error variance;
• 12-hourly pressure grids: pressure, with first and second

space derivatives, (to calculate geostrophic winds) and error
variances, in 100-kilometer-square grid;

• 12-hourly ice-velocity grids: ice velocity, first space deriva-
tive, in 100-kilometer-square grid;

• 12-hourly Lagrangian point data: ice velocity, geostrophic
winds and error variance for each buoy position;

• data report, in a format similar to the Polar Science Center
Arctic Ocean buoy reports.
Data were collected in 1986 and 1987, with temperature and

pressure data beginning in 1987. The data sets and data report
are scheduled to be available from WDC/NSIDC by the end of
1988.

Reference

Hanson, C.S., and C.R. Stearns. (Eds.) 1988. Workshop on the U.S.
Antarctic Meteorological Data Delivery System. Glaciological Data,
Report GD-20 (World Data Center-A for Glaciology).

Antarctic support operations,
1987-1988

R.A. BECKER

ITT/Antarctic Services, Inc.
Paramus, New Jersey 07652

ITT/Antarctic Services, Inc. (ANS) activities during 1987-
1988 marked the eighth year of providing support services to
the United States Antarctic Program (USAP). These services
encompass two areas of responsibility: continental Antarctica
and the Antarctic Peninsula. Project management, with head-
quarters in Paramus, New Jersey, oversees the provision of
personnel, materials, and specialized logistics for USAP's four
major stations as well as remote field sites. Offices in Port
Hueneme, California, and Christchurch, New Zealand, are
operated in support of continental Antarctic activities while
support of peninsular Antarctica and its ship operations are
provided through maritime agents in Chile and Argentina.

ANS's principal tasks are:
• support of USAP-sponsored scientific research projects and

visitor events;
• operation and maintenance of facilities at McMurdo Station,

Williams Field, Amundsen-Scott South Pole Station, Siple
Station, Palmer Station, and field camps;

• engineering and construction of new facilities and the ren-
ovation of existing infrastructure systems throughout the
Antarctic; and

• operation of the research vessel RIV Polar Duke and other
ice-strengthened vessels, which are subcontracted by ANS
for the National Science Foundation.
McMurdo Station. In late August 1987, a contingent of ANS

personnel was deployed to McMurdo Station via the annual
winter fly-in. In addition to the preparation of facilities for
austral summer operations, the operation augmented the ef-
forts of wintering construction crews and hastened the com-
pletion of new dormitories and a heavy-vehicle maintenance
facility. Other highlights of this period were the support of
the second year of study of antarctic ozone depletion by the
National Ozone Expedition (NOZE II), completion of 38 minor
construction tasks, relocation of various utilities in anticipation
of earthworks associated with construction of the new science
facility, and reactivation of the Williams Field/Ice Runway sites.
(See figure 1.)

Austral summer operations were characterized by the field-
ing of a large number of complex projects at McMurdo Station
and surrounding areas:
• assisting with the launch of the gamma ray advanced de-

tector via the largest balloon ever used in Antarctica;
• constructing new camp facilities at Lake Fryxell;
• siting and erecting equipment, buildings, and life support

systems at Lake Hoare and Camp Armitage;
• completing over 300 work orders from the science research

community; and
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Figure 1. LC-130 engine replacement at Williams Field. (Photo by
Brian Smith.)

• preparating was made for the shipment of materials to be
used on the Siple Coast glaciology project and at South Pole
Station.
Major construction and installation projects at McMurdo Sta-

tion are evident in the changing skyline and the improvements
to services. Two new dormitories and the heavy-vehicle main-
tenance facility were completed and accepted, and the steel
framework and shell for a third new dormitory was erected.

Significant progress on site grading and preparation for the
new science facility was indicative of the commitment to ex-
tending research capabilities in Antarctica. (See figure 2.) The
installation of the new data and message exchange, a facet of
the McMurdo Consolidated Communications Project, has im-
proved the USAP communications systems. (See figure 3.)
Continuing efforts related to upgrading and rehabilitating util-
ities systems and ANS's involvement in community-wide en-
vironmental clean-up and improvement projects were also
noteworthy.

The Eklund Biological Laboratory support staff provided ser-
vices to 51 researchers from 13 science projects. During the
austral summer, 7,000 pounds (3,200 kilograms) of retrograde
ice-core samples were stored in the laboratory freezers while
awaiting shipment to the United States. A total of 33 drums
of radioactive waste from various antarctic sites was packaged
for disposal.

The Berg Field Center, continental Antarctica's facility for
outfitting research and support personnel destined for remote
field sites, provided equipment to 350 personnel during 1987-
1988. Additionally, the center, in conjunction with the New
Zealand Antarctic Research Program, conducted snowcraft
survival courses for 720 people.

McMurdo Station commenced winter operations on 27 Feb-
ruary 1988 with a small contingent of construction personnel
left on station to complete dormitory 208.

South Pole Station. Austral summer activities at South Pole
Station, which began with the opening flight to the site on 31
October 1987, focused on ANS's provision of support to re-
searchers in meteorology, astronomy, and astrophysics as well
as on the continuation of work required to maintain, upgrade,
and extend the useful life of the station facilities. Chief among
the science-support projects accomplished were:
• reactivating and maintaining a remote facility used for stud-

ies of helioseismology;
• fabricating and erecting the south pole air showers experi-

ment array detectors;

Figure 2. Site grading and preparation for the new science facility
at McMurdo Station. (Photos by Brian Smith.)

Figure 3. Radome structure at transmitter site. (Photo by Brian
Smith.)

• helping to erect a new phased array riometer antenna;
• supporting the installation of a lidar-based experiment in

the clean-air facility; and
• supporting the installation of the ultraviolet spectroradi-

ometer.
ANS personnel at South Pole completed 31 major operations

and maintenance tasks and an additional 167 unscheduled
minor projects. Notable projects included: releveling the galley
building, installing a new high-capacity telephone exchange,
introducing and testing of various new pieces of rolling stock,
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rebuilding of one of the diesel-electric generator units, and
rebuilding archway bulkheads and entranceways.

South Pole Station closed on 15 February 1988, with 13 ANS
and 6 science personnel wintering over at the site.

Siple Station. Siple Station, deactivated for the 1987 winter
period, was reopened on 4 November 1987 for austral summer
operations. Principal efforts in support of science were directed
to maintenance of the very-low-frequency antenna system and
the extension of instrument vaults.

Facilities maintenance tasks concentrated on the extension
of access hatches and vestibules which are subject to the deep
snow accumulation, typical of this region of Antarctica. The
decision, in late January 1988, to deactivate and abandon Siple
Station early in the 1988-1989 austral summer, brought about
an intense effort to retrograde scientific equipment prior to
station closing. ANS's normal course of winterization of facil-
ities was carried through with the station being closed for the
winter on 2 February 1988.

Siple Coast camps. Two remote field camps were established
in support of the glaciology and geophysics investigations in
the Siple Coast region during 1987-1988. The camp at Down-
stream B, active from 6 November 1987 until 19 January 1988,
and the camp at Catchment B/C, active from 7 December 1987
until 16 January 1988, were both newly emplaced facilities
providing base support services to science investigators work-
ing in the area. Support was also rendered to a remote inves-
tigative party operating at the Crary drill site. As in the past,
the services of a Twin Otter aircraft, used primarily in support
of the Siple Coast projects, was subcontracted by ANS for the
National Science Foundation.

D591321 aircraft recovery. The second austral summer season
of activity at the D59 site, which had as its singular purpose
the repair and recovery of a previously abandoned LC-130
aircraft, involved a multi-agency effort with participating per-
sonnel from ANS, Lockheed-Georgia Company, the Naval Re-
pair Facility at Cherry Point, North Carolina, and VXE-6.

Successfully using the Twin Otter to reopen the camp on 12
November 1987, ANS personnel subsequently prepared a ski-
way for the LC-130 supply flights. To accommodate the in-
creased population necessitated by planned repair efforts to
321, camp facilities were expanded with construction complete
and repairs commencing on 28 November 1987. Ongoing sup-
port to the engineers and artisans repairing the aircraft in-
cluded provision of basic life support services and the

management of cargo movement plans. On 10 January 1988,
the aircraft 321 was successfully flown from D59 to McMurdo
Station. Retrograde of all camp materials followed the return
of 321 to USAP assets, and the site was abandoned on 23
January 1988.

Palmer Station. Situated near the tip of the Antarctic Penin-
sula, Palmer Station is supported by ice-strengthened vessels
bringing personnel and supplies to the site via ANS's hus-
banding agents in South America. Austral summer operations
commenced with the arrival of the summer support crew on
1 November 1987.

The station hosted 38 researchers, comprising nine biology
programs and two atmospheric physics programs, during the
course of its operations in 1987-1988. Among these research
projects were the penguin biology study conducted on King
George Island, and the continuation of studies affiliated with
USAP's NOZE II Program.

ANS's operations and maintenance crews were involved in
both routine facilities maintenance tasks and a series of special
upgrade and rehabilitation projects. The National Science
Foundation Safety Panel visited Palmer Station as part of their
USAP-wide study of antarctic safety issues. As in years past,
a number of port calls were made by commercial tour vessels.
The station was closed on 20 April 1988, with a complement
of eight ANS and one U.S. Navy medic remaining on-site for
winter operations.

Ship operations. During the 1987-1988 operating season, the
RN Polar Duke, chartered by ANS for the National Science
Foundation, was proven to be an exceptional platform for con-
ducting multidiscipline research in the waters of the Antarctic.
The RIV Polar Duke crew and on-board ANS personnel sup-
ported six science programs of 39 researchers working in the
fields of physical oceanography, ice coring, marine biology,
diving operations, and marine geology and geophysics. A field
geology project in South America's Tierra del Fuego was also
supported by the ship. With the WV Polar Duke fully employed
in direct support of research projects, a requirement for the
transport of personnel and materials to Palmer Station was
met through the charter of the M/V Polar Circle. Leaving Punta
Arenas, Chile, on 27 October 1987, the Polar Circle made calls
at Palmer Station and King George Island before returning to
Punta Arenas on 12 November 1987.

ANS support services were provided under National Science
Foundation contract number DPP 80-03801.

1988 REVIEW	 221



U.S. Navy activities
in Antarctica, 1987-1988

CAPT. DWIGHT D. FISHER

Commander,
U.S. Naval Support Force

Antarctica

McMurdo Station operations. Under the command of Capt.
Dwight D. Fisher, Commander, U.S. Naval Support Force,
Antarctica, more than 700 U.S. Navy and Army men and women
spent the austral summer season (September through Febru-
ary) deployed to McMurdo Station, Antarctica, and other out-
lying stations dotted around the frozen continent.

While deployed, they met the mission of Operation Deep
Freeze '88: to respond to the requests of the National Science
Foundation, providing logistical support for the United States
of America Antarctic Program.

"It was a lot of hard work, but with very successful results,"
said Fisher. "The people of Operation Deep Freeze '88 really
made things happen to achieve the goals set prior to deploy-
ment."

Operation Deep Freeze, which consists of elements from the
U.S. Navy, Army, Coast Guard, and Air Force, provided direct
support for stations and facilities in Antarctica. (See figure 1.)
In meeting this mission, the men and women of Navy Support
Force Antarctica (NSFA) provided communications facilities,
weather information services, flight planning and scheduling,
air traffic control services, port services, medical and dental
care, galley services, material support, base operation support,
and fire-fighting capabilities.

Station operations. During the course of the austral summer
season, Antarctic Development Squadron Six (VXE-6) pro-
vided airlift, aerial photo-mapping services, search and rescue
operations, reconnaissance support for the scientists, and
transportation services throughout Antarctica. VXE-6 accom-
plished more than 3,200 flight hours with ski-equipped LC-
130 Hercules airplane and more than 1,100 hours with UH-1N
Huey helicopters.

VXE-6, with the support of the U.S. Air Force and Royal
New Zealand Air Force, flew more than 4,000 passengers and

Figure 1. McMurdo Station, the U.S. research station on Ross Is-
land. (Credit: U.S. Navy photo.)

more than 3,700,000 pounds of cargo to and from "the ice"
during Deep Freeze '88 and conducted a successful winter fly-
in operation during August. (See figures 2 and 3.) Support
was also provided by a reserve unit of the New York Air
National Guard that contributed 85 hours of flight time in their
own LC-130 airplane.

In early February, both fuel and material resupply ships
entered McMurdo Sound, made accessible by the U.S. Coast
Guard icebreaker Polar Star (WAGB-10). Almost 16 million
pounds of cargo were offloaded from the supply ship MN
Green Wave, which made two supply runs to McMurdo this
year—the first time that has happened in 5 years.

In addition, the tanker, MN Gus W. Dame!l pumped more
than 6 million gallons of fuel into storage tanks in McMurdo.

Following the offload of both ships, summer support op-
erations ceased and a volunteer winter-over crew of approxi-
mately 200 military and civilian personnel was left behind to
maintain McMurdo Station through the harsh antarctic winter.

During the summer season Deep Freeze personnel also pro-
vided air traffic control, meteorology, and medical services to
outlying camps.

Deep Freeze detachments. One of two detachments under com-
mand control of Commander, U.S. Naval Support Force, Ant-
arctica (CNSFA) is Naval Support Force, Antarctica, Detachment
McMurdo. (See figure 4.) Detachment McMurdo is the ant-
arctic winter-over unit, which is activated from the close of the
austral summer operating season, usually late February, until
the beginning of the next austral summer operating season,
usually early October. Personnel ordered to this detachment
are temporarily assigned to NSFA in Port Hueneme, Califor-
nia, for medical/psychological screening, training, and famil-
iarization.

Detachment McMurdo members are transported to Antarc-
tica during Deep Freeze deployment flights. Upon arrival in
Antarctica, officers and senior petty officers contact their coun-
terparts in the outgoing Detachment McMurdo organization
for indbctrination and training. During the austral summer
season, Detachment McMurdo personnel are integrated into
the Naval Support Force, Antarctica organization.

At the end of the summer season, with the departure of the
Commander, U.S. Naval Support Force, Antarctica, Detach-
ment McMurdo is established and its personnel report to the
Officer-in-Charge Detachment McMurdo.

The detachment maintains McMurdo Station and keeps it
operational for the next summer season. Maintenance includes
upkeep of berthing and working spaces, trucks, heavy equip-
ment, and various special projects.

One such project during winter-over 1988 was the rehabil-
itation and renovation of building 155, the largest building at
McMurdo Station. The rehabilitation project included a com-
plete overhaul of berthing, lounge, and galley spaces.

The second detachment under CNSFA command control is
Naval Support Force, Antarctica, Detachment Christchurch.
Detachment Christchurch maintains a small complex at Chri-
stchurch International Airport, Christchurch, New Zealand,
to provide a cargo and personnel staging area for the Antarctic
Program.

The Officer-in-Charge, Detachment Christchurch, is instru-
mental in maintaining liaison between NSFA and New Zealand
government and private agencies. As part of this liaison, De-
tachment Christchurch also provides lectures and presenta-
tions about antarctic operations.

Each year, Detachment Christchurch contracts 25 to 30 New
Zealand firms to assist with the procurement of supplies and
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Figure 2. U.S. ski-equipped Hercules (LC-130) airplanes wait on the skiway near Amundsen-Scott South Pole Station. The Antarctic De-
velopment Squadron (VXE-6) flies these airplanes to and from New Zealand and from McMurdo Station to all inland camps and stations,
as part of its support mission to U.S. Antarctic Program. (Credit: NSF photo by Ann Hawthorne.)
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Figure 3. A U.S. Air Force C-141 airplane lands on the sea-ice run-
way near McMurdo Station. Each year between October and De-
cember, the Air Force augments support provided to the U.S.
Antarctic Program by VXE-6. Unlike the ski-equipped USAP LC-130
airplanes, these wheeled airplanes can only land on the smooth
sea ice surface. (Credit: U.S. Navy photo by Brad Guttilla.)

in the maintenance and repair of buildings and equipment
needed to keep the facility operational. The detachment also
works with New Zealanders in loading and unloading the
cargo ship MN Green Wave in Lyttleton Harbor.

About 55 military personnel and 40 civilians are permanently
assigned to Detachment Christchurch. During the summer
season, additional military personnel are temporarily assigned
to Detachment Christchurch to assist with the increased work
load.

Figure 4. A member of the Naval Support Force Antarctic (NSFA)
works at McMurdo Station. (Credit: U.S. Navy photo.)

Ship operations. One U.S. Coast Guard icebreaker operated
in Antarctica this season in support of the U.S. Antarctic Pro-
gram. (See figure 5.) The icebreaker, Polar Star from Seattle,
Washington, resupplied Palmer Station, performed the chan-
nel break-in to McMurdo, provided ship escort/assist for the
resupply vessels M/V Green Wave and M/V Gus W. Dame!! into
Winter Quarters Bay at McMurdo Station, and supported a
science party working automatic weather stations in the west-
ern Ross Sea region. The icebreaker Polar Sea from Seattle,
Washington, stood by in Australia as the back-up icebreaker
during the McMurdo Sound ice break-out period. A detach-
ment of two HH-52A helicopters was assigned to each ice-
breaker. The tank ship M/V Gus W. Darnell and the dry cargo
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Figure 5. The U.S. Coast Guard icebreaker Polar Star breaks ice in
McMurdo Sound to prepare the way for the annual supply ship and
tanker. In the background (left) is Ross Island. (Credit: U.S. Navy
photo by Dana B. Babin.)

vessel MN Green Wave provided the fuel and cargo supply of
McMurdo Station.

The Polar Star arrived in Port Hueneme, California, on I
November 1987 and loaded 309,000 pounds of cargo for Palmer
Station on the antarctic peninsula. Loading was completed on
4 November when the ship got underway for Palmer Station.

Upon crossing 60°S latitude, the ship came under the op-
erational control of Commander, U.S. Naval Support Force,
Antarctica. Polar Star arrived at Palmer Station on 11 December.
All passengers were disembarked and cargo off-load opera-
tions commended.

Polar Star transferred 130,000 gallons of JP-5 fuel to Palmer,
and ship personnel augmented station personnel for shoreside
cargo handling.

Sea-ice conditions in Arthur Harbor required use of the NSF-
chartered research ship Polar Duke to shuttle cargo from Polar
Star to the dock at Palmer Station. A total of 29,000 pounds of
retrograde cargo was loaded on board Polar Star for delivery
to McMurdo. Support for various Palmer Station science, lo-
gistics, and local projects was provided by Polar Star's small
boats and helicopters.

Polar Star departed Palmer Station on 14 December enroute
to McMurdo Station. During this transit the ship stopped at
Scott Island on 25 December where an automatic weather sta-
tion (AWS) was installed. Polar Star arrived at Inexpressible
Island, Terra Nova Bay, on 29 December. Scientists installed
an automatic weather station on the Reeves Glacier and one
on the north end of Inexpressible Island.

An automatic weather station on the southern end of Inex-
pressible Island was repaired and reinstalled. Polar Star de-
parted Terra Nova Bay on 30 December, recovered one AWS

from the Ross Ice Shelf edge in the vicinity of 172.5°W longi-
tude, surveyed the ice edge enroute to McMurdo and arrived
at the fast ice edge in McMurdo Sound on 2 January 1988.
Polar Star commenced breaking the ice channel into McMurdo
Station with the fast ice edge only 7.8 miles from Hut Point.

Polar Star completed the ice channel and turning basin on
13 January and began breaking third-year ice to the south of
McMurdo Station to break-out the Deep Freeze '86 and '87
annual ice runways. On 15 January Polar Star broke into Winter
Quarters Bay, working the approach to the ice pier in prepa-
ration for supply vessel operations. Polar Star moored to the
ice pier on 15 January to offload Palmer Station retrograde
cargo, take on supplies, conduct engineering maintenance and
repairs, and provide crew liberty. Polar Star hosted an open
house for the McMurdo community on 16 and 17 January and
returned to ice breaking operations on 18 January.

The channel into Winter Quarters Bay, the turning basin,
and the approach to the ice pier were completely ice free by
20 January. Polar Star departed McMurdo on 22 January to
rendezvous with the tanker M!V Gus W. Darnell near Beaufort
Island. Polar Star escorted the tanker to the entrance to the
channel on 23 January and stood by as Darnell transited the
channel and moored to the ice pier.

That afternoon Polar Star moored alongside Darnell for re-
fueling. Fueling operations were completed on 24 January with
Polar Star onloading 773,282 gallons of JP-5. Polar Star got un-
derway on 26 January and continued icebreaking operations
in the third year fast ice.

Polar Star towed Gus W. Dame!l away from the ice pier into
the turning basin on 27 January and Dame!l departed north
through an ice-free channel.

On 31 January Polar Star stood by as MN! Green Wave tran-
sited an ice-free channel and moored at the ice pier.

The ice channel filled with loose brash ice and small floes
from northerly winds during 2 and 3 February, requiring Polar
Star to tow Green Wave away from the ice pier on 3 February
and escort the ship through the ice channel to open water at
the fast ice edge.

Polar Star met Green Wave again 17 February at the entrance
to the ice channel and escorted her through wind-blown brash
and small floe ice to the turning basin. There the icebreaker
stood by as Green Wave moored to the ice pier.

Upon completion of cargo vessel operations at McMurdo
Station on 23 February, Green Wave backed out of Winter Quar-
ters Bay and Polar Star escorted her through small concentra-
tions of sea ice which had collected in the channel.

Polar Star began her transit northbound on 23 February en-
route to Hobart, Tasmania.

In the two supply runs that Green Wave made to McMurdo,
almost 16 million tons of cargo were delivered.

In addition, Gus W. Darnell pumped more than 6 million
gallons of fuel to storage tanks in McMurdo, including 92,000
gallons of JP-5 as contingency storage for vessel operations.

224	 ANTARCTIC JOURNAL



A/V POLAR DUKE

A
PALMER

90°W-

ICE BREAI

U.S. ANTARCTIC RESEARCH PROGRAM
1987-88

LOCATIONS OF MAJOR ACTIVITIES
O°N

90°E

1 80°S

Back cover: The field camp used by U.S. investigators working at the Crary Ice Rise on the Siple Coast.



NATIONAL SCIENCE FOUNDATION
WASHINGTON, D.C. 20550

OFFICIAL BUSINESS
PENALTY FOR PRIVATE USE $300

RETURN THIS COVER SHEET TO ROOM 233, IF YOU DO
NOT WISH TO RECEIVE THIS MATERIAL E, OR IF
CHANGE OF ADDRESS IS NEEDED El INDICATE
CHANGE, INCLUDING ZIP CODE ON THE LABEL. (DO
NOT REMOVE LABEL).

SPECIAL FOURTH CLASS RATE
BOOK	

U.S.MAIL

POSTAGE AND FEES PAID
NATIONAL SCIENCE FOUNDATION

NSF-640

4

AR


