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arious, and at times contradictory, conclusions have been

drawn regarding the modes of vertical export of particu-

late material during and after blooms in the southern oceans.

For example, Wefer and Fischer (1991) reported that sedi-

ment-trap samples were dominated by fecal pellets, indicat-

ing that zooplankton grazing dominated the packaging and

removal of phytoplankton. In contrast, Von Bodungen et al.

(1986) reported samples composed of loosely aggregated phy-

toplankton material, and Smetacek (1985) proposed that as
nutrients are consumed, the phytoplankton enter a senescent

phase and settle rapidly to the seafloor to await resuspension

and more favorable nutrient conditions the following year.

Leventer (1991) confirmed this hypothesis using sediment-

trap samples from the Antarctic Peninsula area; Leventer's
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Figure 1. Plot of the abundance of aggregates larger than 1 millimeter (0) and beam attenuation coefficient

(40) vs. depth at a station near the Antarctic Peninsula.
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samples contained large amounts of diatom material, much

of which was in the form of resting spores.

In other regions of the world, large aggregates (termed

dimarine snow") have been shown to be important or even

dominant in the vertical transfer of material from the euphot-

ic zone to the seafloor. In the Panama Basin, for example,

Honjo (1982) collected time-series sediment-trap samples

which contained a single large spike of coccolithophorid

material which arrived in traps at all depths at essentially the

same time. Microscopic examination of the material revealed

no pelletization, yet the sinking speed estimated from the

depth traveled during the sampling interval approached 100

meters (m) per day. This flux mechanism was confirmed sev-

eral years later at the same station when photographic sedi-

ment traps observed large fluxes of aggregates at 3,800 m,

leading to the conclusion that, in this area, aggregates domi-

nated vertical transport of particulate matter (Asper 1987).

In addition to vertical flux, aggregates have also been

shown to be important in the lateral transport of particles. In

the Panama Basin, subsurface maxima in aggregate abun-

dance appear to be generated at depth by seafloor sources

located along the continental shelf and slope. These deep

injections of aggregates can be traced for hundreds of kilome-

ters, suggesting that not all aggregates settle rapidly and, in

fact, some aggregates may function as parachutes and slow

the descent of particles or even maintain them in suspension

(Asper, Honjo, and Orsi 1992).

During a recent cruise to the Antarctic Peninsula area

aboard the R/V Polar Duke, we collected the first marine snow
abundance data from Antarctica (figures 1 and 2) using the

noncontact photographic profiling system developed by

Honjo et al. (1984). These profiles show some of the highest

concentrations of aggregates ever recorded by this system

and, in general, are characterized by relatively low numbers

near the surface, increasing abundances with depth, and

maximum abundances near the seafloor. Figure 2, for exam-

ple, shows a very thin peak near the surface (15 aggregates per

liter), lower numbers at mid depth (5-7 aggregates per liter),

and the highest concentrations (25 aggregates per liter) at 190

m. Figure 1 shows a remarkable increase in aggregate abun-

dance at 150 m at station 1. This abrupt transition into an

intense nepheloid layer has not been described elsewhere
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Figure 2. Aggregate abundance (10 at a station near the Antarctic Peninsula increases dramat-
ically near the seafloor; beam attenuation (0) shows only a modest increase.
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and may have resulted from the density stratification that
characterizes this region. In each of these profiles, the record
abundances of aggregates in the bottom nepheloid layer may
be indicative of resuspension or lateral transport of phyto-
plankton debris.

Although these profiles are "snapshots" of aggregate
abundance, other data confirm earlier hypotheses that these
suspended aggregates are eventually scavenged from the
water and contribute to vertical flux (Asper et al. 1992). All of
the sediment-trap samples collected by Dunbar, Leventer,
and Stockton (1989) in the McMurdo Sound showed substan-
tial increases in vertical flux near the seafloor. In one case, the
total flux was more than 10 times greater at 700 m than it was
near the sea surface. These samples were dominated by bio-
genic silica, which showed even greater increases than total
mass flux. These data were interpreted as indicating resus-
pension of aggregated diatom remains from the seafloor and
lateral transport of the material via the general clockwise cir-
culation existing in McMurdo Sound.

An important characteristic of these aggregates is their
large size and the fact that conventional particle detectors ,
such as transmissometers, do not accurately assess their
abundance. In figures I and 2, beam attenuation is plotted
along with aggregate abundance, and in all cases, the trans-
missometer detected a nepheloid layer but underestimated
its magnitude. In figure 2, the transmissometer found the
highest concentrations of the fine particles to which it is most
sensitive near the surface, the lowest concentrations at mid
depths and a slight increase near the seafloor. In contrast, the
aggregate data show a continuous increase in abundance
with depth. An intriguing aspect of this data set is that these
high abundances were obtained at a time when all other indi-
cators of productivity were low, including high nutrient levels,
low pigment levels, and low carbon-14 uptake rates. The

source of these aggregates remains somewhat of an enigma,
but it can be inferred from these studies that aggregate data
are required if one is interested in detecting the large particles
that are thought to be important in the vertical flux of particu-
late matter.

We thank the officers, crew, and scientists who con-
tributed to the collection of our field data. This research was
supported by National Science Foundation grant OPP 91-
18439 awarded to D. Karl. (SOEST contribution number 3349.)
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T
he Palmer long-term ecological research (LTER) program
is a coordinated multi- investigator and interdisciplinary

study of an ice-dominated, high-latitude marine ecosystem.
Our interest in studying hydrogen peroxide (H202) dynamics
in this southern oceans habitat was inspired by two ecological
applications of these data. First, it has been suggested that
H202 concentrations, when coupled with production and
decay rates, can be used as a tracer for vertical advection in
surface ocean waters (Johnson et al. 1989). To the extent that
vertical mixing is a critical variable in determining the pro-
duction of southern oceans ecosystems (Mitchell and Holm-

Hansen 1991), this information is fundamental to the objec-
tives of the Palmer LTER program. Second, because H202 is a
common intermediate or reaction product of photochemical
reactions of oxygen with organic compounds (Zafiriou 1983),
it may provide a convenient analytical procedure for assess-
ing photolytic alteration of dissolved organic matter (DOM) in
sea water. Recent studies suggest that photochemical
processes may play a previously unrecognized role in the
global carbon cycle (Mopper and Zhou 1990).

We considered it essential, for several reasons, to evaluate
the magnitude of these potential photochemical processes in
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the context of our study, which is focused on the biological

cycling of DOM. The increased ultraviolet light fluxes associat-

ed with destruction of the stratospheric ozone layer (Frederick

and Snell 1988) are expected to accelerate photolytic degrada-

tion processes in the future. Consequently, it is important to

establish a baseline and to assess the ecological significance of

photolytic effects prior to ftirther erosion of the ozone layer. In

addition, the microorganisms and bulk organic matter con-

tained within the ice habitats that dominate much of the

southern oceans (Karl 1993) may be particularly vulnerable to

photolytic effects because of their direct, prolonged exposure

to high-intensity radiation and elevated dissolved oxygen

fugacities, especially during the austral summer.

H202 is a highly soluble gas with numerous sources and

sinks in the global ecosystem. An atmosphere-to -ocean flux of

H202 is one potential source term for the southern oceans.

H202 is a major photooxidant in the troposphere, and its

aqueous and gas phase free radical chemistry are well-studied

(Logan et al. 1981; Chameides and Davis 1982; Sakugawa et al.

1990). Atmospheric production of H202 is also expected to

vary with changes in natural and anthropogenic pollutant

loading (Kok 1980; Weller and Schrems 1993). A recent analy-

sis of H202 preserved in Greenland ice cores shows that the

atmospheric H202 burden has increased by approximately 50

percent during the past 200 years (Sigg and Neftel 1991).

Because H202 occupies an intermediate state between

oxygen (02) and water (H20), it may contribute to the control

of the redox potential in oxic sea waters (Breck 1974). In the

surface waters of the global ocean, H202 can be produced by

photochemical processes including reactions with DOM com-

pounds (Cooper and Zika 1983; Zafiriou 1983) and dispropor-

tionation of superoxide (Petasne and Zika 1987). In antarctic

ecosystems, the strength of the photochemical source varies

substantially with latitude, season, water depth, and DOM

loading. H202 can also be produced via in situ microbiologi-

cal production, either by phytoplankton (Palenik, Zafiriou,

and Morel 1987; Zepp, Skurlatov, and Pierce 1987) or bacteria

(Jones 1982). Selected source pathways are light-indepen-

dent, so they could theoretically occur at any depth, any sea-

son or under different conditions of ice cover.

Potential sinks for H202 include chemical interactions

with various dissolved constituents or biological processes

including peroxidase and catalase enzyme activities (Zepp et

al. 1987). In the presence of light or certain trace metals (for

example, copper and iron), H202 may contribute to the pro-

duction of OH free radicals potentially resulting in further

photo-oxidation of DOM. H202 Must, therefore, be viewed as

an important intermediate compound with oxidizing, reduc-

ing, and nucleophilic potentials (Petasne and Zika 1987).

In the following three articles (Resing et al.; Tien and

Karl; Karl and Resing; Antarctic journal, in this issue), we pre-

sent data on the distributions of H202 in the 2x10
5 square

kilometer Palmer LTER study area and summarize our pre-

liminary results on H202 sources and sinks for the local

antarctic coastal region.

We thank the LTER scientists, officers, and crew members

of the R/V Polar Duke and R/V Nathaniel B. Palmer and espe-
cially J. Dore, J. Christian, T. Houlihan, L. Pozzi, and R. S. Dow

for their assistance in the field. Expert logistical support was

provided by Antarctic Support Associates. This research was

supported by National Science Foundation grant OPP 91-
18439, awarded to D. Karl. (SOEST contribution number 3339.)
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H
ydrogen peroxide (1-1202) is ubiquitous in surface waters
of the world ocean (Van Baalen and Mader 1966; Zika et

al. 1985; Zika, Saltzman, and Cooper 1985; Palenik and Morel
1988; Johnson et al. 1989). Typically, surface ocean concentra-
tions range between 10 and 400 nanomolar (nM) decreasing
with depth to undetectable levels (less than 1 nM) below the
mixed layer. The two major suspected source terms for H202
are photochemical interactions with dissolved organic matter
(DOM) and atmosphere -to -ocean transport (see Karl et al.,
Antarctic Journal, in this issue).

In general, the global "pristine" ocean data demonstrate
a strong latitudinal dependence with maximum H202 con-
centrations of 100-200 nM in low latitudes (15'S to 15-N)
decreasing to approximately 30 nM at 62'S (Weller and
Schrems 1993). To our knowledge, these are the only data for
oceanic samples collected south of 60*S. The data of Weller
and Schrems (1993), however, are limited to only a few sam-
ples in the region of the Bransfield Strait. Aside from short-
term diel variations, temporal H202 variations on seasonal
time scales have been reported only for the Caribbean Sea
(Moore, Farmer, and Zika 1993).

H 202 (nM)

20	0	10	20

During the 1992-1993 field season, we had the unique
opportunity to study the seasonal variability of H202 in the
surface waters of the Palmer long-term ecological research
(LTER) study region. In excess of 1,000 water samples were
collected from 64'S to 68'S. Repeat hydrographic surveys
were conducted on three separate cruises aboard the R/V
Polar Duke (PD92-09, November 1992, and PD93-01, January
and February 1993) and R/V Nathaniel B. Palmer (NBP93-02,
March through May 1993). Water samples were collected
using a bio-optical profiling system (BOPS; Smith, Booth, and
Star 1984) or standard General Oceanics conductivity- depth-
temperature- (CDT-) rosette sampling system. Upon recov-
ery, replicate 30-milliliter (mQ subsamples were drawn into
dark polyethylene bottles and immediately fixed for H202
analysis by addition of a mixture containing peroxidase,
(para-hydroxyphenyl) -acetic acid (POHPAA) and Tris buffer,
as described by Miller and Kester (1988). The measurement of
H202 relies upon a H 202 -dependent, peroxidase- catalyzed
dimerization of POHPAA. This dimer exhibits a strong fluores-
cence and was measured using a Perkin-Elmer spectrofluo-
rometer model LS-513 or LS-30 (313 nanometer [nm] excita-

tion, 400 nm emission). Stan-
dards were made fresh daily
from I M stock solutions of
reagent grade H202 which had
been standardized using a

10	20	molybdate -catalyzed iodate
reaction (Patrick and Wagner
1949) and titration by NIST-
traceable thiosulfate reference
solutions. For measurement of
organic peroxides, a separate
30-mL sample was spiked with
catalase, incubated for I hour
at 20'C to remove H202, then
treated as described above.
With the exception of a few
samples, H202 dominated the
total dissolved peroxide pools
in the upper 100 m of the
water column.

Depth profiles of H202
were strongly correlated with
water column salinity (that is,
density), with greatest concen-
trations in the mixed layer
(figure 1). The shapes of these
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Figure 1. Depth profiles for H202 concentration (in nanomolar) and salinity (in practical salinity units) for
LTER stations 600.060, 600.100 and 600.160 during November 1992.
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profiles are consistent with those from other regions of the
world ocean, but the overall concentrations and water col-
umn inventories are significantly reduced (table). A surface-
water (0-5 in) contour map of H202 concentrations in the
Palmer LTER grid during the period from March through May
1993 failed to reveal any systematic latitudinal or onshore-to-
offshore gradients in H202 over the approximately I.8x105_

Concentrations of H202 in representative marine
environments

LTER-600 transect	12-21	0.5-2.1	This study
(Nov 1992 to May 1993)

Paradise Harbor	8.5-25	0.4-1.1	This study
(Nov 1992)

Peru Upwelling	10-40	1.7-3.5	Zika,
Saltzman,
and Cooper
1985

Mediterranean Sea	100-140	5.1-7.0	Johnson
et al.
1989

Gulf of Mexico	100-300	3-7.5	Zika et
al. 1985

Caribbean Sea	50-100	2.6-2.7	Moore et
al. 1993

aln nanomolar.
b0_100 m depth-integrated H202 concentrations. (in millimoles
per square meter.)

600
S

62*

640

660

680

700
780W	740

Figure 2. Surface (0-5 m) contour map of H202 concentrations (in
nanomolar) for the LTER-grid for March through May 1993.

square -kilometer study area (figure 2). During this same
observation period, however, the total solar radiation varied
considerably both with latitude and time. Thus, despite evi-
dence for H202 photoproduction (Karl and Resing, Antarctic
Journal, in this issue), the steady-state H202 concentrations
during late austral autumn appear to be controlled by factors
other than total solar radiation. Furthermore, the concentra-
tions and water-column inventories measured in the LTER
grid did not vary appreciably over the course of the austral
summer season (cruise data collected in November 1992, Jan-
uary 1993, and March through May 1993).

The results obtained to date suggest that H202 concen-
trations in the Palmer LTER region are lower than those
observed in temperate and tropical marine habitats. Initial
analyses of these data suggest that there is little variation in
H202 concentrations of the course of the austral summer.
Determination of the annual variability of H202 in this region
with a winter cruise planned for August 1993 will be impor-
tant to supplement our current understanding of H202
dynamics in this region. Finally, we hope to understand the
distribution of H202 in this region, by careftilly considering
the competing source mechanisms such as atmospheric input
photo- and microbial production vs. removal mechanisms
such as mixing, diffusion, oxidation of organic matter, and
microbial decay (Tien and Karl, Antarctic journal, in this
issue).

We thank the project scientists, especially R.S. Dow, V.
Asper, and B. Popp, for their assistance in sample collection.
This research was supported by National Science Foundation
grant OPP 91-18439, awarded to D. Karl. (SOEST contribution
number 3343.)
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Palmer LTER: Hydrogen peroxide in the Palmer LTER region:
111. Local sources and sinks
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D

uring the austral spring and autumn long-term ecologi-

cal research (LTER) cruises aboard the R/V Polar Duke

(PD92-09, November 1992) and R/V Nathaniel B. Palmer

(NBP93-02, March through May 1993), we had an opportunity

to investigate selected sources and sinks of hydrogen perox-

ide (H202) in a variety of antarctic coastal habitats. These

measurements constituted one component of our compre-

hensive study of H202 dynamics (Karl et al.; Karl and Resing;

Resing et al.; Antarctic Journal, in this issue). The potential

source terms we evaluated were wet deposition (snow),

glacial ice meltwater and land runoff, and in situ biological

processes; photochemical processes are discussed in a com-

panion paper (Karl and Resing, Antarctic Journal, in this

issue). The primary H202 sink we investigated was bacterial

enzymatic activity.

H202 wet deposition (snow) in the Palmer LTER

study region during austral autumn 1993

13 April 1993	64045'S
	

432	13.6
64005'W
	

552

24 April 1993	67012.3'S
	

217	10.2
69044.5'W

22 April 1993	64045'S
	

275	10.1
64005'W

24 April 1993	67019.0'S
	

161	8.9
71003.6'W

30 April 1993	67051.3'S
	

55	14.9
76000.2'W

7 May 1993	65055.2'S
	

532	15.9
65014.3'W
	

608

9 May 1993	Humble Island, 306	6.5
Arthur Harbor

aln nanomoles per liter.

Freshly collected snow samples had consistently elevated

concentrations of H202 relative to surface sea water (table);

the regional average concentration was 349 (±192) nanomoles

per liter. These results initially suggest that the atmosphere,

through wet deposition, is a local source of H202 to surface

waters. Based on previous studies, enrichment of H202 in

marine precipitation was expected (Thompson and Zafiriou

1983), but the values for the LTER study region are lower, by

1-2 orders of magnitude, than rainwaters collected in either

the Gulf of Mexico, South Florida, or the Bahama Islands

Vika et al. 1982; Cooper, Saltzman, and Zika 1987). From esti-

mates of the upper water column [0-100 meters (m)) invento-

ries of H202 [400-2100 micromole ([tmol) per square meter];

Resing et al., Antarctic Journal, in this issue), the mean pre-

cipitation rate at Palmer Station [mean of 6.7 millimeters

(mm) snow per day during the period November 1992 to Jan-

uary 1993 which is approximately equal to 670 milliliters per

square meter per day according to the National Climate Cen-

ter, Asheville, North Carolina], and our measured dark decay

rates of more than 100 ^tmol per square meter per day (see

below), we conclude that wet deposition of H202 is a weak

source term for the LTER study region. Unfortunately, no

measurements of H202 gas-phase deposition are available.

In addition to the concentrations of H202 in fresh precip-

itation, meltwater runoff also contains high levels of H202 [UP
to 450 nanomolar (nM)] especially near penguin rookeries.

We presently attribute this to an "organic" enrichment and

enhancement of H202 by photoproduction (Karl and Resing,

Antarctic Journal, in this issue).

Several measurements of the H202 contents of glacial ice

were also made. Floating freshwater ice samples (approxi-

mately 10 kilograms each) of unknown origin, were collected

during sampling operations in Palmer Basin and Arthur Har-

bor. Each sample was first rinsed with warm (30'C) H202-free

distilled water to clean the outer surface, then placed into a

clean polyethylene bag and partially melted at room tempera-

ture (approximately 20'C). After 10-15 hours, the cold (O'C)

meltwaters were collected and analyzed for H202. All samples

were less than 5 nanomoles (nmol) per kilogram and were

consistently lower than the ambient surface sea waters. In

contrast to our results, glacial ice samples collected from
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depths of 100-1,652 meters (m) beneath the antarctic polar
plateau at Byrd (79 059'S 120001'W) and South Pole stations,
had H202 concentrations ranging from 100-500 nmol per
kilogram (Neftel, Jacob, and Klockow 1984). The reasons for
the differences between these two data sets are not apparent.

Two separate potential biological sources of H202 in
antarctic coastal waters were also evaluated during the R/V
Nathaniel B. Palmer 93-02 cruise. Dark incubations of H202-
amended surface waters consistently consumed H202 (see
below), so we concluded that in situ microbial (algae and bac-
teria) activities comprise a net sink. Nevertheless, two rather
serendipitous observations provided evidence for potential
biological production of H202 in Antarctica. During routine
collections of krill (Euphausia superba) for physiological
experiments by our colleague R. Ross, we observed elevated
concentrations of H202 (up to 250 nM) in sea waters used for
short-term (less than I hour) containment of dense popula-
tions of freshly captured animals and in darkened experimen-
tal tanks containing lower population densities (less than 100
adults per cubic meter). We suspect that the source of H202 in
these samples is microbial but as yet have no experimental
proof.

The second serendipitous observation was the discovery
of elevated H202 levels (approximately 1-2 orders of magni-
tude above ambient surface water depending upon the loca-
tion) in the R/V Nathaniel B. Palmer's "uncontaminated sea-
water" system. With the assistance of Chief Engineer D.
Munroe, we gained access to the aft centrifugal pump supply
(positioned approximately 2 m inboard from the 3-inch diam-
eter intake system in the hull of the ship) which supplies sea
water to the main laboratories. The H202 concentration at the
pump was a factor of 2-3 times (up to 20 nM) greater than the
surface values collected by Niskin bottles, but was much
lower than the H202 concentrations in the waters delivered at
the laboratory. We conclude that there must be a strong and
variable H202 source within the plumbing of this stainless
steel (type 316)/carbon steel (ASTM-A53) sea-water delivery
system, despite the fact that the flow rates are large enough
for the water temperature at the downstream end to be within
1*C of the incoming sea water. At present, we hypothesize
that the source of this H202 is microbial, rather than chemi-
cal.

We conducted several field experiments designed to
investigate the nature and potential strength of the microbio-
logical sink for H202- Changes in H202 concentrations were
measured over time in sea water incubated in the dark at
-0.5'C with and without exogenous H202 (figure). The H202
concentrations in unamended sea waters were relatively sta-
ble indicating low consumption rates (less than 0.2 nmol
H202 per liter per day). If the sea water is supplemented with
H202 to yield an initial concentration of 85 nM, however, the
consumption rate increases to 5 nmol H202 per liter per day
(figure). When the initial H202 concentration was increased
to 1,000 nM, the consumption rate increased to approximate-
ly 40 nmol H202 per liter per day. These results indicate a
large potential for dark H202 catalysis in antarctic surface
waters despite a relatively low biomass of living microorgan-
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Stability of H202 in dark incubations at in situ temperature. A sur-
face-water sample with and without added H202 (85 nM) was col-
lected at LTER station 100.140 and incubated in the dark at -0.5*C
for 10 days. H202 concentrations were periodically determined.

isms (0.5-1 [tmol living carbon per liter). Nutrient- enriched
sea-water cultures (I gram peptone plus 100 milligrams yeast
extract) of heterotrophic bacteria (approximately 5x106 cells
per milliliter) consumed exogenous H202 (50 nM) at rates in
excess of 50 nmol per liter per hour. The added H202 was rela-
tively stable (loss rate less than 1 nmol per liter per hour) in
sterile- filtered (0.2 [tm) treatments.

From our initial investigations, we conclude that both
biological and photochemical sources and microbiological
sinks of H202 must be considered in studies of southern
ocean H202 dynamics.

We thank the project field parties, especially J. Dore, J.
Christian, and T. Houlihan, for their assistance in the sample
collection and J. Resing for H202 analyses during PD92-09.
This research was supported by National Science Foundation
grant OPP 91-18439, awarded to D. Karl. (SOEST contribution
number 3345.)
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Palmer LTER: Hydrogen peroxide in the Palmer LTER region:
IV. Photochemical interactions with dissolved organic matter

D.M. KARL and J. RESING, School of Ocean and Earth Science and Technology, University ofHawaii, Honolulu, Hawaii 96822

T
he coupled production and utilization of dissolved
organic matter (DOM) through the activities of phyto-

plankton production, predatory consumption, and micro-
heterotrophic growth define the "microbial loop," which
constitutes an important pathway of carbon and energy flow
in all marine ecosystems (Azam et al. 1983). Comprehensive
results from both the AMERIEZ (Antarctic Marine Ecosystem
Research at the Ice-Edge Zone) and RACER (research on
antarctic coastal ecosystem rates) programs indicate, how-
ever, a dramatic uncoupling of these anticipated algal-bac-
terial metabolic processes (Cota et al. 1990; Karl et al. 1991)
to the extent that microbial loop processes appear to be neg-
ligible in the southern oceans coastal ecosystem. Several
hypotheses, including organic substrate limitation, low-
temperature inhibition, and chemical antagonism have
been presented to explain these fundamental differences
from other marine ecosystems (Karl 1993, pp. 1-63). To date,
these hypotheses have not been explicitly tested by direct
field experiments.

There is a new 20th-century challenge to southern oceans
microbial assemblages in the form of an increased flux of
ultraviolet (UV) light caused by an erosion of the atmospheric
ozone layer (Frederick and Snell 1988). Smith et al. (1992) and
Helbling et al. (1992) recently documented growth inhibitory,
UV-dependent effects on antarctic marine phytoplankton
populations. We hypothesized that UV radiation might also
play a role in microheterotrophic microbial processes by
direct interactions with DOM. Two independent pathways are
proposed: (1) partial photolytic degradation or alteration of
refractory DOM resulting in a supply of readily available
organic substrates for bacterial metabolism and (2) complete
photolytic degradation of DOM. The former pathway would
enhance heterotrophic bacterial processes; the latter would
effectively constitute a form of competition for the availability
of organic nutrients and, perhaps, provide an independent
nonbiological pathway for DOM decomposition.

Our initial testing of the DOM-photolysis hypothesis was
during cruise 92-09 of the R/V Polar Duke (November 1992).

H202 CONCENTRATION (W)

0	20	40	60	0	200	400	600

Figure 1. Yeast concentration-dependent photoproduction of H202 (nanomolar) in quartz and pyrex incu-
bation vessels. A water sample was collected from 5 meters, spiked with Bacto yeast extract solution,
and then incubated on board ship in a fully exposed flowing sea water incubator at -0.5 0C for 4 hours
(0900-1300 hours local). H202 concentrations were measured at the end of the 4-hour incubation period.
The two stippled data points are the H202 concentrations measured in the negative control (no yeast
extract added) following quartz and pyrex incubations, as described above.
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Photoproduction of H202 in the presence of selected
organic compounds or compound mixtures. All samples
were incubated on board the ship in a fully exposed
flowing sea water incubator at -0.5Cfor 4-8 hours.

None	 —	 Q	4.8
P	<0.1

Glycine	500 pM	Q	6.5
P	0.3

Proline	750 plV1	Q	4.8
P	1.3

AMPd	 560 pM	Q	6.8
P	<0.1

D-glucose	560 pM	Q	11.3
P	1.6

Bacto	80 mg L- 1	Q	85
peptone	 P	42

Bacto	80 mg L- 1	Q	276
yeast extract	 P	275

Algal	1 % (Vol/vol)e	Q	37.7
extract	 P	27.4

Sediment	1 % (Vol/vol)f	Q	25.2
extract	 P	20.0

apM denotes micromolar; mg L- 1 denotes milligrams per liter.
bQ = quartz glass; P = pyrex glass.
c In nanomoles per liter per hour.
dAMP = adenosine monophosphate.
e lce algae (10 milligrams wet weight) collected from the field and
concentrated onto a glass fiber filter were extracted in 10
milliliters of boiling distilled water. The extract was filtered (0.2-
micrometer filter) prior to use.
fSediment (5 grams wet weight) from a depth of 150 m in
Paradise Harbor was extracted in 10 milliliter of boiling distilled
water. The extract was filtered (0.2-micrometer filter) prior to use.

We conducted several experiments to evaluate the effects of
light on H202 production during shipboard and in situ incu-
bations of sea water supplemented with a variety of exoge-
nous organic compounds (table). The role of UV radiation
was specifically investigated by comparing incubations of
identical solutions in both quartz and pyrex glass containers.
Quartz is essentially transparent to all UV radiation [transmits
more than 85 percent of LTV in the range 280-400 nanometers
(nm)], whereas pyrex absorbs strongly in the range 280-305
run (Helbling et al. 1992). We measured hydrogen peroxide
(1-1202) concentrations (Resing et al., Antarctic journal, in this
issue) as one index of the extent of photochemical alteration
of DOM, acknowledging the fact that H202 is an intermediate,
not an end-product, in photolytic processes. Steady-state
H202 concentrations, by themselves, could therefore be mis-
leading, especially if H202 turnover is rapid; however, the
rates of dark H202 decay measured for selected samples indi-

cated that the short-term concentration changes observed in
our organic perturbation experiments were probably well cor-
related with total H202 photoproduction.

Our results (table) indicate a large variation in photo-
chemical H202 production from the various DOM compounds
tested, ranging from negligible accumulations for glycine,
proline, and adenosine monophosphate (AMP) to large accu-
mulations for complex mixtures of organics (peptone, yeast
extract, algal extract, and sediment extract). Because we can-
not easily identify the specific compounds in these mixtures
that are responsible for the observed photolytic effects, we are
unable to compare or discuss reaction stoichiometries at this
time. A comparison of the H202 photoproduction results from
paired quartz vs. pyrex glass incubation containers indicates
that, for most of the compounds tested, H202 photoproduc-
tion rates were enhanced in the UV-transparent quartz con-
tainers. With the possible exception of AMP, however, H202
accumulations were also observed in all pyrex incubations.

Several organic substrate "dose-response" experiments
were performed to assess the concentration dependence of
H202 photoproduction. For exposure of yeast extract-sea
water solutions, we observed a fairly complex response over a
concentration range of 0.04-40 milligrams per liter (mg L-1)
(figure 1). At low concentrations of organic substrate, as well
as in the control with no yeast extract added, there was a sig-
nificant enhancement of H202 production in quartz relative
to the pyrex incubations. These differences were less evident
at elevated concentrations of yeast extract and became indis-
tinguishable at the highest concentration tested (40 mg L-1).
Furthermore, the addition of low concentrations of yeast
extract in the quartz treatment appear to "quench" H202 pro-
duction, relative to the control samples which received no
addition. This may be the result of a kinetic effect caused by
H202 dependent secondary reactions in the experimental
solutions.

We also investigated the depth- dependence of H202 pho-
toproduction by conducting an in situ incubation experiment
using a modified free-drifting sediment-trap array (figures 2
and 3). In this experiment, we used yeast extract (40 mg L-1)
and algal extract (0.2 percent vol/vol), both in quartz and
pyrex containers. As expected, results indicate a decrease in
H202 photoproduction with depth. Even at a depth of 25
meters, however, we detected a net photolytic effect. Yeast
extract supported a greater H202 production rate than algal
extract, but again it should be emphasized that we have no
information on the molar reactivities of the active compo-
nents in either solution. There were no consistent differences
between quartz and pyrex incubations.

In conclusion, we have documented important photo-
chemical-DOM interactions in coastal habitats of the Antarc-
tic Peninsula. Future studies need to focus on the composi-
tion and fate of these altered DOM compounds and to quanti-
fy the role of organic matter photolysis as an important eco-
logical variable in southern oceans ecosystems.

We thank the scientists, officers, and crew members who
participated in PD92-09 for their assistance and Antarctic Sup-
port Associates for expert logistical support. This research was
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Figure 3. In situ net photoproduction of H202 in the presence of select-
ed exogenous dissolved organic compounds. Water samples, collected
from six depths ranging from 1 to 25 meters, were spiked with either
yeast extract (40 mg L- 1 ) or algal extract (0.2 percent vol/vol), and incu-
bated in both quartz and pyrex glass tubes attached to a free-drifting
sediment trap array (see figure 2). During the 15-hour in situ incubation
period, the glass tubes were secured to the upper surfaces of the PVC
sediment-trap crosses and were thus exposed to ambient downwelling
light. The 1 -meter samples were incubated on board ship in a fully
exposed flowing sea water incubator at -0.5 0C for the duration of the
experiment. After recovery, the final H202 concentrations were mea-
sured. The initial, ambient H202 concentrations (nanomolar) are shown
as solid triangles
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Palmer LTER: Aquatic virus abundances near
the Antarctic Peninsula

DAVID F. BIRD and ROXANE MARANGER, Department ofBiology, University of Quebec at Montreal,
Montreal, Quebec H3C 3P8, Canada

DAVID A KARL, School of Ocean and Earth Science and Technology, University ofHawaii, Honolulu, Hawaii 96822

T
he recent discovery of high abundances of viruses in non-
polluted sea water at temperate latitudes (Bergh et al.

1989; Proctor and Fuhrman 1990) suggests that virus attack is
important to the dynamics of the microbial community.
Viruslike particles have been reported at abundances up to 60
times the concentration of the bacteria (Proctor and Fuhrman
1992). In addition, the occurrence of rapid increases in viral
abundance during the decline of planktonic bacterial and
algal blooms (Bratbak et al. 1990) indicates that virus infec-
tion might be an important source of bacterial and algal mor-
tality in the sea.

During cruise 92-09 of the R/V Polar Duke (November
1992), we had an opportunity to initiate what we believe is the
first study of viral ecology in Antarctica. Our objective was to
determine whether viruses are present and, if so, whether
they are important in the microbial ecology of the southern
oceans.

Our primary goals were to count free-living viruses in the
water column, to follow their dynamics through time, and to
determine viral infection rate of bacteria. Additional field
experiments addressed other aspects of viral population
dynamics, specifically loss rates by adhesion to and sedimen-
tation by sinking particles and damage by ultraviolet (UV)
light. These studies were designed to evaluate whether viral
activity could explain the lack of correlation between bacterial
population size and algal biomass in antarctic coastal ecosys-
tems (Karl et al. 1991; Karl 1993).

Sampling was carried out along the long-term ecosystem
research (LTER) transect line 600 (Waters and Smith 1992)
and in Paradise Harbor (64'5l'S 62'54.5'W). At the latter site,

water samples [0-200 meters (m)] for bacteria and virus enu-
meration were collected twice daily at 0400 and 2000 hours
for a period of approximately 5 days. Samples were fixed with
EM-grade glutaraldehyde and stored in polypropylene vials.
Viruses were counted by transmission electron microscopy
following direct sedimentation onto formvar-coated EM
grids. The centrifuge used was the Beckman airfuge with an
EM-90 rotor, which was designed especially for viral enumer-
ation and which avoided the biases due to convection and
uneven distribution that create problems when using larger
ultracentrifuges. The airfuge was used on board the R/V Polar
Duke when sea conditions were calm.

The phytoplankton community was sparse during the
period of this cruise (2 November to 20 November 1992) and
consisted largely of nanoflagellates with rare large diatoms.
Bacteria were also relatively sparse, ranging from 9 X I04 to
3.6xI05 cells per milliliter (mL), characteristic of pre-spring-
bloom communities (Bird and Karl 1991). By contrast, howev-
er, the pack-ice algal community was visibly more abundant
whenever ice was encountered.

Viral and bacterial abundances are shown for a profile at
Paradise Harbor (17 November 1992, figure). Bacterial abun-
dances declined slightly with depth. Bacteriophages were pre-
sent at from 0.7 to 6 times the abundance of bacteria. The
virus -to -bacteria ratio was especially low in the upper 5 in of
the water column (figure) where viral abundance was minimal.

The decline in viruslike particles in the surface waters
could be the result of lower production rates or to higher loss
rates, or both. Bacterial production experiments using
radioactive precursors were also performed on these water
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Profiles of bacterial and viral abundances and the vi rus-to- bacterium ratios measured for
the upper 300 m of the water column in Paradise Harbor, Antarctica. The water samples
were collected on 17 November 1992.

samples, but the analyses are not yet completed. Alternative-
ly, decreased near-surface viral abundance might be caused
by ultraviolet light radiation damage at the depths in question
(Smith et al. 1992; Helbling et al. 1992).

Another factor conceivably involved in viral abundance is
differential rate of formation of and adsorption to marine
snow particles, which is a major viral loss factor at lower lati-
tudes (Suttle and Chan 1992). Sedimentation rate of viruses
measured during short-term deployments (approximately I
day) of a free-floating sediment-trap array was between I XIO12

and 3x1012 per square meter per day on 12 November 1992, at
a depth of 60 m. This means that virus loss due to adsorption
and sinking was about 4 percent per day during this period.

We thank the captain, crew, and program field partici-
pants for their assistance in sample collection. This research
was supported, in part, by National Science Foundation grant
OPP 91-18439 awarded to D. Karl. (SOEST contribution num-
ber 3348.)
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Figure 1. A. Temperature (degrees Celsius), conductivity (siemens per meter), dissolved oxygen (milligrams
per liter) in the east lobe of Lake Bonney. B. Ammonium (micromolar), nitrate (micromolar), nitrite (micro-
molar) and nitrous oxide (micromolar-nitrogen) in the east lobe of Lake Bonney. Measurements made in
the austral summers between 1989 and 1991. The permanent icecap was approximately 4 m thick when
measurements were made. All depths are from the surface of the water within the sampling hole (that is,
piezometric level).

Terrestrial biology

Water column transformations of nitrogen in Lake Bonney, a
perennially ice-covered antarctic lake

JOHN C. PRISCU, Department ofBiological Sciences, Montana State University, Bozeman, Montana 59717
BESS B. WARD, Marine Sciences, University of California, Santa Cruz, California 95064

MALCOLm T. DOWNES, National Institute of Water and Atmospheric Research Ltd., Christchurch, New Zealand

P
ermanently ice-covered Lake Bonney presents a special
situation where turbulence and upper trophic levels are

virtually nonexistent. During our past studies on the photobi-
ology of both the east and west lobes of this lake (Priscu et al.
1990), we made preliminary vertical profiles of nutrients,
nitrous oxide, and bacterial number and activity. These data
reveal several unique features. First, greater than 250 micro-
molar nitrate and 30 micromolar nitrite exist in a region of the
east lobe which is apparently devoid of oxygen (figure 1A, B).
This is the first case, to our knowledge, of the existence of a
large nitrate pool in apparently anoxic water. Second, nitrous

oxide levels in the east lobe just below the chemocline reach
almost 40 micromolar nitrogen (figure 1B). This value exceeds
air saturation by over 500,000 percent and is the highest
recorded in a natural aquatic system. Lack of oxidized nitro-
gen (for example, nitrate, nitrite, nitrous oxide) in the anoxic
zone below the chemocline of the west lobe (figure 2A, B)
implies intense denitrification, which conforms to conven-
tional biogeochernical concepts for nitrogen within this lobe.

A tentative calculation of nitrous oxide diffusion across
the 20.5-meter (m) plane of the east lobe (using a molecular
diffusion coefficient of 10-6 square centimeter per second)

yields an upward flux of 1.2
micrograms nitrous oxide-
nitrogen per square meter per
day which, given the surface
area of the lake and assuming a
constant annual nitrous oxide
gradient, equates to about 1.3
kilograms (kg) nitrous oxide-
nitrogen per year. Our prelimi-
nary measurements of nitrous
oxide within the air above the
lake ice on the east lobe re-
vealed that they were about 40
percent greater than the global
average for nitrous oxide or
that measured over nearby
McMurdo Sound (Rasmussen
and Khalil 1986; Priscu et al.
1990) indicating that nitrous
oxide escapes from the lake
despite a permanent ice cap.
Although this is a small out-
ward flux relative to the global
annual production of nitrous
oxide (about 2x10 7 kg nitrous
oxide-nitrogen per year;
Thiemens and Trogler 1991), it
may have regional importance.

These unusual results
(from the east lobe), in concert
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with previous reports showing that nitrogen can limit phyto-

plankton growth during certain periods (Sharp and Priscu

1990), have led us to propose the following hypotheses:

• Regeneration of nitrate and nitrite by nitrifying bacteria

and ammonium by heterotrophs supports primary pro-

duction in the upper trophogenic zone whereas ammoni-

um diffusing upward across the chemocline supports the

majority of production in the lower trophogenic zone, par-

ticularly in the west lobe.

• Nitrous oxide is produced in the chemocline of both lobes

by nitrification and nitrifier denitrification (of nitrite). This

process is most pronounced in the east lobe.

• The nitrite maxima are the result of nitrification in excess

of denitrification.

• Nitrous oxide and nitrite levels in the chemocline of the

west lobe are considerably lower than in the east lobe

because they act as terminal electron acceptors for denitri-

fiers in the former, that is, denitrification is not a sink for

nitrous oxide or nitrite in the east lobe.

• The production of nitrous oxide in the east lobe signifi-

cantly lowers upward diffusion of available "new" nitrogen

for phytoplankton primary production.

• Heterotrophic denitrification does not occur in the east

lobe whereas high rates of denitrification exist in the deep

waters (below 25 m) of the west lobe. The latter acts as a

major loss of nitrogen from the west lobe of the lake.

• Lake Bonney is an atmospheric source of nitrous oxide.

These hypotheses have formed the basis of our current 3-

year study on Lake Bonney. The available background data for

the two lobes of Lake Bonney, each of which has distinctive

characteristics with respect to nitrogen dynamics, indicate

that Lake Bonney provides an

ideal situation to test these

hypotheses. The purpose of

this report is to present some

of our preliminary results

(notably those for nitrous

oxide) and discuss them briefly

within the context of hypothe-

ses derived from them. This

article also serves as an intro-

duction to the reports of Ward,

Cockcroft, and Priscu (Antarc-

ticJournal, in this issue), Wool-

ston and Priscu (Antarctic

Journal, in this issue), and

Smith and Priscu (Antarctic

Journal, in this issue) which

address various aspects of the

proposed hypotheses.
0

B.	
Bartlett et al. (Antarctic

journal, in this issue) describe

	

2	
a number of techniques that

had to be developed (to over-

	

TE; NITROUS OXIDE	come the high salt content

common to antarctic lakes) to

use nitrogen- 15 successfully as

an isotope for the measurement of nitrogen transformations

within Lake Bonney. Finally, Wing and Priscu (Antarctic Jour-

nal, in this issue) present results from a microbial community

we discovered within the permanent icecap of Lake Bonney.

We plan to propose further research to determine the biogeo-

chemical importance of this ice community to the lake

ecosystem.

Our study incorporates direct-rate measurements of all

major nitrogen transformations together with immunochemi-

cal and molecular probes for microorganisms responsible for

specific transformations. These techniques, together with

measurements of various nitrogen species within the lake over

time, will provide a better understanding of biological nitrogen

transformations in high-latitude aquatic systems and will

complement recent studies on nitrogen transformations in

arctic systems (Alexander, Whalen, and lGingensmith 1989).

This work was supported in part by National Science

Foundation grant OPP 91-17907 to John C. Priscu.
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Nitrifying and denitrifying bacteria in Lake Bonney
BESs B. WARD and ALix R. COCKCROFT, Marine Sciences Department, University of California, Santa Cruz,

California 95064
JOHN C. PRISCU, Department ofBiology, Montana State University, Bozeman, Montana 59717

T
he chemical profiles and initial microbiological data col-
lected previously in Lake Bonney (Priscu, Ward, and

Downes, Antarctic Journal, in this issue) identified several
interesting features in the nitrogen cycle of the lake, raising
unusual questions. First,
nitrate (NO3) is present in high	

NUMBER (X105)concentrations in the east lobe
of the lake, indicating that	 4	8
although the water column is
apparently anoxic below the
chemocline, denitrification
does not occur. By contrast,
nitrate is depleted in the anox-
ic bottom waters of the west
lobe, indicating that denitrifi-
cation does occur there. Sec-
ond, nitrous oxide (N20) is
present at extremely high lev-	20
els just below the chemocline
in the east lobe yet much lower
concentrations are present in
the west lobe. N20 accumula-
tion at low (but nonzero) oxy-	0
gen levels is an indication of
nitrification (Cohen and Gor-
don 1978; Goreau et al. 1980).
Finally, bacterial numbers in
14in anot Inl%a c6rvw- a rlienrata	A C)

maximum near 25 meters (m),	0	5
below the oxic/anoxic inter-	ACTIVITY (Xl0_
face, a feature not evident in
the west IODe of the IaKe Jigure
1A and B). The distribution of
bacterial activity in the east

lobe measured by uptake of tritiated-thymidine (a measure of
heterotrophic bacterial activity) shows a somewhat typical
depth profile, in that it decreases with increasing depth and is
almost undetectable at the chemocline. Thus, the peak in bac-

NUM13ER 
(X I 0b)	

SPECIFIC ACTIVITY (X10_10)

12	0	4	8	12 0.0	0.5	1.0
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3 )
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Figure 1. Depth distribution of bacterial abundance (cells per milliliter), bacterial activity (nanomoles of
thymidine per liter per day) and specific activity (nanomoles of thymidine per cell per day). Data were col-
lected 24-26 November 1992. Depths are referenced from the piezometric water level in the sampling
hole. A. East lobe. B. West lobe. C. East and west lobes.
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terial numbers does not coincide with the peak in het-
erotrophic activity, resulting in extremely low specific activity
(activity per cell) below the chemocline (figure 1Q.

What could be so different about the two lobes of the
same lake as to result in different microbiology and nitrogen
cycling? Why is nitrification occurring to the exclusion of den-
itrification in the east lobe? Are the bacteria in the abundance
maximum of the east lobe primarily nitrifying bacteria?

These observations led to a series of hypotheses (see
Priscu et al., Antarctic Journal, in this issue). Briefly, we sug-
gest that bacteria in the abundance maximum below the
interface in the east lobe are either moribund and inactive or
their metabolism is not heterotrophic. The abundance maxi-
mum could be due to nitrifying bacteria, autotrophs which
would not incorporate thymidine (Johnstone and Jones 1989).
We also propose that denitrification occurs in the west lobe
but not in the east lobe, and the difference is reflected in dif-
ferences in the distribution of denitrifying bacteria and other
indicators of denitrification between the two lobes.

One aspect of our effort to reconcile the unusual nitrogen
profiles in the two lobes of Lake Bonney (see Priscu et al.,
Antarctic Journal, in this issue) involves the localization of
bacterial strains or types responsible for those chemical sig-
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Figure 2. Depth distribution (cells per milliliter) of ELB17 in the west
lobe (filled circles) and east lobe (open circles) of Lake Bonney enu-
merated by immunofluorescence using a strain specific polyclonal
antiserum. Samples from the surface layer in the west lobe had unde-
tectable levels of ELB1 7 and surface samples were not enumerated in
the east lobe.

nals. Because nitrification and denitrification are the primary
processes known to influence nitrogen concentrations in
aphotic waters, we have focused our efforts on nitrifying and
denitrifying bacteria. Other aspects of the project involving
direct measurements of the transformations are reported
elsewhere (Woolston and Priscu; Bartlett, Woolston, and
Priscu, Antarctic Journal, in this issue).

To test the hypotheses concerning nitrifying bacteria, we
are using radiotracer assays for ribulose bisphosphate car-
boxylase (Glover 1983), a key enzyme in the pathway used by
nitrifiers and many other autotrophs to fix carbon dioxide. We
are also developing DNA probes for the rubisco gene from
autotrophic bacteria which will be used to detect the genetic
potential for autotrophy. The third approach for the detection
of nitrifying bacteria employs the polymerase chain reaction
(PCR) to amplify ribosomal RNA genes from nitrifiers. A set of
primers developed in our lab for the Nitrosomonas group of
ammonium oxidizing nitrifiers is being used to analyze DNA
collected from the lake during our first field season, austral
spring of 1992.

We will use a second set of probes for the detection of
denitrifying bacteria to investigate the denitrification ques-
tion. Using samples collected in 1991, several denitrifying
strains were isolated from Lake Bonney. One strain (ELB17)
was used to produce polyclonal antibodies and to develop an
immunofluo re scent assay for cell enumeration, similar to
those used in the past for both nitrifying and denitrifying bac-
teria (Ward and Carlucci 1985; Ward and Cockcroft 1993).
This assay was then used to enumerate the strain in lake sam-
ples collected in 1992. As a more general probe, we have a
DNA probe which recognizes a portion of the nitrite reduc-
tase gene, a key enzyme in the denitrification pathway (Ward,
Cockcroft, and Kilpatrick 1993). The probe hybridizes with the
ELB17 and has detected homology in samples of DNA extract-
ed from lake samples.

Bacterial numbers (total, enumerated by DAPI or acri-
dine fluorescence) showed a maximum (at about 25 in) below
the oxic/anoxic interface (20 in) in the east lobe (figure 1A);
bacterial activity was maximal at 13 in, the region of maxi-
mum primary production U.C. Priscu unpublished data). Bac-
terial activity in the west lobe (figure 1B) coincided with the
primary production maximum at 13 in.

Results from newly developed methods to study nitrifiers
are still preliminary at this time. Preliminary results from the
PCR amplification of nitrifying bacterial DNA from lake sam-
ples produced positive results only at 22 in in the east lobe.
Although we have many more samples to analyze, including
replicates, this preliminary finding is consistent with the con-
centration of nitrifying bacteria in this interval. Our hypothe-
sis would be further supported by finding nitrifiers in high
concentrations at the bacterial abundance maximum in the
east lobe but by finding no such elevated concentrations in
the west lobe.

The distribution of the ELB17 strain of denitrifying bacte-
ria as enumerated by immunofluorescence is consistent with
the apparent occurrence of bulk denitrification in the west
lobe of the lake and not in the east lobe: ELB17 is present in
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the west lobe in much higher numbers than in the east lobe at
comparable depths in the oxygen depleted deep waters (fig-
ure 2). ELB17 shows a distribution pattern that is quite differ-
ent from the bacterial population as a whole, albeit at much
lower abundance levels.

Before our next field season, we plan to analyze the
approximately 100 DNA extracts we collected in 1992 (using
tangential flow filtration to concentrate 4-liter samples). We
are also planning to produce more polyclonal antisera to
other Lake Bonney denitrifier isolates and to characterize
these isolates as to their temperature and salinity ranges and
optima. We have been unable so far to isolate any nitrifying
strains from lake samples. Our nitrifier probes, however, are
ready for application in next year's program.

This research was supported by National Science Foun-
dation grant OPP 91-17907.
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Phytoplankton utilization of ammonium and nitrate in Lake
Bonneek-ly: A preliminary assessment

CHRISTOPHER D. WOOLSTON and JOHN C. PRISCU, Department ofBiological Sciences, Montana State University,
Bozeman, Montana 59717

L
ake Bonney is characterized by strong gradients in nutri-
ents and algal concentrations (figure I and Priscu, Ward,

and Downes, Antarctic Journal, in this issue). In this perma-
nently ice-covered quiescent environment, nutrient transfor-
mations and microplanktonic activity are hypothesized to be
tightly coupled. This should be particularly true for transfor-
mations of inorganic nitrogen, because nitrogen has been
shown to limit phytoplankton photosynthesis in a number of
antarctic lakes (Priddle et al. 1986; Priscu, Vincent, and
Howard-Williams 1989; Sharp and Priscu 1990). Our current
research on Lake Bonney is based on the hypothesis that
regeneration of ammonium (NH 4+) and nitrate (NOO
through heterotrophic remineralization and nitrification,
respectively, support the bulk of productivity in the upper
trophogenic zone of Lake Bonney (Priscu et al., Antarctic
journal, in this issue).

This report focuses on a preliminary assessment of the
physiological capacity of planktonic assemblages for inorganic
nitrogen uptake in the trophogenic zone of the east lobe of
Lake Bonney. Specifically, our study provides estimates for the
effects of substrate concentration on uptake kinetics as well as

ambient uptake rates of inorganic nitrogen and carbon. The
results provide preliminary insight into the interactions of
nutrients and microplankton; furthermore, they set the
groundwork for future investigations of nutrient cycling and
primary production in the lake. In this report, uptake refers to
transport plus assimilation, two distinct pathways which could
not be distinguished by our experimental designs.

The Michaelis-Menten parameters Vm. (the maximum
specific uptake rate) and Km (the substrate concentration at
which uptake is half of the maximal rate) were determined
with substrate kinetics experiments. In these experiments,
water samples from 4.5 meters (m) received varying levels of
enrichment of nitrogen-15-labeled NH4+ or NO3- and were
incubated for approximately 24 hours. The suuspended par-
ticulate matter in the water samples was collected on pre-
combusted GF/C filters which were frozen until analysis. The
accumulation of nitrogen-15 in the particulate matter was
measured by atomic emission spectrometry following Dumas
combustion of filters (Timperly and Priscu 1986).

Uptake rates were calculated from the equations formu-
lated by Dugdale and Goering (1967).
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zooplankton capable of producing NH4+ patches, the differ-

ential affinity can perhaps best be explained by the energy

requirement of assimilation.

Estimates of ambient uptake rates (figure 2) were com-

puted using ambient nutrient concentrations in conjunction

with Michaelis- Menten parameters for uptake. These ambi-

ent rates indicate that NH4+ is the predominant source of

nitrogen utilized throughout the trophogenic zone. Further-

more, the relative contribution of NH4+ to nitrogenous nutri-

tion increases with depth from 6 to 12 in. This supports the

hypothesis that phytoplankton near the first chemical gradi-

ent (at approximately I I in) are supported by the upward dif-

fusion of NH4+ (Priscu et al., Antarctic Journal, this issue).
There is reason, however, to interpret these data with cau-

tion. First, because nutrient distributions and physiological

response may change with time, any estimate of uptake based

on single measurements of nutrient concentration and

Michaelis- Menten parameters will reflect instantaneous con-

ditions only (Goldman and Glibert 1983). Second, nitrogen-15

in the substrate during incubation could be significantly dilut-

ed by heterotrophic regeneration of inorganic nitrogen.

Because such an effect could lead to underestimation of inor-

ganic nitrogen-14 uptake, rates of isotope dilution in Lake

Bonney remain tentative until further investigations are made.

NITROGEN UPTAKE

PARTICULATE NITROGEN

Figure 1. Chlorophyll-a (micrograms per liter) and particulate nitrogen

(micromolar) in the east lobe of Lake Bonney. Measurements were

made on 12 December 1989 and 24 November 1989, respectively.

The uptake rates were fitted to the Michaelis - Menten

model with a nonlinear curve fitting program utilizing Mar-

quardt's algorithm (Dodds, Priscu, and Ellis 1991). From data

collected on 29 November 1990, Vmax (plus standard devia-

tion) and Km (plus standard deviation) for NH 4+ at 4.5 
in 

were

0.00083 per hour + 2.81xlo- 14 and 1.000 micromoles per liter

+ 1.65x10-10, respectively. Vmax and Km for NO3- at 4.5 in, cal-

culated from data collected on 18 November 1990, were

0.00039 per hour + 6.87x10- 15 and 4.83 micromoles per liter +

3.36xIO- 10, respectively.

The high Vmax and low Km for NH4+, relative to NO3-,
indicate a high affinity for this nutrient at both saturating and

limiting levels (Goldman and Glibert 1983). Two potential

explanations for this affinity are, first, that NH 4+ requires less

energy for assimilation than does NO3-, and second, that

increased capacity for NH4+ uptake may represent an adap-

tive response for utilization of temporary micropatches of

NH4+ produced through regeneration. In Lake Bonney, both

regenerated NO3- and regenerated NH4+ are hypothesized to

support primary production in the euphotic zone (Priscu et

al., Antarctic Journal, this issue). Because of the virtual lack of
Figure 2. Estimated ambient specific nitrogen uptake (per hour) of

ammonium and nitrate in the east lobe of Lake Bonney.
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Figure 3. Volumetric uptake of inorganic carbon (micromoles carbon
per liter per hour) and volumetric uptake of inorganic nitrogen (micro-
moles nitrogen per liter per hour) in the east lobe of Lake Bonney.

Addition of carbon- 14-bicarbonate to water samples and
subsequent incubation allowed for measurements of inorgan-
ic carbon uptake (primary production) in units of micromoles
per liter per hour. To achieve similar units and to compute
total inorganic nitrogen uptake, the specific uptake rates of
NH4+ and NO3- (V) were added and then multiplied by the
concentration of particulate nitrogen at the depths where
rates were to be obtained. Ratio of inorganic carbon uptake to

inorganic nitrogen uptake (figure 3) indicate that nitrogen
limitation, if present, is most pronounced above the layer of
intense chemical stratification. That nitrogen uptake exceeds
carbon uptake below 15 meters may represent a dominance
of heterotrophic nitrogen utilization below this depth.

In conclusion, our preliminary study suggests that NH4+
is the primary nitrogenous nutrient supporting microplank-
ton production above 20 in in Lake Bonney. Substrate kinetics
experiments suggest a high affinity for this nutrient, and
nutrient profiles indicate that it is more abundant than NO3-
and nitrite (NO2-) combined. Our future investigations of het-
erotrophic regeneration combined with direct measurement
of inorganic nitrogen uptake in the water column will clarify
the exact relationship between nutrient transformations and
planktonic activity.

We thank T. Sharp for conducting many of the field
experiments. This work was supported in part by National
Science Foundation grant OPP 91-17907 to John C. Priscu.
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Microbial respiration potential in Lake Bonney using a novel
tetrazolium-reduction method

JAMES J. SMITH, Department ofMicrobiology, Montana State University, Bozeman, Montana 59717
JOHN C. PRISCU, Department ofBiology, Montana State University, Bozeman, Montana 59717

T
he permanently ice-covered lakes of the McMurdo Dry
Valleys region of Antarctica present unique environments

for study of nutrient cycling (Priscu, Ward, and Downes,
Antarctic Journal, in this issue).

Annual hydrologic recharge from streams contains negli-
gible amounts of nutrients (Greene, Angle, and Chave 1988),
and annual phytoplankton blooms constitute the major
source of organic matter for subsequent heterotrophic break-
down. A lack of vertical mixing has resulted in highly stratified
zones of phytoplankton and bacterial productivity (Ward,
Cockcroft, and Priscu, Antarctic journal, in this issue). Little is
known, however, about the stratification and degree of het-
erotrophic breakdown in these systems (Smith and Howes
1990). In this study, 5-cyano-2,3-ditolyl tetrazolium chloride
(CTC) was used to estimate the fraction of phytoplankton and
bacterioplankton showing respiration potential at selected
depths in both lobes of Lake Bonney. CTC forms intracellular,
fluorescent- fo rmazan deposits upon reduc-

	

tion by active succinate dehydrogenase, indi-	18 -
cating respiratory activity. Cells were coun-

	

terstained with 4,6-diamidino-2-phenylin-	12 -
dole (DAPI) and enumerated for CTC-deposit

	

containing, and total microorganisms by epi-	14 -
fluorescence microscopy. One thousand cells

	

were counted from at least 10 fields for each	16 -
sample.	 0OWN

	Samples were collected using a 1-liter	18
	Niskin sampler on 8 December 1992 from the	(D

	

east and west lobes of Lake Bonney at depths	+J
4) 20

	of 13, 17, 25, and 30 meters (in) (hereafter	E

	

designated as "E" or "W" for east and west	%%moo 
22.0lobes, respectively). Nine-milliliter subsam-

ples were incubated with 5 millimolar CTC 24
(as described by Rodriguez et al. 1992), for 8

	

hours in the dark. Samples E13, E17, and E25	26
were incubated at YC; E30 and W13 were

	

incubated at 2*C; and W17, W25, and W30	28
were incubated at -2*C. These temperatures

	

were near those from which the samples were	38collected.
Total microbial numbers ranged 32

between 105 and 106 per milliliter in both
lobes at all depths (figure 1). Although total
cell numbers remained relatively constant for
west-lobe samples, the fraction indicating
respiratory activity decreased with depth
from 35 percent at 13 in to 10 percent at
25-30 in (figures I and 2). This is in contrast

to east-lobe samples where respiring cell numbers decreased
from 60 to 45 percent between 13 and 17 m, then increased to
a maximum of 73 percent at 30 m (figure 2). In addition,
respiring fractions were higher in 13-m samples compared to
17-m samples in both lobes.

These results indicate that the fraction of microorgan-
isms maintaining a low cellular reduction potential via respi-
ration (using tetrazolium salt reduction as an indicator) is
much lower in the west lobe of Lake Bonney than in the east
lobe (particularly below 17 in). It should be noted that the
CTC method yields the fraction of organisms showing respira-
tion potential; absolute respiratory activity remains unknown.
Detailed determinations of microbial activity are required to
elucidate the types of organisms (for example, photoau-
totrophs, chemoautotrophs, and heterotrophs) responsible
for the respiration potential we observed with the CTC
method.

K>1 H3 HIH

Foi

HIH

HIF

H*W

HH

165	106
Cells per milliliter

Figure 1. Total and CTC-reduction positive cell numbers in the east and west lobes of
Lake Bonney. Squares indicate west-lobe samples; circles indicate east-lobe samples.
Closed symbols denote total cells numbers; open symbols denote CTC-reduction positive
cell numbers.
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Figure 2. Percentage fractions of microorganisms showing respiratory potential in the east
(closed circles) and west (open circles) lobes of Lake Bonney as indicated by CTC-reduc-
tion (see text).
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Influence of h h salinity levels on ambient inorganic
nitrogen an nitrogen- 15 extraction efficiency in

Lake Bonney, Antarctica
RICHARD D. BARTLETT, JOHN C. PRISCU, and CHRISTOPHER D. WOOLSTON, Department ofBiological Sciences,

Montana State University, Bozeman, Montana 59717

L
ake Bonney, which is characteristic of many of the lakes in
he antarctic dry valleys with respect to salinity profiles,

derives its primary hydraulic input from glacial streams dur-
ing the austral summer. A wide variety of salts are introduced
into the lake through this inflow. Because of continuous abla-
tion and no outflow, salinities in Lake Bonney range from
near 0 parts per thousand (ppt) below the ice cap to 247 ppt
(nearly 7 times open ocean) at 35 meters (m) (Spigel et al.
1991). Our current research project on Lake Bonney (see
Priscu, Ward, and Downes, Antarctic journal, in this issue)
utilizes the stable isotope nitrogen-15 to measure rates of
nitrogen transformation directly. Many of our experiments
using this isotope require ammonium (NH4+) or nitrite (NO2-)
to be extracted from solution. The wide range of salinities

encountered at our experimental depths in Lake Bonney
prompted us to test extraction efficiencies of nitrogen and
potential isotopic discrimination as a function of salinity.
Such tests are necessary if accurate measurements of nitrogen
transformations are to be obtained.

We used a modification of the NO2- extraction protocol
of Olson (1981) that is based on chemical complexation of
sample NO2- with aniline sulfate under acidic conditions.

This reaction yields a diazonium salt that is condensed
with alkaline beta-naphthol to form a base-soluble azo dye
which is partitioned from the aqueous phase through repeat-
ed extractions in a nonpolar solvent. After the absorbance [at
a wavelength of 500 nanometers (nm)] of the solvent-dye mix-
ture was measured, the solvent-dye mixture was dried and
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analyzed for its 15-nitrogen content using emission spec-
trometry (Timperly and Priscu 1986). NH4+ was extracted
using the molecular sieve, zeolite (IONSIV W85). Zeolite was
introduced into the sample at 1 milligram per milliliter and
allowed to react for 30 minutes during which time the sample
was mixed vigorously several times. Extraction was followed
by filtration of the zeolite- ammonium complex onto a pre-
combusted Whatman G/FC filter. Extraction efficiency was
determined by measuring NH4+ in the sample before and
after extraction.

The effects of salinity on NO2- extraction were tested by
preparing a series of 40 micromolar (20 atom-percent 15-
nitrogen) NO2- solutions in saline (sodium chloride) solutions
which were similar to salinities at our sampling depths in
Lake Bonney. Sodium chloride was utilized because it is the
predominant salt in the lake (Priscu and Spigel unpublished
data). Results from this experiment showed that absorbance
(a measure of NO2- extracted) decreased rapidly with salinity
(figure 1A) indicating a strong influence of salinity on NO2-
extraction efficiency. The nitrogen-15 atom percent also
decreased with increasing salinity showing that the extraction
technique discriminated against nitrogen- 15 when higher lev-
els of sodium chloride were present.

Because it is necessary to have precise amounts of nitro-
gen for emission spectrophotometry (see Timperly and Priscu
1986), we further examined the mass of nitrogen in the dye
measured with an elemental analyzer (Carlo-Erba 1500) and
compared it to spectrophotometric measured absorbance of
the dye in a I centimeter cell at 500 nanometers (figure 1B).

100

80
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40

20

0
0	100	200	300

SALINITY
Figure 2. Influence of salinity (parts per thousand) on extraction effi-
ciency of ammonium in A lakewater samples extracted directly with
zeolite and B simulated salinity samples steam distilled in a rotary
evaporator (rotovap).
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0	100 200 300	 0	4	8	12
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Figure 1. Influence of salinity (parts per thousand) on A absorbance
(500 nanometers; 1 -centimeter pathlength) and nitrogen-1 5 atom-per-
cent of nitrite samples extracted according to the methods outlined in
the text. Panel B shows the relationship between absorbance at 500
nanometers (1 -centimeter pathlength) and the mass (micrograms) of
nitrogen per milliliter of dye extract.

These measurements were made on a series of deionized
water samples (type I water) amended with varying levels of
NO2_ . The relationship between absorbance and nitrogen
mass was essentially linear (r2=0.93, y-intercept=-0.929
absorbance units, slope=0.013 absorbance units per micro-
gram nitrogen per milliliter). It should be noted that the nitro-
gen mass includes both the NO2- in the sample and the nitro-
gen contained in aniline (one atom per mole aniline).

Zeolite extraction efficiency of NH 4+ also decreased with
increasing salinity in lake water samples from selected depths
(figure 2). Extraction efficiency can be improved significantly
if NH4+ in the samples is steam distilled for I hour in a rotary
evaporator (to eliminate salt interference) before zeolite
extraction. Our preliminary data also indicate that zeolite dis-
criminates against 15-nitrogen as salinity is increased. Experi-
ments are currently in progress to verify this latter prelimi-
nary finding.

In conclusion, we have shown that, when working in
lakes of the dry valleys near McMurdo Sound, a number of
preliminary experiments must be conducted for accurate
extraction of various forms of inorganic nitrogen. If results
from these experiments are not considered, sample analysis
may be impossible or inaccurate results may occur.

This work was supported by National Science Founda-
tion grant OPP 91-17907 to John C. Priscu.

References

Olson, R.J. 1981. 15N tracer studies of the primary nitrite maximum.
Journal ofMarine Research, 39, 203-226.

Priscu, K., B.B. Ward, and M.T. Downes. Water column transforma-
tions of nitrogen in Lake Bonney, a perennially ice-covered
antarctic lake. Antarctic Journal of the U.S., 28(5).

Spigel, R.H., 1. Forne, 1. Sheppard, and K. Priscu. 1991. Differences in
temperature and conductivity between the east and west lobes of
Lake Bonney: Evidence for circulation within and between lobes.
Antarcticjournal of the U.S., 26(5), 221-222.

Timperly, M.H., and J.C. Priscu. 1986. Nitrogen-15 analysis by optical
emission spectrometer. Analyst, 111, 23-28.

M

Z

0

4

12	

M

ANTARCTIC JOURNAL — REVIEW 1993
246



Microbial communities in the permanent ice cap of Lake
Bonney, Antarctica: Relationships among chlorophyll-a,

gravel, and nutrients
KATE T. WING, Smith College, Northampton, Massachusetts 01063

JOHN C. PRISCU, Department ofBiological Sciences, Montana State University, Bozeman, Montana 59717

T
he lakes in the dry valleys of Victoria Land have diverse
assemblages of phytoplankton and bacterioplankton

beneath the permanent ice caps (Vincent 1981; Priscu et al.
1987); we are unaware of reports on microbial communities
living within the ice cap itself. During previous studies on
planktonic microorganisms in Lake Bonney, we observed a
discolored layer of ice occurring at approximately mid-depth
within the ice cap (Priscu unpublished data). This study pre-
sents results from an investigation of the components in that
discolored ice layer, including chlorophyll-a, gravel weight,
nutrient concentration, primary productivity, and bacterial
activity.

Ice cores were analyzed from Lake Bonney, a meromictic
lake with a 3.5- to 4-meter (in) permanent ice cap. Samples
were collected in the center of the east lobe (station E30) and
in the center of the west lobe (station W20) during the austral
summer of 1992-1993 (see Spigel, Fourne, and Sheppard 1991
for precise site locations). The east lobe station was sampled
three times from 17 November through 17 December, with
approximately 7 days separating each sample run; the west
lobe was sampled twice from 20 December through 1 Janu-
ary. Replicate coring holes were within I meter of the original
hole. Cores were obtained using a SIPRE hand-coring device
[diameter 10 centimeters (cm)]. Cores were sectioned into
14-16-cm lengths before being placed in acid washed, screw-
cap glass jars to melt. Specific core depths mentioned here-
after indicate the depth at the core end nearest to the ice sur-
face; for example, a core named "260 cm" would encompass
14 cm of ice from depths of 260 to 274 cm. Sample jars were
kept dark and melted slowly so that the ice/water sample
never exceeded 5 0 C. Immediately after complete ice melt,
gravel content, chlorophyll-a, nitrate (NO3), nitrite (NO2),
ammonium (NH4), Soluble Reactive Phosphate (SRP), prima-
ry productivity, and bacterial activity were measured. Pre-
served samples of microalgae and bacteria were also collect-
ed for later examination. Except for nutrient analyses, all
work was conducted in a cold (10 to 15 0C) and dark environ-
ment.

Chlorophyll-a was detected only below 200 cm in the ice
cap of the east lobe (figure, block B). The shallowest core con-
taining measurable chlorophyll-a [0.03 milligram per cubic
meter (Mg/M3)] came from 190 cm and the highest levels
were found in cores from 200 to 240 cm from the ice surface.
Primary productivity rates (PPR), measured with the 14-car-
bon method, showed no trend with depth, nor did bacterial
activity, measured by monitoring the rate of 3H-thymidine
incorporation into bacterial cells (TDR) (table). Linear regres-

sions showed no significant relationship between chloro-
phyll-a levels and either NO3 or NH4 (r2<0.50).

Gravel was present in shallow cores (130 to 180 cm)
where no chlorophyll-a existed, as well as in the deeper cores
(figure, block A). A linear regression of data from the third east
lobe run, which sampled only from 200 to 310 cm, revealed a
positive relationship between gravel weight and chlorophyll-a
concentration (r2=0.93). Neither of the other two east lobe
cores showed linear gravel vs. chlorophyll-a relationships, nor
did a regression of all east lobe core runs produce a signifi-
cant gravel to chlorophyll-a relationship (r2<0.50).

East lobe NO 3 was markedly higher above 200 cm,
although it was measurable through the entire ice column
(3.5 in) at levels less than I millimole per cubic meter
(MMOI/M3) (figure, block Q. NO2 showed no clear trend with
depth and was always less than 0.04 MMOI/M3 (figure, block
D). NH4 was also first detected at 200 cm and was present in
most samples below that depth to the bottom of the ice cap
(figure, block E). East lobe SRP (figure, block F) was detected
at an average of 0.18 millimole per M3 in the shallower cores
and only rarely appeared below 200 cm. A t-test between
overall NO 2 and NH 4 above and below 200 cm (t=5.26,
P<0.001) in the east lobe indicated that these nutrients were
in significantly greater amounts below 200 cm.

No linear relationship was evident between gravel or any
of the nutrients and chlorophyll-a in the west lobe (r2<0.50).
PPR measurements in this lobe showed a slight increase with
decreasing depth, whereas TDR showed no clear trend with
depth (table). West lobe nitrate became detectable at 200 cm
(figure, block Q as in the east lobe, but both the gravel and
chlorophyll-a peaks were slightly above this depth, at 179-180
cm. The west lobe contained nitrite and SRP throughout most
of the ice column at concentrations generally less than 0.5
MMOI/M3 (figure, blocks D and F). NH 4 was present in all
west lobe samples but showed no clear trend with depth (fig-
ure, block E). A t-test comparing combined nitrogenous nutri-
ents (NO3 plus NO2 plus NH4) above and below 200 cm in the
west lobe showed no significant differences (P>0.05).

All data indicate significant biological activity near the
middle of the ice cap in association with the gravel layer. The
coexistence of gravel and microorganisms presumably relates
to the fact that liquid water exists within the region of the grav-
el. We have noticed distinct liquid water layers associated with
gravel when coring the ice. It seems that the liquid water pock-
ets within the lake ice are corollaries to the brine channels
within sea ice, which harbor a marine microbial assemblage.
We currently have thermistors anchored within the ice cap of
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Lake Bonney to determine the vertical and temporal extent of
potential regions of liquid water within the ice column.

Microscopic examination of preserved samples from the
ice cores revealed a preponderance of filamentous
cyanobacteria morphologically similar to the genera Oscilla-
toria and Phormidium. Our studies within the liquid water
column of Lake Bonney have shown Oscillatoria to be a
minor component of the photosynthetic planktonic commu-
nity. The lake ice microalgae may be derived from the plank-
ton within the lake or may originate from surrounding ter-
restrial communities which are dominated by filamentous
cyanobacteria of the genus Phormidium. Precise identifica-
tion of these species using both morphological and molecu-
lar characteristics is required before the question of origin is
resolved. We plan to continue our work on lake-ice microor-
ganisms in an attempt to answer the question regarding the
seed population and to determine their role in total ecosys-
tem dynamics.

This work was supported in part by National Science
Foundation grants OPP 88-20591 and OPP 91-17907 to John

Rates of primary productivity (PPR, micrograms carbon
per cubic meter per day and bacterial activity (TDR,
nanomole thymidine per cubic meter per day) ftom ice
cores collected from the east and west lobes of Lake
Bonney. All rates were determined on melted ice core
sections. Samples for PPR were incubated immediately
beneath the ice cap for 24 hours; TDR samples were
incubated between I and 2 degrees centigrade in the
dark for 24 hours. Depth (in centimeters) is distance
from the top of the ice cap.

49	2.42	0.019	630	0.00	0.000
137	5.28	0.211	203	3.37	0.314
205	2.16	0.247	259	0.04	0.000
225	62.50	0.067	266	12.20

	
0.220

265	2.81	0.698	311	131.00
	

0.461
321	0.51	0.150	365	425.00	2.390
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Potential hydrologic and geochemical consequences of the
1992 merging of Lake Chad with Lake Hoare in Taylor Valley

DIANE M. McKNIGHT and EDMUND D. ANDREWS, U.S. Geological Survey, Boulder, Colorado 80303

L
ake levels have been increasing throughout the McMurdo
Dry Valleys since detailed records began in 1960 (Chinn

1993). Further, there is also evidence that the level of Lake
Bonney has been rising since the dry valley lakes were first
discovered by Scott's party in 1903 (Chinn 1993). Lakes in the
dry valleys are fed by glacial meltwater streams that flow for 6
to 9 weeks during the austral summer, typically during
December and January. The rising lake levels, therefore, are
caused by increased strearnflow associated with longer peri-
ods of temperatures above freezing and other climatic factors
(Chinn 1993). The ultimate cause of the warming trend in cli-
mate in the dry valleys is not known.

In addition to being the main source of water to the lakes,
glacial meltwater streams are also important sources of inor-
ganic solutes to the lakes (Green et al. 1989). Solutes in the
streams come from leaching of marine aerosols and calcite, as
well as from primary weathering reactions occurring within
the streambed alluvium (Green et al. 1989; McKnight and
Andrews in press). Calcite is abundant in the dry valleys
because of calcite deposition in Lake Washburn, which filled
most of the Taylor Valley until about 10,000 years before pre-
sent. The abundance of marine aerosol is dependent upon
the proximity to the coast. Therefore, the relative ratio of sodi-
um (Na) to calcium (Ca) as major cations is expected to
decrease with increasing distance from the coast.

Lake Hoare is a closed-basin lake located in Taylor Valley
with its eastern boundary determined by the Canada Glacier
(figure); it has been rising since records began in 1972 with a
net rise of 1.35 meters (m) (Wharton et al. 1992; Chinn 1993).
The major streams flowing into Lake Hoare receive drainage
from the Canada Glacier. Lake Chad is located west of Lake
Hoare and has a surface area about a tenth of that of Lake
Hoare. Lake Chad receives drainage from the Suess Glacier
and can, in turn, drain into Lake Hoare. Since 1956, flow from
Lake Chad to Lake Hoare has been seen on aerial pho-
tographs of the area, specifically on 5 December 1956, 1 Janu-
ary 1958, 12 January 1975, 18 January 1981, and 20 December
1982 (Wharton personal communication).

In late January 1992, we observed from a helicopter fly-
over that Lake Chad appeared to have merged with Lake
Hoare. On 30 January and I February 1992, we studied the
narrows area between the two lakes by making water-level
measurements and collecting samples for analysis of major
ions. A sample was also obtained above the lake bottom from
a slush zone at a depth of 6.5 m at a site near the center of
Lake Chad. The water samples were filtered through 0.4-
micrometer ( Rm) Nuclepore filters using an Antlia filtration
unit; samples for cation analysis were acidified with Ultrex
nitric acid. Cations were analyzed by inductively coupled plas-
ma spectroscopy and anion analysis by ion chromatography.

On 30 January 1992, we surveyed the water level in the
moat areas from the north shore of both Lake Hoare and Lake
Chad relative to the New Zealand benchmark NZARPBMT15
(76.95 m above mean sea level) located between the two
lakes. The water level for both lakes was 74.21 m above mean
sea level. We interpret these measurements as showing that
Lake Hoare has risen sufficiently such that it is now at the
same level as Lake Chad. Depending on the inflow from melt-
water streams to either lake in the future, the hydrologic con-
nection between the two lakes could go in either direction.
Whereas, in the past when the surface of Lake Chad was high-
er than Lake Hoare, the hydrologic connection, when it
occurred, was always from Lake Chad to Lake Hoare.

The results of water sample analyses are presented in the
table. The results show significant variation in chemistry.
First, the sample of the bottom water of Lake Chad had rela-
tively high solute concentrations, with Na and sulfate (SO4)
much greater than Ca and chloride (Q. The results for the
Lake Chad outlet and the two sites in the narrows are all sim-
ilar and had Ca:Na atomic ratios between 1.3 and 1.0. At the
Lake Hoare inlet, the Na concentrations were comparable to
those in the narrows, but the Ca concentration was about
half resulting in a lesser Ca:Na ratio of 0.6. The other major
divalent cations, magnesium (Mg) and strontium (Sr), and
the anions SO4 and Cl showed the same pattern as Ca, being
greater in the narrows than in the Lake Hoare inlet. The
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observation that the water in the narrows, the transition zone

between the lakes, is most like Lake Chad water suggests that

the average direction of flow is from Lake Chad to Lake

Hoare. During January 1992, there were other indications of

substantial rise in the level of Lake Hoare such as the

encroachment of the lake waters near a field camp estab-

lished in 1987.

The water chemistry in the open water "moat" areas of

the lakes at the end of the streamflow period is probably con-

trolled by the chemistry of the strearnflow and mixing with

the lakewater. The ice cover is about 3.5 to 4 m in Lake Hoare

whereas in Lake Chad, the ice appeared to extend to 6.5 m,

close to the lake bottom. Therefore, mixing with lake water

may be more significant for meltwater coming into either of

the two basins in Lake Hoare. The greater Na:Ca ratio in the

Lake Hoare inlet area may possibly reflect differences in the

relative importance of sources of solutes, such as leaching of

marine aerosols, dissolution of calcite, and primary weather-

ing reactions.

The merging of the two lakes will cause the meltwater

from the Suess Glacier to interact more directly and rapidly

with the water in upper layer just below the ice in Lake Hoare.

Both hydrologic and geochemical changes can be envisioned.

First, the more direct hydrologic transport from the "Lake

Chad" lobe could influence the circulation in the main lake,

possibly causing a west-to-east flowpattern in the zone just

below the ice cover. Such a flow from the west lobe to the east

lobe has been observed in Lake Bonney (Priscu personal com-

munication). Greater velocities under the ice could have sev-

eral consequences. For example, the major cation composi-

tion could shift in the zone just below the ice. Also transport

of algal and bacterial species from Lake Chad to Lake Hoare

could occur. Another biological consequence may be

enhancement of growth for diatoms, which require some

mixing to avoid sinking. In 1987, we found very low abun-

dance of several diatoms (for example, Cyclotella sp. and Nav-
icula muticopsis) just below the ice cover (depths of 4.1 and
5.0 m), and no diatoms were found below 7.5 m. Greater

abundances and diversity of diatoms may occur if there were

a layer below the ice with flow going from the "Lake Chad"

lobe to Lake Hoare.

It is possible that the changes associated with the merg-

ing of the two lakes would leave a record of an "abrupt"

change of some kind in the lake sediments, such as the
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Major ion chemistry in Lake Chad and Lake Hoare on I February 1992

Lake Chad
bottom	793	97	527	1.6	5.8	12.2	161	40	0.07

Lake Chad
outlet	5.8	13.6	3.5	0.09	3.2

Narrows	6.3	13.3	3.4	0.1	3.9

End of
Narrows	8.2	14.4	3.9

Lake Hoare
inlet	7.2	7.4	2.2

aln milligrams per liter.
bSi02 denotes silica.
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Biologically active substances produced by antarctic
cryptoendolithic fungi

RoSELI OcAmpo-FRIEDMANN, Biology Department, Florida A&M University, Tallahassee
'
 Florida 32307

E. IMRE FRIEDMANN, Polar Desert Research Center and Department ofBiological Science, Florida State University,
Tallahassee, Florida 32306-2043

T
he most widespread of the microbial communities in the
mountainous desert areas of the McMurdo Dry Valleys

("Ross Desert") is the cryptoendolithic lichen- dominated
community (Friedmann 1982; Friedmann, Hua, and Ocampo-
Friedmann 1988; Nienow and Friedmann 1993). It consists of
filamentous fungi, algae, cyanobacteria, yeasts, and het-
erotrophic bacteria, which form conspicuous multicolored
zones under the surface of Beacon sandstone rocks.

Over the years, beginning with the 1976-1977 antarctic
season, we have collected a large number of rock samples col-
onized by these microorganisms and from them have isolated
in culture over 200 representative microbial strains. These
include fungi, algae, cyanobacteria, and heterotrophic bacte-
ria. All cultures are maintained in the Culture Collection of
Microorganisms from Extreme Environments (CCMEE) at the
Polar Desert Research Center at Florida State University and
at the Biology Department at Florida A&M University.

Here we report the results of laboratory studies with
these cultures. All of the nearly 40 fungal strains tested pro-
duced biologically active substances that inhibited the growth
of algae and cyanobacteria of the parent community.

The strains of cryptoendolithic fungi used in this study
were isolated from the upper zone (that nearest the rock sur-
face) of the microbial community. Some of these (group 1) are
hyaline (colorless), and in laboratory resynthesis experiments,
two of them have been shown to form lichens (Ahmadjian
and Jacobs 1987; Friedmann and Koriem unpublished data).
Because the cryotoendolithic lichens seem to be growth
forms of the epilithic lichens that occasionally appear on the
rock surface, the hyaline strains are most probably myco-
bionts of these lichen species (Friedmann, Garty, and Kappen
1980; Hale 1987).

Other fungal strains are thick-walled and dark-pigment-
ed "black yeasts." In resynthesis experiments, these strains
do not form lichen associations (Friedmann and Koriem
unpublished data). In nature, they are mixed with lichen-
forming fungi and are apparently "lichen parasites"
(parasymbionts). The taxonomy of these strains has not yet
been studied; for the purposes of this paper, we have
grouped them into four types (groups 2-5) on the basis of
morphological similarity.

Cryptoendolithic algae and cyanobacteria were also stud-
ied. The green alga Trebouxia is a photobiont in lichen associ-
ations. Hemichloris antarctica Tschermak-Woess and Fried-
mann, characteristic component of the lichen- dominated
community, is a nonlichenized endemic green alga. In colo-
nized rocks, it forms a green zone immediately below the
lichen zone. The cyanobacterium Chroococcidiopsis sp. is

often present in the lower levels of the green zone, although
the number of cells is generally small (Friedmann, Hua, and
Ocampo -Friedmann 1988).

In actively growing cultures (about 2-3 months old, in
liquid malt-yeast- extract mycological medium) of fungi, cells
were separated from spent broth by centrifugation. The cells
were repeatedly washed in sterile water by centrifugation,
resuspended, crushed in a tissue grinder, and particulate cel-
lular material was separated from the supernatant by cen-
trifugation. For testing biologically active substances, paper
disks of 6-millimeter (mm) diameter were soaked with super-
natant of crushed cells or, as a control, with spent broth, and
then air dried.

Test cultures of algae and cyanobacteria isolated from
the lichen-dominated community (Trebouxia sp. strain (125)
A778-43, Hemichloris antarctica strain (191) A801-149,
Chroococcidiopsis sp. strain (134) A767-47) and of control
(Staphylococcus aureus, ATCC 6538P) were spread-plated on
suitable agar media (algae, Bold's Basal medium; Chroococ-
cidiopsis, BG 11 medium; Staphylococcus, Trypticase Soy
medium). After 30 minutes, four freshly treated and air-dried
disks and one untreated control were placed on each plate.
Tests were done in duplicate. The plates were incubated
under suitable growth conditions (algae and cyanobacteria at
20*C illuminated on a 16:8 light:dark cycle, Staphylococcus at
340C). Tests were assayed at the time when the test organism
formed a visible lawn (Staphylococcus, 18-24 hours; algae and
cyanobacteria, 7-10 days), and the average width of the inhi-
bition zone was determined. An inhibition zone of at least 1.0
mm width was considered positive (+). Inconsistent inhibi-
tion effect was scored as questionable (4).

Substances dissolved in the aqueous supernatant of
crushed cells were separated into highly polar, moderately
polar, and nonpolar fractions by means of extractions with
methylene chloride followed by n-butanol according to the
method of Calton, Cobbs, and Hamman (1986). Inhibitory
activity of the fractions was tested as above.

In tests with extracts of crushed cells (table 1), 86 percent
of the fungal strains inhibited growth of Trebouxia (17 percent
of these were questionable). The corresponding numbers
were 72 percent (8 percent questionable) for Hemichloris
antarctica and 91 percent (I percent questionable) for
Chrooccocidiopsis. Against the control strain of Staphylococ-
cus aureus, 69 percent of the fungi showed biological activity.
Tests with spent broth generally showed weak or no inhibito-
ry effect, and these results are not given here in detail.

As an initial step in characterization of the biologically
active agent(s), the highly polar, moderately polar, and non-
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polar fractions of the extracts were tested against Chroocco-
cidlopsis, the most sensitive of the photosynthetic test strains.
As shown in table 2, the biologically active substance(s) is
(are) in the moderately polar fraction of the aqueous solution.

All of the nearly 40 fungal strains tested showed inhibito-
ry activity against at least some of the photosynthetic mem-
bers of the cryptoendolithic lichen community. Twenty
strains inhibited growth in all three types, that is, the lichen
phycobiont Trebouxia, the nonlichenized alga Hemichloris,
and the nonlichenized cyanobacterium Chroococcidiopsis.
The consistent presence of biologically active substances sug-

gests that they have a biological function, and it is likely that
inhibition by biologically active substances is responsible for
the zonation of organisms in the community. These sub-
stances, secreted by fungi, may "drive" Hemichloris and
Chroococcidiopsis deeper down into the rock, where light
conditions are suboptimal (see discussion by Nienow and
Friedmann 1993, pp. 378-379). The fact that the substances
produced by fungi are active not only against the nonlich-
enized photosynthetic microorganisms but also against the
photobiont Trebouxia was unexpected. Kinkaide and Ahmad-
jian (1970) found that usnic acid, a lichen acid produced by

Table 1. Inhibitory activity offungal extracts
NOTE. An inhibition zone of at least 1.0 mm was considered positive (+). Inconsistent inhibition effect was
scored as questionable(+?). (n.d. denotes no data)

Group I
(458)F8 A79031 F
(459)F9 A801147
(476)Fl 0 L

Group 2
(452)F2 A801146
(507)F1 7 A8018bFF1 6
(508)F1 8 A80124aFF5
(509)F1 9 A80125DH22
(51 O)F20 A80125DH23
(538)F48 A801115

Group 3
(453)F3 A801 11
(501)F1 1 A78925
(512)F22 A80130aFF1 1 B
(513)F23 A80130aFF1 4
(514)F24 A80130aFF2
(515)F25 A8013aFF4
(516)F26 A8013aFF5
(520)F30 A80124aFF5
(523)F33 A801 H59a
(534)F44 A8121-15b
(535)F45 A8121-141 c
(540)F50 A834507

Group 4
(451)F1 A80123
(539)F49 A80125

Group 5
(454)F4 A801147
(457)F7 A80145
(502)F1 2 A79020
(517)F27 A8013aFF7
(522)F32 A801147
(528)F38 A80125DH26
(529)F39 A80125DH27
(530)F40 A801146
(532)F42 A812H 1 a
(533)F43 A8121-11 b
(537)F47 A812H2a
(542)F52 A834541

aLocality: L Linnaeus Terrace; T = Tyrol Valley; 0 = Oliver Peak; U = University Valley.
bHabitat: C cryptoendolithic in sandstone; S = soil.
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Table Z Activity offractions offungal extracts against Chroococcidiopsis. (nd
denotes no data.)

Highly polar	+?	+?	+	+?	nd
Moderately polar	+	+	+	+	+	+	+	+	+
Nonpolar	 +?	+?

aStrains are identified by serial number only. For full identification, see table 1.

several species, inhibits growth and photosynthesis and
increases permability in Trebouxia. These authors suggest
that lichens regulate the growth of their photobiont by secre-
tion of lichen substances. Yet, lichen substances are known to
be synthesized by lichen associations only and not by isolated
mycobionts alone (Ahmadjian 1980). The biologically active
substances produced by the antarctic mycobionts evidently
need further study. Present data suggest that these substances
have a role both in maintaining the zonation of microorgan-
isms in the community and in regulating photobiont growth.

The fact that the inihibitory activity is evident in crushed
cell extract but less in the spent broth indicates that the effect
is generally weak. Under the conditions prevailing in the
cryptoendolithic habitat, however, such a weak effect is
nonetheless sufficient to achieve successful inhibition. First,
within the spatial confines of the cryptoendolithic zone (usu-
ally not more than 4 mm in depth) interactions take place at
very short distances. Furthermore, because of the low water
activity inside the rock, water-soluble substances are, most of
the time, highly concentrated in the capillary water within the
air spaces of the rock.

This work was supported by National Science Founda-
tion grants OPP 76-15517, OPP 77-21858, OPP 80-17581, OPP
83-14180, and OPP 91-18730 to E. Imre Friedmann and by
National Institute of General Medical Sciences NIGMS/MBRS
G 08-111 to Roseli Ocampo-Friedmarm.
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Lower atmosphere and climate studies

Blue ice and green ice
STEPHEN G. WARREN, Geophysics Program and Department ofAtmospheric Sciences, University of Washington, Seattle,

Washington 98195
RiCHARD E. BRANDT, Geophysics Program, University of Washington, Seattle, Washington 98195

ROBERT D. BOIME, Department ofAtmospheric Sciences, University of Washington, Seattle, Washington 98195

n some mountainous regions in Antarctica, strong winds
blow away the fallen snow and sublimate the firn, exposing

areas of glacier ice, which are further ablated by sublimation.
The exposed surface is often called "blue ice," but its appear-
ance might be better described as "blue-white," because the
ice contains numerous bubbles. Blue ice can occur wherever
there is net ablation, which in coastal regions may be due
more to melting than to sublimation. Antarctic blue-ice fields
are of interest both as places to search for meteorites and as
potential landing sites for wheeled aircraft; the blue-ice
regions near the South Pole were catalogued by Swithinbank
(1989). We measured the spectral reflectance at one of these
sites (Mount Howe) in November 1992. The spectral
reflectance is useful for understanding the energy budget of
the ice surface and for remote sensing.

Pure ice is inherently blue because its wavelength of min-
imum absorption is 470 nanometers (nm) (Grenfell and Per-
ovich 1981). In the visible region, ice therefore can be thought
of as a filter that removes red light and transmits blue light;
but because ice is a weak filter, only large blocks of ice [more
than I meter (m) thick] appear colored to the eye.

Glacier ice is formed by compression of snow and, there-
fore, contains numerous bubbles that scatter light of all visi-
ble wavelengths. As the bubble content increases, the fraction
of light reflected increases, and the perceived color changes
from blue to white; that is, the color becomes less pure, as
explained by Bohren (1983).

Our particular reason for measuring the spectrum of blue
ice was for comparison with our previous measurements of a
green iceberg (figure 2 of Warren et al. 1993). Green ice appar-
ently forms by the freezing of seawater to the base of ice
shelves. It differs from sea ice at the ocean surface, however,
in that it contains almost no salt and no bubbles. The reason
for the absence of salt and bubbles probably has to do with a
difference in the mechanism of freezing at the base of an ice
shelf vs. at the surface (Kipfstuhl et al. 1992). The ice is green
because some of the dissolved organic matter in the seawater,
which absorbs blue light, is incorporated into the ice as sea-
water freezes to the base of the ice shelf

Our opportunity to measure the spectral albedo of blue
glacier ice was on 17 November 1992 at Mount Howe (87S

1500W). We used a portable spectrophotometer described by
Grenfell, Warren, and Mullen (in press). Access to the site was
by Twin-Otter aircraft, a 1 -hour flight from the South Pole.

The photometer consists of a cosine collector in front of a
silicon photodiode, with an intervening filter wheel contain-
ing 11 interference filters. Bandwidth (full width at half-maxi-
mum transmittance) was 10 nm for all filters. The photometer
was suspended on a horizontal rod between two tripods and
leveled such that the cosine collector was parallel to the hori-
zon.

The atmospheric conditions were excellent for optical
measurements. The sky was very clear, and two repeated
spectral scans agreed to within 0.1 percent in both upward
and downward fluxes. The albedo, or fraction of light reflect-
ed, is the ratio of the upward flux to the downward flux. The
albedo is uncertain to a few percent; the largest likely source
of error is a possible unmeasured deviation of the local sur-
face slope away from horizontal, which can cause a bias in the
measured albedo at large solar zenith angles, as explained by
Grenfell et al. (in press). No slope was obvious at the mea-
surement site. The measurements were made at 22:00 Green-
wich mean time on 17 November, corresponding to a local
time of noon at 150OW, so that the solar elevation angle was
about 220.

The figure shows the measured albedo as a function of
wavelength for the blue ice, as well as that of snow and of a
green iceberg. The albedo of the blue ice is surprisingly high
due to the large number of bubbles. Other blue-ice areas with
fewer or smaller bubbles will have lower albedos. The albedo
of pure ice without bubbles would be just the Fresnel
reflectance for an air-ice interface, which is 0.07 (independent
of wavelength) for diffuse incidence, and 0. 12 for a direct
beam at elevation angle 220. An albedo of 0.07 was used as an
extreme lower limit for modeling the subsurface absorption of
sunlight in blue ice (Brandt and Warren 1993), but the figure
shows that 0.07 is far too low to represent natural blue-ice
surfaces in Antarctica.

The reflectance spectrum of the green iceberg differs from
that of the blue glacier ice in two respects: its peak wavelength
is slightly longer (500-520 nm instead of 470-500 nm), and the
reflectance is lower at all wavelengths. The green ice had some
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Spectral albedo measured on blue-white ice below Mount Howe
(87*S 150*W), on 17 November 1992, under direct sunlight at
elevation angle 22*. Also plotted are the spectral albedos of snow at
South Pole Station and of a green iceberg at 67 0 S 62 0 E (near
Mawson Station), and a calculated spectrum for pure, infinitely thick
blue ice with a scattering coefficient similar to that of the green ice.
The spectrum of snow is from Grenfell et al. (in press); that of the
green ice and calculated blue ice are from figure 2 of Warren et al.
(1993).

cracks that scattered light, but it had almost no bubbles;
therefore, the scattering coefficient was much lower than for
blue glacier ice. For comparison to the green ice, the spectrum
of a hypothetical blue ice with a scattering coefficient similar
to that of the green iceberg was calculated using the method
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of Mullen and Warren (1988); it is also plotted in the figure.
Because the blue-ice model used an unrealistically low bubble
content, its calculated spectral albedo is probably lower than
that of any natural surfaces of thick glacier ice. On the other
hand, the spectrum of snow can be taken as an upper limit for
the surfaces of glaciers and ice sheets.

We thank David Bresnahan for scheduling our trip from
the South Pole to Mount Howe, and Henry Perk, the Twin-
Otter pilot, for flying us there. We appreciate the help of other
members of the field team: Denise Worthen and Susan Hard-
er of the University of Washington and Raymond Dunn from
the National Oceanic and Atmospheric Administration's Cli-
mate Monitoring and Diagnostics Laboratory. This research
was supported by National Science Foundation grant OPP 91 -
20380.
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Spectral bidirectional reflectance and enerev absorption
rates of antarctic snow cy of

R.W. CARLSON and T. ARAKELIAN, jet Propulsion Laboratory, California Institute of Technology, Pasadena, California 91109

T
he climate and energy balance of Antarctica is largely
determined by the optical properties of snow, which

exhibits high reflectance and, therefore, low energy absorp-
tion in the visible region of the solar spectrum. In the near
infrared (NIR), however, there are strong absorption bands
that will absorb radiation. The rate of solar energy deposition
depends on the illumination geometry and atmospheric
transmission as well as the grain-size distribution and angular
scattering properties of snow. Consequently, it is important to
investigate the NIR spectral and angular reflectance of natural

antarctic snow surfaces, not only for energy deposition stud-
ies but also for characterizing remote-sensing spectroscopic
observations.

During the past four austral summers, we have investi-
gated the visible and NIR spectral and angular scattering
properties of snow at the South Pole Station (1989-1990 sea-
son), Byrd Surface Camp (1990-1991, 1992-1993 seasons),
and Vostok Station (1991-1992 season). The usual clear skies
at South Pole and Vostok allowed us to obtain excellent sets of
spectral and goniometric data. At Byrd Surface Camp, despite
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two attempts, persistent clouds and/or high winds precluded

all but a few spectral measurements. In this short paper, we

highlight some of our results from South Pole and Vostok. In a

previous note (Carlson et al. 1992), we compared our field

spectra with remotely sensed spacecraft data. In this paper,

we discuss the spectral dependence of the solar energy

absorption rate and the angular scattering profiles at visible

and NIR wavelengths.

The general spectral properties of antarctic snow are

illustrated in figure 1A, which shows a typical reflectance

spectrum at the South Pole with the Sun at approximately 230

elevation angle and nadir viewing. Also shown are theoretical

bidirectional reflectance curves for various snow grain radii.

The values shown in figure 1A are relative to a Lambertian

surface under the same illumination. Although the reflectance

is high and featureless in the visible wavelengths, the NIR

region contains absorption bands, and these can be related to

vibrational transitions in the water molecule (Ockman 1958).
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Figure 1. The heavy line in A shows an observed spectrum taken at

the South Pole with the Sun at approximately 23' elevation and

nadir viewing. Theoretical curves are shown for assumed spherical

ice grains with various radii. The computed spectra used Warren's

(1984) indices of refraction to obtain the single-scattering albedo

and an angular asymmetry parameter. Using van de Hulst's

similarity relation, the equivalent sing le-scattering albedo for

isotropic scattering was found and used in Hapke's (1981)

formulation to obtain the spectral reflectance. An ice grain radius of

approximately 50 gm is indicated for the experimental

measurements. In B, the spectral dependence (dP/dk) of the

absorbed power is shown for the same solar elevation and grain

sizes. Absorption by atmospheric water and carbon dioxide was

included, and Hapke's (1981) directional-hemispheric albedo is

used. Note that most of the absorption occurs for near-infrared

wavelengths. The inset shows the integrated power (P) absorbed

and the weighted albedo. ( [t denotes micrometer. MW CM-2 g-1

denotes milliwatts per square centimeter per micrometer.)

For example, the minimum at 1.5 micrometer ([tm) corre-

sponds to the simultaneous excitation of two stretching

modes in the water molecule, denoted vl+v3 . In general, tran-
sitions in the condensed state occur at longer wavelengths

than those for the gaseous molecules, and for ice and liquid

water, transitions are greatly broadened because of hydrogen-

bonding interactions.

Absorption occurs as radiation passes through the grains;

therefore, the strength of absorption and the resulting
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Figure 2. Bidirectional reflectance for snow surface at Vostok. These

relative reflectance values are for scattering in the principal plane for

two solar incidence angles 6 j . Various wavelengths are shown,

ranging from the visible (A-0.5 ^tm) to the infrared (D-2.3 gm).

Note the enhancement at high emission angles (low scattering

angle) which varies with wavelength and solar elevation.
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reflectance spectrum depend on the grain size. Comparison
of the experimental and theoretical results (see figure 1A and
caption) indicates that the grain size for these observations
was approximately 50 pm radius. Larger grains were consis-
tently observed at Vostok (approximately 200 [im radius, Carl-
son et al. 1992), but the extent to which these values represent
average conditions is not established. Based on our field mea-
surements and the remote-sensing observations presented in
our previous paper, we suggest that the range of radii
(30-1,000 [im) shown in the theoretical curves encompasses
much of the surface of antarctic snow.

The spectral dependence of the surface energy absorp-
tion rate for various grain radii is shown in figure IB, com-
puted for a solar elevation angle of 23.5*. Atmospheric water
vapor and carbon dioxide absorption is included in this cal-
culation, but Rayleigh and aerosol extinction and scattering
have been neglected. This figure illustrates that the majority
of solar energy absorbed at the surface occurs for NIR wave-
lengths and that grain size plays an important role in deter-
mining the energy balance. The integrated power is also
shown (inset, figure 1B) as a function of grain radius, along
with the mean albedo. For our nominal range of grain sizes,
approximately 10-30 percent of the incident power can be
absorbed, giving a mean albedo weighted by the transmitted
solar spectrum of approximately 70-90 percent. At 23' solar
elevation, which represents a rough average for the southern
summer solstice, the power absorbed is approximately 5-15
milliwatts per square centimeter (MW CM-2). Comparing this
value to that for emitted blackbody radiation, 20 MW CM-2
for a -300C blackbody, illustrates the radiation deficit for
Antarctica.

As the solar elevation changes, the magnitudes and
shapes of the reflectance spectrum also change. The angular
dependence [the bidirectional reflectance function (BDRF)]
depends on the scattering phase function for the individual
particles and the amount of multiple scattering. The phase
function is highly anisotropic, strongly peaked in the forward
scattering direction. Multiple scattering, on the other hand,
tends to produce diffuse, isotropic bidirectional reflectance.
In the NIR where the particles are absorbing, only a few scat-
terings take place, and the anisotropy of the single particle
phase function is evident in the BDRF. In contrast, the visible
BDRF arises from repeated scatterings and is more isotropic.

The BDRF of polar snow was obtained at South Pole and
Vostok at 14 wavelengths that span a range of absorptivities.

The angular reflectivity in the principal plane is shown in fig-
ure 2 for Vostok snow with two solar elevation angles (corre-
sponding to local noon and midnight). The reflectances are
relative to a nadir-viewed Halon surface illuminated at the
same solar elevation angle. This reference surface deviates
from an ideal Lambertian scatterer at high incidence angles
and has not been accounted for in producing figure 2.

It can be seen from figure 2 that snow is a nearly uni-
formly diffuse reflector for low values of the incidence and
emission angles. As one views the surface at high emission
angles in the forward scattering direction, however, there is a
marked increase in the brightness. This enhancement arises
from the forward- scattering lobe of single scattering (and low
orders of multiple scattering). The enhancement increases as
the solar elevation decreases, and it is mainly due to the
increases in the single-particle scattering phase function at
lower scattering angles.

Comparing the low absorption visible region and
absorbing infrared wavelengths shows the effect of multiple
scattering. For visible wavelengths, the large number of mul-
tiple scatterings produces a more isotropically scattering
surface. In contrast, at absorbing wavelengths, the single-
scattering albedo is only a few percent, implying that only
one or a few scatterings occur before the average photon
escapes from the medium. The highly anisotropic single-
scattering phase function pattern is approximately pre-
served, leading to the observed large angular contrasts.
Quantification of this behavior will be important for remote-
sensing applications.

This work was supported by the National Science Foun-
dation, Office of Polar Programs, and the National Aeronau-
tics and Space Administration. This research was supported
by National Science Foundation grant OPP 88-16641.
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Infrared atmospheric absorption and emission studies
RENATE VAN ALLEN and FRANK MURCRAY, Department ofPhysics, University ofDenver, Denver, Colorado 80208-0202

T

he atmospheric research group of the University of Den-

ver has been studying the composition of the atmosphere

over Antarctica for several years. Infrared spectra of the

atmosphere contain information about the chemical compo-

sition and temperature structure. We are measuring the

infrared absorption spectrum of the atmosphere using the

Sun as a source from McMurdo Station (actually, the Arrival

Heights building of the New Zealand Antarctic Programme).

We are also measuring the infrared emission spectrum of the

atmosphere from the South Pole.

The solar spectral measurements have been carried out

in collaboration with the researchers from the New Zealand

National Institute of Water and Air Research (formerly the

Department of Scientific and Industrial Research). A small

interferometer system was installed in the Arrival Heights

building in 1990 and operated in the autumn and spring of

1991 (see Murcray and Heuberger 1992). In August 1992,

James Hannigan of the University of Denver and Alan

Thomas of the New Zealand National Institute of Water and

Air Research installed a newer instrument, capable of mea-

suring several other chemical species, including hydrogen

chloride. That instrument has operated successfully during

the spring of 1992 and the autumn of 1993.

Of course, solar measurements are limited to the seasons

when the Sun is available. It is also useful to have changing

solar elevation angles to view different atmospheric paths.

McMurdo Station was chosen as the observation site for that

reason. To obtain year-round data, the thermal emission of

the atmosphere is measured. A high-altitude site is desirable,

and the Amundsen-Scott South Pole Station is the obvious

choice.

We measure the atmospheric infrared emission spectrum

year-round at South Pole Station. The main interest of this

experiment is to collect atmospheric emission data during the

austral winter to measure column abundances of water vapor

(H20), ozone (03), fluorocarbon-11 (CF2C'2), fluorocarbon-12

(CFC'3) and nitric acid (HNO3) as well as absolute total radi-

ance in the region of 7-20 micrometers (500-1,500 wavenum-

bers). The Michelson emission spectrometer was first set up

in December 1989 and ran successfully for I year (Murcray

and Heuberger 1990). In January 1991, the spectrometer was

sent back to Denver for a general overhaul. It was also found

necessary to improve the calibration procedure as well as the

signal-to-noise ratio. The improved instrument was brought

back to South Pole Station in December 1991 (Murcray and

Heuberger 1991, 1992). The spectrometer has since been col-

lecting data daily. The spectra for 1992 have been calibrated

and show a clear improvement in signal-to-noise ratio com-

pared with the first year of the experiment. Even in July, the

signal was clear enough to observe the seasonal disappear-

ance of HNO3. Figure I shows nitric acid and water lines mea-

sured in January and in May 1992. Figure 2 shows the same

Wavenumbers (cm-1)

Figure 1. Spectra with nitric acid (HNO^ and water (H20) lines. All

spectra were taken at a 750 zenith angle. Top: 21 January 1992.

Bottom: 21 May 1992. The signal gets extremely low during the
coldest months at the South Pole, and the calculation of column

abundances requires a large signal-to-noise ratio.

Wavenumbers (cm-1)

Figure 2. Spectra with nitric acid (HNO^ and water (1-120) lines. All

spectra were taken at a 750 zenith angle. Top: 7 July 1992. Bottom:
21 May 1992. The signal gets extremely low during the coldest

months at the South Pole, and the calculation of column

abundances requires a large signal-to-noise ratio.

ANTARCTIC JOURNAL — REVIEW 1993

259



wavenumber region comparing May with July 1992. Steve
Warren of the University of Washington cared for our instru-
ment during his winter season.

In January 1993, Renate Van Allen from the University of
Denver went to South Pole Station. Several tests were done
with the help of one of the science technicians, Kathryn Price.
The field of view of the spectrometer was tested using a hot
source at different distances from the spectrometer. The ele-
vation angles of the sky measurements were verified, with a
minor correction to 16.2 0 for the nominal 150 position. Com-
parison of the electronic read-out of the heated blackbody
thermistors with a surface thermistor showed agreement to
within 0.30C. These tests will enhance data reduction for this
season. The experiment has been running well, and no prob-
lems are anticipated for another winter.

Another year's data are important for several reasons,
even though the data of the previous season are very good.
The year 1992 is not a typical year concerning the atmos-
phere. The eruption of Mount Pinatubo caused a major
change in the chemical composition of the atmosphere, even
at a remote place such as the South Pole. The austral winter of
1993 should be more normal, and therefore, it will be very

interesting to compare observations of both winters. Also, the
National Oceanic and Atmospheric Administration's Wave
Propagation Laboratory will be conducting detailed measure-
ments of the surface boundary layer at the South Pole. Their
results will improve the climatological interpretation of our
measurements.

This work was supported by National Science Founda-
tion Division of Polar Programs grant OPP 89-17643 and by
the National Aeronautic and Space Administration's Upper
Atmospheric Research Program. The New Zealand National
Institute of Water and Atmospheric Research, Ltd., and the
New Zealand Antarctic Programme also supported this effort.
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Balloonborne measurements of ozone and aerosol profiles at
McMurdo Station, Antarctica, during the austral spring of 1992

BRYAN J. JOHNSON and TERRY DESHLER, Department ofAtmospheric Science, University of Wyoming,
Laramie, Wyoming82071

E
ach austral spring, within the confines of the antarctic
polar vortex, ozone is destroyed at an unprecedented rate

by catalytic reactions with free chlorine. Farman, Gardiner,
and Shanken (1985) were the first to report the rapidly declin-
ing ozone levels, a decline that begins in September over
Antarctica and reaches the lowest total ozone in October.
Ensuing research has confirmed the theory (see Solomon
1990) that polar stratospheric clouds (PSCs), which form dur-
ing the winter in the extremely cold antarctic stratosphere,
provide the surface area for heterogeneous reactions between
stable chlorine compounds producing chloride (C12) and
hypochlorous acid (HOCI). These molecules easily break
down into free chlorine when sunlight returns to Antarctica in
September.

The University of Wyoming has participated in monitor-
ing the development of the ozone hole over Antarctica each
year since 1986 (see, for example, Johnson, Deshler, and
Thompson 1992) by launching balloonborne instruments
from McMurdo Station to measure vertical profiles of ozone
and aerosol. PSCs are observed during the latter part of
August and early September when the coldest temperatures
(-800C to -900C) occur at altitudes from 18 to 22 kilometers
(km). Ozone depletion is usually confined to the main ozone

layer from 12 to 20 km in the lower stratosphere, often
exceeding 90 percent depletion within 1- to 2-krn layers.

The inclusion of aerosol from the June 1991 eruption of
Mount Pinatubo into the 1992 polar vortex meant that 1992
would be a particularly interesting year for particle and ozone
measurements. The antarctic polar vortex had formed in the
winter of 1991, prior to the Mount Pinatubo eruption, so the
increased aerosol loading and the greatest impact on ozone
depletion were not expected over Antarctica until 1992. Mod-
eling studies by Prather (1992) predict that volcanic aerosol
[droplets of 60-80 percent sulfuric acid (112SO4), about 0.1
micrometer (Rm) in radius] may process chlorine in a manner
similar to PSCs, thus enhancing ozone depletion. Further-
more, volcanic aerosol provides an additional nucleation site
for the condensational growth of PSCs.

Thirty-four profiles of ozone, three condensation nuclei
profiles, and eight profiles of aerosol between 0.15 and 10.0
[im in radius, in eight size classes, were measured from 23
August through 31 October 1992. PSCs were observed from
the initial sounding in late August until the middle of Septem-
ber. Figure 1 shows the initial aerosol profile observed on 24
August for particles of radius r>0.15 [tm to r>10 [tm. The
dashed line represents the background volcanic aerosol pro-
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Figure 1. The initial aerosol profile measured at McMurdo Station on 23 August 1992 compared with the volcanic background profile from 9

October (dashed lines). The corresponding temperature profiles are also given. The two straight lines represent typical condensation lines for

the formation of ice at 3 parts per million by volume water vapor, and nitric acid trihydrate at 2 parts per million by volume water vapor with 5

parts per billion by volume nitric acid. (hPa denotes hectopascals.)

file observed on 9 October after temperatures were well above

the saturation points for ice and nitric acid trihydrate. The

aerosol profiles were fit to bimodal lognormal size distribu-

tions to calculate surface areas at various altitudes. Between

12 and 16 km, where the bulk of the aerosol was located, the

peak surface areas ranged from 20 to 40 square micrometers

per cubic centimeter ([LM2CM-3) from late August to the mid-

dle of September. This was approximately a factor of two

greater than the purely volcanic aerosol observed on 9 Octo-

ber. This surface area enhancement was believed to be the

result of condensation of nitric acid trihydrate on the volcanic

aerosol.
Of the 34 ozone profiles measured in 1992, three are

shown in figure 2. They include the initial profile on 24

August, the minimum ozone profile on 27 September, and

one profile from October depicting severe depletion within

the 12- to 16-krn layer. Total ozone appeared to be advancing

toward a record low when it reached 158 Dobson Units (DU)

by 27 September. In past years, the minimum total ozone

(approximately 145 DU) has occurred during the first or sec-

ond week of October; however, on 29 September the polar

vortex elongated and shifted away from McMurdo Station.

This brought the wall or edge of the vortex closer to McMur-

do. Subsequent profiles, at altitudes above 20 km, were typi-

cally much warmer and nearly doubled in ozone concentra-

tions in comparison with profiles near the center of the vor-

tex, leaving 158 DU as the 1992 minimum. Below 16 krn

though, it was apparent that ozone depletion was still occur-

ring. The 9 October profile in figure 2 shows that nearly all of

the ozone between 12 and 16 km was destroyed. This layer of

severe depletion, coinciding with the volcanic aerosol layer at

10-16 km, remained 80-97 percent depleted for most of Octo-

ber. A record low of 17 DU within the 12- to 20-krn layer was

measured on 9 October at McMurdo.
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The 1992 measurements provide evidence that volcanic

aerosol does play a major role in ozone depletion, presumably

through the heterogeneous chlorine chemistry that occurs on
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Figure 2. The initial ozone profile observed on 24 August compared

with the minimum total ozone profile (27 September). On 9 October a

record low of 17 Dobson Units ozone was measured in the 12-20-km

layer. Ozone concentrations are in units of millipascals (mPa).

the additional surface area from the volcanic aerosol or by

acting as a nucleation site for additional growth of PSCs. The

decay of the volcanic aerosol in the stratosphere will reduce

the number of concentrations for the 1993 season but may

continue to have an impact on ozone depletion.

One of the essential areas of research related to the

chemistry of the ozone hole lies in understanding the growth

and composition of PSCs. Plans for future balloon flights, to

provide further information on PSCs, include flying particle

counters in conjunction with a nitric acid detector from the

University of Denver and with a balloonborne lidar from the

Italian lidar group at McMurdo.

L. Womack and J. Gonzales were at McMurdo Station

from 22 August to 15 October, T. Deshler from 22 August to 27

August, and B. Johnson and W. Rozier from 22 August to 3

November. This work was sponsored by National Science

Foundation grant OPP 90-17805.
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Field observations of stratospheric trace gases in support of
the upper atmospheric research satellite mission during the

antarctic spring of 1992
R.L. DE ZAFRA, Physics Department and Institutefor Terrestrial and Planetary Atmospheres, State University ofNew York,

Stony Brook, New York 11 794
L.K. EMMONS, M. REEVES, D. SHINDELL, and C. TRIMBLE, Physics Department, State University ofNew York,

Stony Brook, New York 11 794

T

his research is intended to provide correlative data in sup-

port of instruments on the National Aeronautic and Space

Administration's (NASA's) upper atmospheric research satel-

lite WARS), as well as to gather independent data pertaining

to ozone loss during the antarctic spring season. We are par-

ticularly concerned with measurements of stratospheric chlo-

rine monoxide (CIO), which is the direct product of ozone

destruction by chlorine. Chlorine liberated by photolysis from

chlorofluorocarbons has been shown by direct measurement

to be the main cause of the springtime "ozone hole" over

Antarctica (de Zafra et al. 1987, 1989; Barrett et al. 1988;

Anderson, Brune, and Proffit 1989). The microwave limb

sounder (MLS) instrument on board UARS also measures

CIO. Both our ground-based instrument and the MLS detect

rotational emission from CIO molecules in the millimeter-

(mm-) wavelength spectral region.

Due to the early, seasonal nature of ozone loss over

Antarctica, this research must be carried out during the win-
ter fly-in period at McMurdo Station: that described here

began in late August 1992. Following an initial period of set-
ting up and debugging equipment, we carried out observa-

tions almost continuously from 9 September until 10 October.

The troposphere was unusually cold at McMurdo Station dur-

ing much of September 1992 (ground-level temperatures
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steadily below -30'C, often below -35 0C), and essentially no
storms of any consequence occurred, so we were able to get
an unusually large amount of useful data. (Tropospheric
water vapor absorbs signals strongly in the spectral range of
our experiment, and cold weather dries the troposphere.)

We used an improved mm-wave receiver for this work,
having about half the intrinsic receiver noise as we have used
previously (de Zafra et al. 1987, 1989), and this improvement
cut the integration time needed to detect weak signals by
about a factor of four. Therefore, we were able to get good
data in as little as 2 hours in very cold, clear weather and to
follow for the first time stratospheric changes taking place
over short (approximately 1 day) periods.

McMurdo Station was well inside the polar vortex
through early and mid-September. In the latter part of Sep-
tember and persisting well into October, the polar vortex was
pushed away from McMurdo Station by a strong and persis-
tent high-pressure region lying south of New Zealand. These
conditions gave us a good opportunity to measure CIO both
inside and outside of the vortex region, as well as to monitor
the transition, which occurred over a period of a couple of
days.

We again measured a CIO mixing ratio greater than or
equal to 1.5 parts per billion in the lower stratosphere, peak-
ing at around 18-19 kilometers altitude, during the earlier
part of September when McMurdo Station was within the vor-
tex region. This high a mixing ratio is enough to ensure rapid
ozone destruction (Barrett et al. 1988), and balloonborne
ozonesondes flown at McMurdo Station by the University of
Wyoming indeed showed rapid destruction. Ozone depletion
in the 1992 austral spring in fact surpassed that of any prior
year. This was probably a consequence of additional lower-
altitude processing of chlorine on aerosols persisting from the
explosion of Mount Pinatubo in June 1991, as well as chemi-
cal processing on ice and nitric acid trihydrate particles com-
posing polar stratospheric clouds.

We have a good record of the cycle of diurnal change for
CIO, and we are comparing these data with the predictions of
a photochemical model that we have recently constructed "
paying particular attention to the characterization of solar
flux at very large solar zenith angles. With the aid of this

model and our observed rates of diurnal change, we believe it
should be possible to place narrower limits on the rate of dis-
sociation for the CIO dimer (C1202) as a function of tempera-
ture than it has been possible to obtain from laboratory stud-
ies as a function of temperature (for example, Cox and Hay-
man 1988).

Comparisons are being carried out between our ground-
based data and data from the MLS on UARS. The latter sam-
ples limited regions at particular times of day, and some care
must be taken when comparing data: too small a temporal or
geographical limit produces a small MLS data set with poor
statistics, and a larger temporal or geographical range risks
averaging over data that should not be compared with our
own fixed-location data. Thus far, comparisons generally
show very good agreement, allowing for some exceptions we
are looking into.

At this writing (July 1993), we are preparing to return to
McMurdo Station at winter fly-in for another series of correla-
tive measurements under a continuation of the same Nation-
al Science Foundation grant.

This research is supported by National Science Founda-
tion grant OPP 91-17159, and NASA grant NAG 11354.
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Observation of trace gases in the stratosphere over a I -year
cycle at the South Pole

CURTIS TRIMBLE, Department ofPhysics, State University ofNew York, Stony Brook, New York 11794
R.L. DE ZAFRA, Department of Physics and Institutefor Terrestrial and Planetary Atmospheres, State University offew York,

Stony Brook, New York 11794

W
e have just completed (January 1994), a planned 1 -year
cycle of measurements to follow the behavior of select-

ed trace gases in the stratosphere over the South Pole. The
method of observation involves measurement of millimeter-
(mm-) wave rotational transition lines emitted by strato-
spheric molecules, using an ultrasensitive, ground-based
mm-wave heterodyne receiver and a 512-channel filterbank
spectrometer. Both line intensities and pressure -broadened
line shapes are measured, from which information can be
retrieved on mixing ratio vs. altitude for the species under
observation. Equipment was set up at the pole during January
1993, and regular observations began on 5 February. The day-
to-day operation and maintenance of equipment, and all pre-
liminary data handling, were carried out at the pole by C.
Trimble.

One of the primary objectives of this work is to obtain a
detailed measurement of the rate and extent of downward
transport as the polar vortex forms in the antarctic autumn.
Widespread recognition of the extent of downward transport
in the vortex seems to have occurred only in recent years, fol-
lowing measurements of extremely low nitrous oxide (N20)
concentration in the lower stratosphere over McMurdo Sta-
tion during the 1986 "NOZE" campaign (Parrish et al. 1988:
nitrous oxide has a long atmospheric lifetime and is thus a
good tracer of transport). Additional aircraft measurements of
N20 and other tracers in the antarctic spring of 1987 (Lowen-
stein et al. 1989) confirmed the NOZE campaign results. The
phenomenon is caused by a mixture of radiative cooling and
outward transport at the bottom of the stratosphere, and
changes the chemical composition of the stratosphere as a
function of height. The extent of this change is important in
initializing models that attempt to reproduce the chemistry of
the springtime "ozone hole" over Antarctica. To trace down-
ward transport, we have been using observations of N20 and
ozone (03), both of which are good dynamical indicators
throughout most of the winter. (Starting in late August, typi-
cally, ozone in the lower stratosphere is, of course, dominated
by chemical depletion, rather than transport, as the ozone
hole develops.) By using two different species as dynamical
tracers, we hope to distinguish chemical effects from dynami-
cal effects and also perhaps to distinguish effects stemming
from lateral vs. vertical transport.

Balloonborne ozonesonde measurements are taken on a
weekly basis at the pole throughout each winter but do not
reach altitudes above approximately 30 kilometers (km). We
have generally been making measurements every 2 to 3 days,
covering the range of approximately 16-55 km. These mea-
surements will give an unprecedented amount of detail on

the behavior Of 03 throughout the polar winter. An unexpect-
ed result is already apparent in many of our mm-wave mea-
surements, in the form of a persistent dip in the mixing ratio
proffle around 30 kin altitude. To the best of our knowledge,
this has not been noted before, although hints have been con-
tained in balloon instrument profiles near the top of their
range. We are analyzing the possible causes (dynamical or
chemical) that might give rise to this feature.

A second objective of this project was to monitor the
behavior of as many other trace-gas species as we could
observe with the equipment at hand. This monitoring has
yielded some extremely interesting results. In addition to fre-
quent measurements of the vertical distribution of N 20 and
03, we have monitored chlorine monoxide (CIO) and nitric
acid (HNO3) on a regular basis. While monitoring CIO as winter
deepened, we unexpectedly observed the appearance of a sig-
nificant increase of nitrogen dioxide (NO2) in the mid-to-upper
stratosphere. The observed signal from NO2 appears in the
form of four separate emission lines visible in the same spec-
tral window used for CIO observation, where it is normally
undetectable due to the weakness of these emission lines when
NO2 is present at its typical mixing ratio. More or less concur-
rently with the appearance of NO2, we have seen a significant
increase in upper stratospheric HNO3. The latter followed
closely after a rapid decrease in lower stratospheric HNO3,

These observations will have to be correlated with other
information before they can be properly interpreted. It is
known from recent UARS observations, however, that quite
dramatic downward movements of mesospheric air can occur
in the antarctic vortex, and apparently we have witnessed
such an event rapidly bringing NO2 -rich air into the middle
stratosphere. Decreases of HNO3 in the lower stratosphere are
expected in association with the formation of nitric acid trihy-
drate (NAT) aerosols or solid particles at sufficiently low tem-
peratures, and increases can follow the conversion of nitro-
gen pentoxide (N205) and CIONO2 to HNO3 in polar strato-
spheric cloud (PSC) particles which subsequently evaporate
(see, for example, Solomon 1990). An increase in mid-to-
upper stratospheric HNO3 in the polar night is predicted in
new theoretical work by Garcia and Solomon (in press), as a
result of the hydrolysis of N205 on water-bearing aerosols, if
they are postulated to exist with an exponential drop-off
extrapolated from densities measured up to 30-32 kin by bal-
loonborne instruments.

During September 1993, we monitored the large increase
in low-altitude CIO in the antarctic spring, signifying the
chemical attack on ozone by chlorine that leads to formation
of the ozone hole, and followed the dynamical breakup of the
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vortex in November by continued monitoring of N 20 and 03-
Finally, we have made an unsuccessful search for hydro-

gen peroxide (H202), resulting at least in a useful upper limit
being placed for the first time on how much may be present
in the polar night stratosphere.

In summary, we have obtained a large volume of unique
data on several species (03, N20, HNO3, NO2, CIO, and H202)
and have made some unanticipated observations that should
prove to be of considerable significance in characterizing
dynamical and chemical effects occurring in the heart of the
antarctic winter vortex.

This research is supported by National Science Founda-
tion grant OPP 91-17813.
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Carbon monoxide in the antarctic atmosphere: Observations
of decreasing concentrations

M.A.K. KHALIL and R.A. RASMUSSEN, Global Change Research Center, Department ofEnvironmental Science and
Engineering, Oregon Graduate Institute, Beaverton, Oregon 97006

H
ydroxyl radicals remove hundreds, perhaps thousands,
of organic gases from the atmosphere and are often

regarded as an index of the oxidizing capacity of the Earth's
atmosphere (Thompson 1992). In recent years, there have
been growing concerns that, over the past century and now,
human activities may be depleting hydroxyl concentrations
by adding huge amounts of carbon monoxide and methane to
the atmosphere. Reduction in the hydroxyl concentrations
can then indirectly lead to more global warming, stratospher-
ic ozone depletion, and other disturbances in atmospheric
chemistry.

1980	 32 35 — 44 — 43 52 — 44
1981	 — — 37 — 41 48 48 51 49
1982 30 27 — — — — — — — — —

1983	34 51 40 40 43 57 63 59 59 66 56
1984	40 34 31 39 — 44 54 56 50 51 46
1985	35 48 88 75 94 75 79 66 71 73 51

1986	38 49 62 41 62 46 62 70 62 65 53
1987	36 32 48 55 51 — — — — — —
1988	— 62 60 61 51 60 63 58 64 64 66

1989	38 33 36 41 45 53 43 44 42 35 36
1990	33 34 30 34 32 33 36 39 44 44 41
1991	29 28 24 19 30 23 28 31 40 44 43

1992	28 24 26 26 30 34 38 39 38 41 —

Carbon monoxide (CO) is a key component in the deter-
mination of hydroxyl radical (OH) concentrations: increases
of CO would lead to a decline of OH. Global increases of CO
had been observed in the 1980s (Khalil and Rasmussen 1985,
1988, 1990), but now it appears that the atmospheric concen-
trations of CO are falling. Here we will report data from
Antarctica that suggest recent decreases in the concentration
of CO.

Antarctic data are available between 1980 and 1992 from
three experiments. Two experiments are part of our flask
sampling program at the South Pole (90*S; 1983 to the pre-

sent) and more recently at Palmer Station (64.460S
64.05'W; 1988 to the present). The third experiment

r 
was conducted at Mawson Station (67.36*S 62.53*E;
1980-1984; Fraser et al. 1986). These experiments
consist of taking (usually triplicate) flask samples, in
specially prepared stainless steel containers, once a
week. The samples are sent back to the laboratory to
determine the concentrations of CO and other

41	gases. For various reasons, samples are not available
—	continuously or throughout the year from any of

47	these sites; in fact, there are substantial gaps in the
42	individual data sets. To determine trends and other
42	features of trace gases in Antarctica, we first calcu-

39	late monthly average concentrations. Concentra-
-	tions of CO in Antarctica are reported in the table as
44	a composite of the three experiments discussed

32	above.
38	 The salient features of these data are the sea-
38	sonal cycles and trends as described below (from the

table).
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Figure 1. The seasonal variations of carbon monoxide at sites in Antarctica. The cycle at Cape Grim,
Tasmania, is shown for comparison. The results are deviations from the average concentrations, which
amount to about 8 ppbv above average during October and 9 ppbv below average during January.
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periods of time required for
the antarctic experiments. The
antarctic data were checked
against measurements at Cape
Grim, and no anomalies were
found. Finally, the data are still
quite sparse and variable, cre-
ating a possibility of artifacts
in trends over the relatively
short duration of this experi-
ment.

Although the trends are
shown here only for Antarcti-
ca, similar trends exist in the
other long-term data from our
flask sampling network, which
spans tropical, middle, and
polar latitudes of both hemi-
spheres.

Carbon monoxide can de-
crease if emissions from an-

There are prominent seasonal cycles in the concentra-
tions, as shown in figure 1. In Antarctica, these cycles are dri-
ven mostly by seasonal variations of OH with additional con-
tributions from seasonality of emissions and atmospheric for-
mation of CO. The antarctic data are sparse, but the cycle is
very similar to seasonal variations observed over many years
at Cape Grim, Tasmania (42*S). The average concentration of
CO at the antarctic sites during the course of these experi-
ments was about 44 parts per billion by volume (ppbv) with
seasonal variations of 8 ppbv higher than average in October
and 9 ppbv lower than average in January.

Concentrations increase during the first half of the data
(1980-1986) and decrease in the second half (1986-1992). We
use the monthly average data (table) and subtract the season-
al cycles (as in figure 1), then calculate the linear trends dur-
ing these two periods. The result is that between 1980 and
1986, concentrations increased an average of 3.4±1.4 ppbv per
year, and between 1986 and 1992 concentrations decreased at
-5±1 ppbv per year (the ± values are 90 percent confidence
limits of the trends).

Overall, the decrease in recent years has more than com-
pensated for the increases in earlier years so that CO concen-
trations now (1991-1992) are lower by about 10±3 ppbv, com-
pared with concentrations a decade ago (1980-1981). The
annual average concentrations are shown in figure 2, reflect-
ing the decline of concentrations.

Although it seems that the data make a strong case for
recent decreases of CO concentrations, there are reasons for
caution. There are several factors that can affect the conclu-
sions. The first is the stability of calibration standards: these
have been checked and corrections have been made to the
data. The second is the stability of CO in flasks over the long

thropogenic activities decrease
or if OH is increasing (also due
tri blir" n "	t; , t; ) 9rl, AU%1 V	ILI a .	U;	V_

crease of CO may be occurring
from the combined effect of both these processes, although we
believe that the decrease of sources is probably the larger con-
tribution or perhaps even the full explanation.

The sources of CO that may be slowing down are direct
emissions from automobiles, biomass burning and other
combustion processes, and indirect sources such as the
atmospheric oxidation of methane and other hydrocarbons.
In the United States and many European countries, urban
emissions of CO (mostly from automobiles) have declined

80

P.
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Figure 2. Annual average concentrations of CO in Antarctica. These
data show that concentrations increased during the first half of the
experiment and are decreasing now. The line is C (ppbv)
37.8+5.68t-0.54t2 , where t is in years and is 0 in 1980.
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dramatically during recent years because of legislative con-
trols, enacted because CO is regarded as a highly undesirable
pollutant that leads to adverse health effects and urban pollu-
tion (EPA 1990; Khalil and Rasmussen 1990). Reactive hydro-
carbons that can lead to the atmospheric formation of CO are
also controlled. The other process, increase of OH, which
causes a greater removal of CO thus leading to declining con-
centrations, can occur because of possible reduction of strat-
ospheric ozone that allows more ultraviolet radiation to reach
the troposphere where it stimulates the production of OH
(Madronich and Granier 1992). The possibility that OH is
increasing in recent years is a reversal of earlier concerns that
it may be depleted by human activities. At present, there is no
direct or indirect experimental evidence for changes in OH.

We thank the National Oceanic and Atmospheric Admin-
istration Climate Modeling and Diagnostics Laboratory pro-
gram for collecting samples at South Pole Station and Palmer
Station; P.J. Fraser and the Commonwealth Scientific and
Industrial Research Organization staff for collecting samples
at Cape Grim, Tasmania; D. Stearns and R. Dalluge for labora-
tory and fieldwork; and J. Mohan and M.J. Shearer for data
management. Financial support for recent work was provided
in part by National Science Foundation grant OPP 87-17023;

other support was provided by the Biospherics Research Cor-
poration and the Andarz Company.
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Atmospheric measurements of HCFC-22 at the South Pole
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C
oncern for stratospheric ozone depletion in polar regions
and around the globe has prompted many nations to

agree to phase out production and use of fully halogenated
chlorofluorocarbons (CFCs) over the next few years (UNEP
1987). Because of this action, the atmospheric growth rates of
CFCs and bromine- containing halons have declined in recent
years (Butler et al. 1992; Elkins et al. 1993). Partially hydro-
genated chlorofluorocarbons, also known as hydrochlorofluo-
rocarbons (HCFCs), are among the different classes of com-
pounds used as replacements for CFCs. HCFCs are preferred
to CFCs because model calculations predict that HCFCs will
have shorter atmospheric lifetimes and release less reactive
chlorine to the stratosphere. The HCFCs are viewed only as
interim replacements for CFCs, however, because they still
have some potential to destroy ozone. Ozone-depletion
potentials of HCFCs are generally predicted to be less than 15
percent, by weight, of those for the CFCs that they will replace
(Solomon et al. 1992).

The major HCFC in use today is HCFC-22 (CHCIF2). This
compound is used primarily for refrigeration and air-condi-
tioning applications and, to a lesser extent, as a blowing

agent for open- and closed-cell foams (Midgley and Fisher
1993).

We have measured HCFC-22 in air samples collected at
seven remote stations around the globe since the end of 1991.
In the Southern Hemisphere, samples are collected at three
different remote locations: Amundsen—Scott South Pole Sta-
tion, at the South Pole (90'S); Cape Grim Baseline Air Pollu-
tion Station, Australia (40.7'S 144.8'E); and Cape Matatula,
American Samoa (14.3S 170.6'W). Here, we report measure-
ments made at the South Pole through the end of 1992 and
discuss them in light of results obtained at the next nearest
station, Cape Grim.

Paired samples of air were collected monthly in 0.85-liter
(L) electropolished stainless-steel flasks. Flasks were filled to a
maximum pressure [approximately 25 pounds per square
inch, gauge (psig) for South Pole samples and approximately
40 psig for Cape Grim samples] without drying agents in line.
Samples were analyzed by capillary gas chromatography with
mass spectrometric detection. Detailed procedures for collec-
tion and analysis of air for HCFCs are described elsewhere
(Montzka et al. 1992, 1993, in press). Data are not reported for
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Mixing ratio of HCFC-22 at the South Pole and Cape Grim

as determined from flask sample pairs in 1991 and 1992. The line

drawn is a linear fit to the data from Cape Grim.

all months of 1992 because of problems encountered, includ-

ing flask unavailability, leaks, or local contamination (Montz-

ka. et al. 1993). Because of the nature of shipping to and from

the South Pole, samples are collected and stored in flasks

throughout the austral winter and then sent to Boulder for

analysis in December and January. The mean number of days

elapsed between collection and analysis for samples collected

at the South Pole was 94 days. Flasks collected at other sta-

tions, including Cape Grim, are sent to Boulder as soon as

possible after collection. The mean delay between collection

and analysis for flask collected at Cape Grim was 36 days.

Measurements of HCFC-22 have been obtained from air

collected at the South Pole since the latter part of 1991 (figure

1). The mean mixing ratio of HCFC-22 at the South Pole in

1992 was estimated at 95 parts per trillion (ppt) from the

midyear value, as predicted from a linear fit of the available

data. This average is 25-30 percent less than had been pre-

dicted from previously reported ground-based measurements

of HCFC-22 at this site (Rasmussen and Khalil 1983). These

differences are most likely due to differences in calibration

gas standards (Montzka et al. 1993). The measurements

reported here are based on the National Oceanic and Atmos-

pheric Administration's (NOAA's) Climate Modeling and

Diagnostics Laboratory (NOAA-CMDL) calibration gas stan-

dards. Flask-based measurements referenced to these stan-

dards yield results that are in good agreement with long-path

absorption measurements in similar latitude bands (Rinsland

et al. 1989; Zander et al. 1992) and model calculations with

current emission estimates (Midgley and Fisher 1993).

The growth rate of atmospheric HCFC-22 during 1992 at

the South Pole is identical to the rate observed at Cape Grim

and is 5.3 ppt per year (figure 1). This rate is also consistent

with a previous estimate for the Southern Hemisphere during

1992 of 5.0 (tl.6) ppt per year (Montzka et al. 1993). This latter

rate was estimated from the mean interhemispheric difference

observed during 1992 and a simple model (Butler et al. 1992).

Samples collected at both the South Pole and Cape Grim

offer an opportunity to study the effects of humidity and stor-

age time on compounds collected in flasks. The mean mixing

ratio of HCFC-22 at both sites during 1992 was 95 ppt (figure

1). Similar mixing ratios (within a few percent) for trace gases

at both the South Pole and Cape Grim are expected for com-

pounds that have lifetimes that are long with respect to inter-

hemispheric meridional transport and if most emission to the

atmosphere occurs in the Northern Hemisphere. Similar mix-

ing ratios at these two sites are observed for compounds such

as methane, CFC-11, and CFC-12 (Steele et al. 1987; Elkins et

al. 1993). For HCFC-22, one would expect similar mixing

ratios at both sites and observations show this to be true (fig-

ure 1). Air collected at the South Pole, however, is consider-

ably drier than from Cape Grim. Mean yearly dewpoint tem-

peratures are less than -50'C at the South Pole and are 10*C at

Cape Grim. In extremely dry samples, certain compounds

such as carbon tetrachloride (CC14) are susceptible to losses

within our sample flasks. It has also been suggested that

HCFC-22 is unstable in certain air sampling containers (Fras-

er et al. in press). The agreement between results from the

two sampling locations, however, suggests that HCFC-22 is

stable in these flasks under a wide range of water-mixing

ratios. Furthermore, the variability of HCFC-22 from individ-

ual flasks is not correlated with the loss of CC14 in these flasks

(figure 2). These results suggest that, within flask samples that

are dry enough for losses of CC14 to occur, no significant loss-

es are observed for HCFC-22.

The stability of compounds within flask containers can

also be studied by monitoring the mixing ratios of com-

pounds within these containers over time. By assuming a lin-

ear growth rate of HCFC-22 in the atmosphere at the South

Pole and Cape Grim, one can study the measured mixing ratio

for HCFC-22 as a function of time elapsed between sampling

and analysis (figure 3). No significant trend can be found for

the data plotted in this figure, suggesting that HCFC-22 is sta-

ble in these flasks for extended periods.

0%	20%	40%	60%	80%	100%

Loss of Carbon Tetrachloride

Figure 2. Variability in measurements of HCFC-22 related to in-flask

losses Of CC14 . The residuals were obtained from a linear fit to the

individual flask results for HCFC-22 from the South Pole. Losses of

CC14 were calculated by comparing the measured mixing ratio of

CC14 from South Pole flasks to the yearly average CC14 mixing ratio

at Cape Grim.
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Figure 3. The effect of sample storage on mixing ratios of HCFC-22
in flasks from the South Pole and Cape Grim. The plotted residuals

were obtained from a linear fit to the data at each station.

A mean atmospheric mixing ratio of 95 ppt was deter-

mined for HCFC-22 during 1992 at the South Pole. Similar

mixing ratios were observed at the South Pole and Cape Grim,

suggesting that the mixing ratio of HCFC-22 is fairly constant

in the Southern Hemisphere below 400S. Finally, comparisons

between results from the South Pole and Cape Grim suggest

that HCFC-22 is stable in both dry and wet flask samples for

extended periods.
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Atmospheric longwave radiation spectrum and near-surface
atmospheric temperature profiles at South Pole Station

VON P. WALDEN and STEPHEN G. WARREN, Geophysics Program, University of Washington, Seattle, Washington 98195

T

he antarctic atmosphere is the coldest and driest on

Earth. The downward clear-sky emission to the ice sheet

in winter averages about 75 watts per square meter, that is,

less than half that for the subarctic winter standard atmos-

phere (figure I and the table). In a collaborative effort at

South Pole Station with Frank J. Murcray and Renate

Heuberger of the University of Denver, we have compiled a

data set of surface-based measurements of the downward

radiation spectrum coincident with the state of the atmos-

phere for use in our climate studies at the University of Wash-

ington. The data set spans the full year from 14 January 1992

through 14 January 1993. We are attempting to determine the

controls of the longwave radiation budget on the antarctic

plateau and to offer spectral measurements for use in testing

atmospheric radiation models and radiation codes in climate

models.
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Carbon dioxide 550-800	25	53
Water (window)	800-950,1100-1200	2	3
Ozone	950-1100	2	4
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nitrous oxide
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Total	(0-2500)	79	176

allnits: 11W M-2" denotes Wafts per square meter. "cm-1
denotes wavenumber or inverse centimeter.

The downward infrared spectral radiance [6-17 microm-

eters (Rm)] was measured throughout the year using the Uni-

versity of Denver's Fourier- transform interferometer. Over

500 spectra were obtained, about half under cloud-free condi-

tions. Broadband longwave irradiance was measured with an

Eppley pyrgeometer. Coincident vertical profiles of tempera-

ture, ozone, and water vapor were obtained from routine

radiosonde launches by the South Pole Weather Office and

ozonesonde launches by the National Oceanic and Atmos-

pheric Administration (NOAA). On a few occasions, NOAA

launched a frost-point hygrometer which yields more accu-

rate water vapor profiles above 500 millibars than do the rou-

tine Weather Office sondes [Oltmans (NOAA) personal com-

munication]. Cloud information is available from visual

observations, supplemented by measurements from a laser

ceilometer and by photographs during the sunlit months.

Good temporal coverage from the laser ceilometer is available

for April, June, mid-to-late August, September, and early

October. The possibility of using the ceilometer data to infer

cloud base height and cloud optical depth is being investigat-

ed. Sizes and shapes of atmospheric ice crystals, cloud parti-

cles, and blowing snow are being studied by photomi-

croscopy, from which size distributions will be derived.

Parts of the infrared spectrum are sensitive to the atmos-

pheric temperature profile in the lowest 200 meters (m),

where in winter a strong temperature gradient is usually

found. The radiosonde carried by a rapidly rising balloon

does not measure these temperatures accurately because the

response time of its thermistor is about 6-8 seconds (s). To

quantify this error, in collaboration with the South Pole

Weather Office, we flew a radiosonde on a tethered kite on

nine occasions in August and September 1992, immediately

prior to the routine launch of the same sonde. The kite was

stopped at specified levels long enough for the pressure and

temperature sensors to equilibrate. The response time for the

thermistor was determined independently by moving the

radiosonde from a warm room into the cold air and measur-

ing its temperature as it equilibrated. The typical e-folding

Wavelengdi, Wn

16.7	12.5	10.0	8.3	7.1	6.2
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Figure 1. Downward infrared spectra at the Earth's surface, under
clear sky, from three different terrestrial atmospheres. The antarctic

winter spectrum was measured at South Pole Station on 21 May

1992. The subarctic winter and tropical spectra are model
simulations using MODTRAN. (The tropical spectrum is included for

visual comparison only.) The viewing zenith angle is 600 ; spectral
resolution is 1 inverse centimeter (cm- 1 ). Radiance is in milliwatts

per square meter per steradian per inverse centimeter.

response time of 6-8 s explains the radiosonde temperature

error of a few degrees we observed between the kite and the

balloon (figure 2). The relatively warm temperature reported

as the second reading from the radiosonde balloon flight is

probably due to releasing the sonde immediately after bring-

ing it out of a warm room. This value is actually the first value

reported by the sonde, but in the data stream sent out to the

global telecommunications network a value is added to the

beginning, which comes from the 2-m thermometer upwind

of the station (-63'C, in this case). We will use this informa-

tion to develop a method for correction of the radiosonde

temperature profiles throughout the winter.

The infrared radiation measurements are being summa-

rized by defining several spectral regions where different

gases are the major emitters. The table shows an example of

the approximate total irradiance in each of these regions for a

clear-sky case for the antarctic winter compared with calcula-

tions for the subarctic winter using MODTRAN2 (Berk, Bern-
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Figure 2. Temperature profiles from a radiosonde on a tethered kite
and on a routine balloon launch from 28 August 1992 at South Pole
Station. Also included is the 2-m air temperature that is inserted as
the lowest temperature in the South Pole Weather Office radiosonde
profile.

stein, and Robertson 1989). Seasonal cycles of the radiation in
these spectral bands yield information on the controls of the
longwave radiation budget throughout the year, the strong
surface-based temperature inversion playing a major role in
the spectral regions of carbon dioxide and water vapor.

Radiation model simulations using various spectral and
vertical resolutions are being compared to the downward
spectral radiance measurements. Selected well-calibrated
radiance spectra with coincident vertical profiles of atmos-
pheric constituents for clear-sky scenes will be offered as case
studies for the Intercomparison of Radiation Codes used in
Climate Models (ICRCCM) (Ellingson, Ellis, and Fels 1991).

We would like to thank Kitt Hughes and Bob Koney of the
South Pole Weather Office for their help in the radiosonde
thermistor experiments. This research was supported by
National Science Foundation grant OPP 91-20380.
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Relative elevations of meteorological facilities at
South Pole Station
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r]r
he near-surface climate of the antarctic plateau is character-
ized in winter by a strong temperature inversion. Tempera-

ture-dependent processes can, therefore, vary over vertical dis-
tances of only a few meters, for example, the formation of dia-
mond-dust ice crystals and the atmospheric emission of infrared
radiation. At South Pole Station in the winter of 1992, the air at
21 meters (m) height was usually 3-4'C warmer than at 2 m
height and, on occasion, was as much as 19 degrees warmer.

Detailed information about the temperature profile near
the surface is needed to interpret the measured infrared radi-
ation spectra and to evaluate the turbulent heat fluxes. At
South Pole Station this profile can be obtained from
radiosonde launches, together with temperature measure-
ments at the snow surface, at the standard reporting height 2
rn above the surface, and near the top of the 23-m meteoro-
logical tower. The height of the radios o nde -launching deck
has changed since its installation in the summer of
1974-1975, relative to the 2-m thermometers that are raised

every year as the surface snow accumulates and rises against
the meteorological towers.

The heights of instruments of the Weather Office
(radiosonde launching deck, 2-m thermometers, and barom-
eter) were surveyed by Michael Starbuck and Stephen Warren
on 5-8 October 1992, relative to benchmarks established by
the U.S. Geological Survey (USGS). The heights of the laser
ceilometer on the Clean Air Facility and thermometers on the
23-m meteorological walk-up tower were surveyed by Carl
Groeneveld and Stephen Warren on 22 November 1992. The
locations of these instruments are indicated in the figure. The
surveys employed a standard leveling technique and obtained
relative elevations to within 2 centimeters (cm), which are
shown in the table.

In a personal communication, Jerry Mullins of USGS told
usthat

the 1991 elevation at South Pole Doppler Benchmark "Ken
Murphy" is 2833.51 m. This is an estimated value based on the
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Elevations of benchmarks and meteorological facilities

at South Pole Station in October and November 1992.
77te absolute elevations (above sea level) are accurate to
within 2 meters. 77te relative elevations are "curate to
within 2 centimeters. The thermometers are raised
annually by the amount of the annual snow
"cumulation.

South Pole Doppler
Benchmark (below
Doppler antenna)

CRREL Benchmark "A"

USGS Benchmark
"SKYLAB 111989-89"
(on Skylab)

Snow surface under
Weather Office

thermometers on tower
northeast of Skylab

Two aspirated

thermometers on
Weather Office tower
(bottoms of
vertical tubes)

Deck of balloon
inflation tower (BIT)

Table in BIT

Barometer in
Weather Office

Snow surface under
meteorological walk-up
tower

NOAA's thermometer Ta
on walk-up tower

NOAA's thermometer Tb
on walk-up tower

Wooden porch by front
door of Clean Air
Facility (CAF)

CAF roof

Ceilometer emitter
head above CAF roof

	

2,833.51	-1.56

	

2,835.36	+0.29

	

2,845.42	+10.35

	

2,835.07	0.00

	

2,836.82	+1.75

	

2,836.72	+1.65

	

2,835.00	-0.07

	

2,835.91	+0.84

	

2,830.91	-4.16

	

2,834.62	-0.45

	

2,836.45	+1.38

	

2,855.61	+20.54

	

2,838.02	+2.95

	2,840.90	+5.83

	2,842.42	+7.35

To enhance the utility of the meteorological observa-

tions, we recommend that the heights of these instruments be

resurveyed every 5 years.

We thank Roy Jenne (National Center for Atmospheric

Research) for inspiring us to do this work and Von Walden

OSU89A Geoid Model used to correct the satellite-observed

ellipsoid height (average of all 1991 solutions) to elevation

above sea level. The uncertainty of this correction is :t2 m.

Global positioning system data connecting this elevation to the

surface level of the polar plateau (for example, at the geograph-

ic pole marker) have not been completely resolved. However,

optical surveys have provided a transfer of this elevation to two

points that may be useful for determining the elevation of vari-

ous science platforms. One is on the Skylab roof, at USGS
Benchmark "SKYLAB Il 1988-89," a brass screw in a plywood

base, elevation 2845.42 meters. The other mark is CRREL

Benchmark "A," a 4x4-inch wooden post set in the snow in

front of the dome, roughly over the intersection of the entrance

and storage arches. The elevation at the top of this post is

2835.36 meters. The relative heights of the three marks are

known to the centimeter level.

The South Pole Doppler Benchmark is in a plywood shelter

and is now below the snow surface.

In routine meteorological operations, the radiosonde is

set on the deck of the balloon inflation tower (BIT), or more

usually on a table inside the BIT, for initialization. It is

assigned a height of 2,835 m at that location, and its pressure

sensor is initialized to the value given by the barometer in the

Weather Office. The BIT table, however, is 5.0 m above the

barometer (see the table), that is, at about 0.5 millibars lower

pressure. This difference has probably been unchanged since

the summer of 1974-1975. The elevation of the barometer has

remained fted within the station for 18 years and has, there-

fore, probably dropped in absolute elevation a few meters

(relative to sea level), due to the flow of the ice sheet. The

temperature of a 2-m thermometer upwind of the station is

entered as the first temperature in the radiosonde data stream

(at 2,835 meters); in 1992, this thermometer was about 1 m

higher than the BIT table.

23-meter

mmorological

W= 7T

clean A r
Facility

Weaftr Office Tower

Fuel
Arch

Skylab

0

CRREL	Barometer
Bolchmmi

DoWler
Ante=

F , 5^ 13

Garage
Arch

\1\14\Balloon
Inflation
Tower

Approximate locations of the meteorological facilities at South Pole

Station.

North
(000*)

G South Poler
(1993)

100 m
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(University of Washington) for requesting that we publish it.
We thank Jerry Mullins and Gordon Shupe of USGS

(Reston, Virginia) for information about the benchmarks, and
Kitt Hughes (Antarctic Support Associates) for information
about the meteorological instruments.
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Observational and modeling studies of episodic events in the
antarctic atmospheric boundary layer
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WILLiAm D. NEFF, Wave Propagation Laboratory, National Oceanic and Atmospheric Administration, Environmental

Research Laboratory, Boulder, Colorado 80303

T
he antarctic interior is an ideal place to examine the role
of time-varying forcing in the onset and decay of episodic

events in the stable atmospheric boundary layer (ABL). These
events include the sudden warming at the surface of the
antarctic plateau associated with an onset of strong surface
winds and a variety of wave phenomena. Of particular inter-
est are the effects of time-varying pressure gradient, horizon-
tal temperature advections, and mesoscale divergence pat-
terns on boundary-layer structure and surface fluxes of heat
and momentum. Observations of the heat budget in Antarcti-
ca show a high degree of temporal variability with significant
amplitudes not correlated with local insolation (Carroll 1982;
Yamanouchi and Kawaguchi 1984). During the long polar
night, the surface temperature may vary between -70'C and

South Pole instrumentation

Pyranometer	Solar radiation	 Radiation budget
Pyrgeometer	Downwelling infrared	Radiation budget
Net radiameter	Net all wave radiation	Radiation budget

Platinum	Snow temperature	Snow heat budget
thermometers (13)

	
(z = 0 to 1.5 m)

Doppler radar;	U(Z), V(Z), w(Z); (Z>100 m)	Wind and temperat
with radio	T(z); (z> 100 m)	 profiles
sounding system

Doppler sonic	u(z), v(z), w(z); (z>40 m)
	Wind profiles

detecting and
ranging (SODAR)

Doppler SODAR
	T'(z) (z>40 m)
	 Temperature varian

profiles
Sonic anemometer	Wind and temperature	Eddy correlation sh

fluctuations	 stress and heat fI
Microbaragraphs	Local pressure variations	Gravity wave detec

-400C over periods the order of a day and is highly correlated
with increased wind speed (Dalrymple 1966; Carroll 1984).
Available evidence suggests that these warming events are
due to enhanced turbulent transfer of heat downward
through the ABL rather than horizontal advection (Neff 1980;
Carroll 1984). Advances in surface-based remote-sensing
technology now allow nearly continuous measurements of
wind and temperature profiles in the ABL (Neff 1990). Closure
schemes for parameterization of turbulence in stable condi-
tions have improved, and a number of models have been
developed and tested against tower data during nighttime sta-
ble conditions and show good quantitative agreement (for
example, Sorbjan 1984; Lacser and Arya 1986a,b). Improve-
ments in model computation of pressure gradients over slop-

ing surfaces (Carroll, R.-Mendez-Nunez, and Tanriku-
lu 1987) and in use of nonhydrostatic models (R.-
Mendez-Nunez and Carroll 1993, in press) allow
three-dimensional modeling of small-scale flow
structures in the polar boundary layer.

The major objectives of this study are to deter-
mine experimentally the presence, structure, and
behavior of transient features and their effect on the
boundary-layer structure and near-ground fluxes at
the South Pole; to use these data to verify predictions
of numerical models; and then to use these models to
examine ABL dynamics. Our current experimental
emphasis is on the measurement of mean profiles,
local near-ground turbulent fluxes, and surface ener-
gy budgets. The instruments and their functions are

ure listed in the table. The mesoscale environment for
these measurements is defined by five automatic
weather stations, one at the South Pole and four locat-
ed along latitude 89*S at longitudes of approximately
0, 90'E, 90*W, and 180. In addition, the once-per-day

ce	(winter) high-resolution radiosonde assents provide
periodic sampling of the deep atmosphere as well as a

ear	means to verify the nearly continuous, remotelyux
tion	sensed wind and temperature information. The

Anemometers (2)	Wind speed (z = 4, 11 m)	Lower wind profile
Wind vanes (2)	Wind direction (z = 4, 11 m) Shear; ABL stability
Platinum	Air temperature	T(z); ABL stability
thermometers (3)	(z = 4,11, 22 m)
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instrumentation was installed in January 1993 and is expected
to run for 1 year. As of this writing, data acquisition is pro-
ceeding satisfactorily.

We thank the technical support staff at Amundsen-Scott
South Pole Station for their assistance and K. Sharp for her
efforts in running the instrumentation through the winter.
Support for this research is being provided in part by National
Science Foundation grants OPP 91-19364 and OPP 91-18961.
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Low-level atmospheric jets and inversions on
Ice Station Weddell I

EDGAR L ANDREAS and KERRY J. CLAFFEY, U.S. Army Cold Regions Research and Engineering Laboratory,
Hanover, New Hampshire 03755-1290

ALEKSANDR P. MAKSHTAS, Arctic and Antarctic Research Institute, St. Petersburg, Russia 199226

D
uring our deployment on Ice Station Weddell I (ISW-1)
in 1992 (anonymous 1992; ISW-1 Group 1993), we

launched radiosondes, typically at 00 and 12 Greenwich mean
time (GMT) to investigate the structure of the lower atmos-
phere (Andreas et al. 1992). Near the end of our drift, in late
May and early June, we launched simultaneous radiosondes
from ISW- I and from the Akademik Fedorov at 00, 06, 12, and
18 GMT as the Fedorov approached from the northeast to
help disassemble the station. Here we report some prelimi-
nary results from this radiosounding program.

On ISW- 1, we had two types of radiosondes: Tethersondes
and Airsondes (both made by Atmospheric Instrumentation
Research, Boulder, Colorado). Tethersondes were our primary
sounding instruments because they measure pressure, tem-
perature, humidity, and wind speed and direction. Airsondes
measure only pressure, temperature, and humidity. A Tether-
sonde was carried aloft on a 5-meter (m)-long, torpedo-
shaped, helium-filled balloon that was tethered to an electric
winch. Tethersondes measure wind speed with a cup
anemometer; the balloon points into the wind, and a compass
in the Tethersonde, thus, provides the wind direction. Occa-
sionally, we raised the Tethersonde to over 1,000 m, but usual-

ly we profiled with it to 500-600 m. Airsondes are expendable,
free-flying sondes that we launched on 1-m-diameter, spheri-
cal balloons; they commonly reached an altitude of 5 kilome-
ters (km). The Fedorov has a CORA radiosounding system
(made by Vaisala, Helsinki, Finland) that uses the Omega navi-
gational aid signals to track the free-flying sonde. The Fedorov
radiosoundings, thus, provided pressure, temperature,
humidity, wind speed, and direction to altitudes over 8 km.

Figures 1 and 2 show the simultaneous radiosoundings
on ISW- I and from the Fedorov on 3 June 1992 at 00 GMT,
when the Fedorov was 53 km northeast of ISW-I. The sound-
ings show some obvious similarities and some important dif-
ferences. Both soundings show a surface-based inversion
with a temperature there of -26*C to -28*C. The inversion
persists up to 400-500 m, where the temperature is about
-10'C. The lowest 200 m is fairly moist (dew-point tempera-
ture only 1-2'C less than the air temperature), but the air is
much drier above this level. Lastly, both soundings show wind
speeds of 2-4 meters per second (m s- 1) at the surface and
speeds of 8-9 m s- 1 above the inversion layer.

The ISW-1 Tethersonde, however, provided much more
detail than the Fedorov radiosonde. Although the Fedorov
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Figure 1. Tethersonde sounding on Ice Station Weddell 1 at 00 GMT
on 3 June 1992.
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Figure 2. Radiosounding from the Akademik Fedorov at 00 GMT
on 3 June 1992.

sounding shows a uniform temperature increase in the inver-
sion layer, the Tethersonde shows a more complex structure;
there is a steep inversion near the surface that is overlain by a
100-m-thick, well-mixed layer. The Tethersonde wind-speed
profile also shows much more detail than the Fedorov profile.
In the Tethersonde profile, we see a jet of 5 in s- 1 centered at a
height of about 80 in; a low-speed layer tops this jet; then the
speed rises gradually to 9 in s- 1 above the inversion layer. The
Fedorov sounding, on the other hand, shows a smooth
increase from the surface speed of 4 in s- 1 to 9 in s- 1 above
the inversion layer.

These two soundings point out differences between the
ISW-1 and Fedorov sounding systems and suggest that
detailed comparisons of soundings from the two platforms

may be impossible. We raised our Tethersondes at 1-2 in s-1;
these report measured values every 10 s. Thus, their vertical
resolution was 10-20 in. The Airsondes rose at about 5 in s-1
but report every 5 s; these, thus, had a vertical resolution of
20-25 in. The radiosonde balloons launched on the Fedorov
also rose at about 5 in s- 1 , but the CORA system reports data
every 10 s. Because the CORA finds wind speed and direction
from sequential Omega fixes on the radiosonde, it further
smooths and averages the wind data and, thus, has much
coarser resolution—nominally 100 in.

Most of the ISW-1 soundings had features similar to
those in figure 1; that is, most showed both a low-level inver-
sion and a low-level jet. We used Kahl's (1990) protocol to
define inversion statistics. Starting at the surface, we scanned
each temperature profile upward to find the first point at
which the temperature increased with altitude. This was the
base of the inversion. We continued scanning upward to find
the first point at which the temperature began decreasing
with altitude. This was the top of the inversion layer. We did,
however, ignore thin layers of decreasing temperature if they
were embedded within a deeper inversion.

We used a definition similar to Stull's (1988, p. 521) to
identify a low-level jet. If the wind-speed proffle showed a local
maximum that was 2 in s- I higher than speeds both above and
below it, we called the feature a jet. Notice, with this definition,
the jet must be elevated—it cannot occur at the surface.

Some of the ISW- I Tethersonde soundings did not reach
high enough altitudes to let us unambiguously define the fea-
tures or even document the existence of an inversion or a jet.
If an ISW-1 sounding reached 600 in without showing the
characteristics that define a jet, however, we concluded that
there was no low-level jet. The Fedorov radiosondes all
reached 8 km; but if there was no jet in the sounding below I
km, we say there was no jet.

On ISW-1, we launched 164 radiosondes that yielded
good data: 128 were Tethersondes; 36 were Airsondes. Of
these launches, two were too short to yield clear evidence of
the existence of an inversion, four showed no inversion, and
158 (96.3 percent) showed the presence of a low-level inver-
sion. Of these 158 inversions, 68 (43.0 percent) were surface
based. That is, in 68, the surface was a local temperature min-
imum. Of the 40 available Fedorov soundings collected
between 06 GMT on 26 May and 00 GMT on 5 June, all
showed an inversion with a base below 1 km; 27 (67.5 per-
cent) of these inversions were surface based.

Of the 103 ISW-1 Tethersonde launches for which we
could unambiguously say whether there was a jet, 82 (79.6
percent) showed a jet with a core below 600 in. Speeds in the
core ranged from 3.0 to 13.6 in s- 1 . In only one of the 40
Fedorov soundings, however, did we see a jet. We attribute
this marked difference between the ISW- I and Fedorov wind
profiles to the low resolution and spatial averaging in the
CORA sounding system. Generally, the jets have fairly limited
vertical extent and would be easy to miss if the radiosonde
has coarse resolution.

The distribution of jet directions in figure 3 is a clue to
the dynamics governing the ISW-1 jets. Stull (1988, p. 521)
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Figure 3. Distribution of the directions toward which the wind was
blowing in the core of the jets observed on Ice Station Weddell 1.

listed several causes for low-level jets. Of these, the following
four seem most plausible for our situation:
• undamped inertial oscillations that occur when the lower

layer of the atmosphere becomes frictionally decoupled
from the surface because of the strong stability there (for
example, Blackadar 1957);

• baroclinic effects resulting from the temperature gradient
between the open ocean and the pack ice;

• effects of the barrier wind that flows northward at low lev-
els, guided by the mountains of the Antarctic Peninsula
(Schwerdtfeger 1984); and

• isallobaric winds that must flow into a deepening low pres-
sure center or out of a rising high (Gill 1982, p. 311 ff.)

From figure 3, we see that the jet winds tend to blow
north and northeastward or south and southwestward. Thus,
it seems unlikely that inertial oscillations are the primary
cause of the jets; inertial oscillations would lead to a jet-level
wind with no preferred direction. The baroclinicity associated
with the ice edge also seems an unlikely cause for the jet
because the preferred direction is wrong. The temperature
difference between the open ocean and the pack ice would
lead to a maximum in the wind-speed profile that is directed

southeasterly in this region. Again, the direction is wrong, and
the horizontal scale is not right for the jets to be associated
with the barrier wind. In this region, the barrier wind would
tend to produce a jet directed north-northwest. Parish (1983)
also showed that the barrier wind extends only about 200-300
kin eastward from the mountains of the Antarctic Peninsula;
ISW- I was always beyond this limit.

We are left, finally, with the isallobaric wind as a possible
explanation for the ISW-1 jets. Surface-level pressure charts
show that during our deployment on ISW-1, low- and high-
pressure centers tended to follow the ice edge from low lati-
tudes into the Weddell Sea. Thus, it appears that the jets were
directed toward the north and northeast, into the evolving
and migrating low-pressure centers. Likewise, when a high
tracked southeastward to our north, the jets were directed
south and southwestward, away from the high. We will try to
confirm these speculations with a more thorough analysis of
our data in the near future.

Valery Timachev of the Arctic and Antarctic Research
Institute was responsible for the radiosounding program on
the Fedorov. We thank W.D. Neff for suggesting the isallobaric
wind as a possible cause for the jets and A.W. Hogan and R.H.
Munis for reviewing the manuscript. The National Science
Foundation supported this research with grant OPP 90-24544.
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An observational study of boundary-layer dynamics
over West Antarctica

ZHONG Liu and DAVID H. BROMWICH, Byrd Polar Research Center and Atmospheric Sciences Program, Ohio State
University, Columbus, Ohio 43210

A
ccording to numerical studies (Parish and Bromwich
1986, 1987, 199 1), katabatic winds are the most significant

climatological feature of the boundary layer over Antarctica.
The model results indicate that there may be numerous con-
fluence zones over the antarctic continent, where cold air
drainage currents from a large interior area converge. Surface
winds in these confluence zones are strong and persistent.
Due to the sparse data- acquisition network, especially in
these confluence zones, verification of the model results relies
heavily on previous surface observations that normally do not
describe events above the surface. To improve the under-
standing of the katabatic wind regime, further expeditions to
study the confluence zones are needed.

The 1992 campaign offered such an opportunity. Using
the model results and previous surface observations
(Bromwich 1986; Parish and Bromwich 1986), two sites for the
campaign were chosen in the confluence zone near Siple
Coast, West Antarctica (figure 1). These sites were Upstream B
Camp (83.5 0S 136.1 0W) and South Camp (84.5S 134.3 0W). In
addition to conventional surface observations, each camp
was equipped with remote-sensing profilers, a sonic detecting
and ranging (SODAR) device, and a radio acoustic sounding
system (RASS), which can continuously profile the boundary-
layer winds and temperatures (Liu, Geer, and Bromwich 199 1;
Liu and Bromwich 1992, 1993). Pilot balloons and radioson-
des were launched at least once a day to provide additional
information on the boundary-layer structure. The data-acqui-

1"d2

Figure 1. The antarctic continental topography. Two surface camps,
Upstream B Camp (U) and South Camp (S), were established in the
Siple Coast area. The thin solid lines are elevation contours in
meters.

sition period started on I I November and ended on 8 Decem-
ber 1992.

Figure 2 (blocks A, B, and Q shows the SODAR horizontal
wind speed, wind direction, and directional constancy profiles,
respectively, at Upstream B Camp, computed from hourly vec-
tor averages during the entire period. Wind speeds at all 

levels
(figure 2A) basically follow the same trend, increasing in the
early morning, then decreasing during the rest of the day. A
low-level jet ascends in the early morning (to level Q, when
the wind speeds are strongest, and descends before midnight
(to level B). This observation agrees with recent numerical sim-
ulations over West Antarctica (Du and Bromwich, Antarctic
Journal, in this issue). Figure 2B shows that the wind-direction
changes are associated with the wind speed variations except
at the surface. During the period of increasing wind speed,
wind directions turn counterclockwise from level A to level D,
then clockwise to level L. The former phenomenon is due to
surface friction, which turns the wind toward lower pressure
and the latter is indicative of cold-air advection (Parish and
Bromwich 1991). The wind directions remain uniform except
for a brief period (1800 to 0100 hours) when the directional
constancies drop to a minimum (figure 2C) and the veering of
the wind with height disappears; this fluctuation suggests that
the katabatic drainage flow is only present at the surface. The
SODAR backscatter intensities (an indicator of spatial temper-
ature inhomogeneities) averaged during the campaign show a
strong association with wind-speed and directional shears (Liu
et al. 1991). Strong return signals occurred in the period with
increasing wind speeds. This relationship has been explained
as a result of decreasing Richardson number due to increasing
wind shear and relatively slow changes of the vertical potential
temperature gradient (Neff 1981).

Less than 100 kilometers (km) south of Upstream B
Camp, South Camp surface wind speeds (table) are almost
twice as strong as the maximum at Upstream B Camp (figure
21A). This difference has been explained by initial numerical
simulations (Bromwich 1986; Bromwich and Du 1991) as
being caused by the greater influence of the confluence zone
at South Camp than at Upstream B Camp. Notice that the
diurnal variations of the wind speeds are significantly less
than those at Upstream B Camp. These variations have also
been confirmed by recent numerical simulations (Du and
Bromwich, Antarctic Journal, in this issue).

Surface observations, RASS data, and radiosonde launch-
es provide information on the thermal structure of the
boundary layer. The surface temperature observations at
Upstream B Camp show that the range of surface air tempera-
ture was nearly 7'C (mean surface air temperature: -15.1'C).
By contrast, the surface air temperature range at South Camp
was less than I OC (mean surface air temperature: -13.40C).
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Figure 2. A. The hourly resultant wind speed profile at Upstream B derived from SODAR observations ( 1 2 November 1992 to 8 December 1992)

above the surface and a Lambrecht recording anemometer (22 November 1992 to 8 December 1992) at the surface. Line A represents the

surface level; lines B, C, D, E ...... U represent 35 m, 85 m, 135 m, 185 m ...... 985 rn above the snow surface. B. Same as A except for resultant

wind directions. C. Same as A except for directional constancies. (LST denotes local standard time.)

The range difference between these two sites occurs because	South Camp when wind speeds were 8 meters per second (m

generally higher wind speeds were found at South Camp and	s- 1) and 7.5 m s- 1 , respectively. At the same time, the surface

created stronger downward turbulent heat flux than that at	air temperatures at Upstream B Camp were -180C and -210C,

Upstream B Camp to compensate the longwave radiational	respectively, where winds were calm. Another possibility that

cooling (Bromwich 1989). This relationship is also reflected in	may contribute to the range difference is described below.

the mean surface air temperatures at both sites. Figure 3 (A	The RASS data at Upstream B show that a weak inversion

and B) illustrates the above explanation. The surface air tem-	layer was maintained throughout the day. At South Camp,

peratures for figure 3 (A and B) were -13.00C and -11.80C at	temperature structure at the low levels was modified by
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Figure 3. A. Temperature profile at South Camp at 0900 LST 24 November 1992. B. Same as A except at 1500 LST 24 November 1992.

strong winds. For example, figures 3A and 3B show that,

below 400 m height, the temperature lapse rate is close to dry

adiabatic, which indicates that strong mechanical mixing is

taking place. (Adiabatic refers to a process involving expan-

sion or compression without loss or gain of heat.) The inver-

sion layer is above 400 m height. These are common tempera-

ture profiles at South Camp. Wind speed profiles derived from

pilot balloon launches show a low-level jet (13 m s- 1) existed

at 200 m height. Through examination of the RASS profile at

Upstream B, we found the temperatures in the lowest several

hundred meters of the atmosphere were much colder than

those at South Camp suggesting warm-air advection may

have been present at South Camp and contributed to the dif-

ference in average temperature as well.

Resultant wind speeds (in meters per second),

wind direction (in degrees), and directional

constancies at South Camp during the 1992
rampaign

0000	8.1	93	0.95
0300	8.5	92	0.94
0600	8.4	91	0.94
0900	8.5	91	0.95

1200	8.1	88	0.94
1500	7.6	90	0.95
1800	7.4	93	0.95
2100	8.0	95	0.96

In conclusion, the boundary-layer features inside the

Siple Coast Confluence Zone have been derived from analyses

of the 1992 field observations. In contrast to the situation in

wintertime, the katabatic winds and surface air temperatures

show significant diurnal variations which, for the surface air

temperature, are a strong function of wind speed. The ther-

mal structure of the boundary layer can be modified by the

presence of strong winds and warm air advection.

This field program and research were supported by

National Science Foundation grant OPP 89-16921 to David H.

Bromwich. Sander Teeuwisse processed the radiosonde data.

Shawn Smith and Sander Teeuwisse participated in the 1992

campaign along with the authors. We thank Antarctic Support

Associates personnel and the U.S. Navy meteorological staff

at Upstream B Camp for providing assistance in completing

the campaign.
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Summer surface winds in the Siple Coast confluence zone,
West Antarctica

YANG Du and DAVID H. BROMWICH, Byrd Polar Research Center and Atmospheric Sciences Program, Ohio State University,
Columbus, Ohio 43210

M
any studies have been made of antarctic surface winds
(for example, Ball 1960; Schwerdtfeger 1970). This is an

equatorward wind system, which has the effect of enhancing
the heat and momentum exchanges with lower latitudes.
Attention has been paid to the development of the persistent
and often intense coastal katabatic windfield (for example,
Parish 1984; Bromwich 1989). The marked confluence zone
over the Siple Coast area of West Antarctica was resolved by
using Ball's (1960) simple steady-state model (Parish and
Bromwich 1986) and was confirmed by analyzing a set of
valuable surface-wind data from this area (Bromwich 1986).
During the 1992-1993 austral summer, a two-site (Upstream
B and South Camp), 1-month (from 12 November to 8
December) field program was carried out by a meteorological
team from the Byrd Polar Research Center to investigate the
dynamics governing the behavior of the Siple Coast conflu-
ence zone. Both sites were equipped with a sound-detection
and ranging system (sodar) and a radar acoustic sounding
system (RASS).

This paper summarizes the summer wind and tempera-
ture fields obtained from a three-dimensional primitive equa-
tion mesoscale numerical model, with emphasis on the influ-
ence of diurnal insolation on the windfield. Observations
from the 1992-1993 summer field experiment are used for
comparison with and verification of the model results. The
model used has 11 irregularly distributed sigma levels (cr =
0.998, 0.996, 0.99, 0.98, 0.965, 0.93, 0.9, 0.8, 0.6, 0.35, 0.1) with
highest resolution in the lower portion of the atmosphere and
has 80x8O "horizontal" grid points with a resolution of 40 kilo-
meters (km), covering West Antarctica as well as the Ross Ice
Shelf and its vicinity. The top of the model is set to be 25,000
pascals. Detailed description of the model system can be
found in Parish and Waight (1987). The terrain data employed
were taken from a digitized version of the elevation map pro-
duced by Drewry (1983). The diurnally varying snow reflectiv-
ity is expressed as a'=aj1-C/2xsin[n/2x(1+LST/6)jj, where a'
is the albedo at a given local solar time (LST), a is the daily
average value of the albedo which is taken to be 0.80, and C is

a constant taken to be 0.03, giving the range of diurnal albedo
variation as 3 percent. The expression for the albedo as a
function of LST is based on observations by Wendler,
Ishikawa, and Kodama (1988). Because no formula was given
by Wendler et al. (1988) to describe this variation, the above
expression should be regarded as an approximate depiction
for the Siple Coast area. The model started from a state of
rest. The initialization procedure for the temperature profile
followed that used in Parish and Waight (1987). The tempera-
ture at sea level was extrapolated from the surface air temper-
atures measured during the 1992-1993 field program. A 72-
hour (h) integration with a solar declination (8) of -20* (mid-
summer) was conducted to ensure that the diurnal cycle was
well established. The diurnal cycle was approximately steady
state after the first simulation day. Thus, only results from the
last diurnal cycle are displayed in the following.

Figure 1A illustrates the incoming solar radiation
absorbed by the ice slope along a transect over Siple Coast
where the two 1992-1993 summer temporary camps were
deployed. The abscissa represents a transect through the
observational stations (U for Upstream B and S for South
Camp), aligned roughly in a north-south direction. The ordi-
nate is LST. Geographically, the orientation of the transect
(abscissa) does not coincide with a meridian (Upstream B was
located at 83 029'S, 138*03'W and South Camp at 84'29'S,
134*16'W), thus, LST is calculated for the average longitude.
The simulated austral summer (with continuous sunlight)
results in a maximum solar flux absorbed by the snow surface
of more than 90 watts per square meter (W In-2) at noon
which is double the minimum value at "midnight." The varia-
tion along the transect of maximum absorbed solar radiation
exceeds 5 W M-2.

Figure 1B illustrates the changes of the snow-surface
temperature along the transect during the model day. The
temperature in the northern part of the transect shows a diur-
nal range of about 5.50C with a maximum value of -12.5*C,
and the temperature in the southern part of the transect
exhibits a diurnal range of about 3 0C with a nearly identical
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A case study of a Siple Coast mesocyclone
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T

he polar meteorology group from the Byrd Polar Research

Center deployed a four-member field team to West

Antarctica on 8 November 1992. Two-person teams estab-

lished acoustic and radar surface-based remote-sensing sites

at both Upstream B Camp (83.5 0S 136.1*W) and South Camp

(84.5'S 134.3 0W) to profile boundary-layer winds and temper-

atures within the drainage flow on the ice slopes facing the

Siple Coast (see figure I for station locations). During the

early days of the deployment before the remote-sensing sys-

tems were operational, the two field sites were affected by a

strong mesocyclone, a cyclonic perturbation less than 1,000

kilometers (km) in diameter. Antarctic mesocyclones have

been studied in Terra Nova

Bay and near the foot of Byrd

Glacier (Bromwich 1991; Car-

rasco and Bromwich 1991,

1993) and also on both sides of

the Antarctic Peninsula (Turn-

er and Row 1989, pp. 347-356;

Heinemann 1990). The current

perception of mesocyclones in	ICP

the antarctic interior is that

they are relatively weak fea-	Ross Sea

tures (Turner, Lachlan-Cope,

and Thomas 1993). This was

not the case for the storm of I I	X

and 12 November 1992 along	"e^

coast at 130 0W. A surface -pressure trough extended from the

synoptic cyclone to the south and west, reaching all the way

to the base of Byrd Glacier. Also, a midtropospheric geopo-

tential height ridge extended southward into Marie Byrd Land

with an axis located near 80*W. The combination of the

upper-level ridge and the large surface low off the antarctic

coast brought warm air into Marie Byrd Land at the surface.

This warm air in conjunction with the pressure field from the

synoptic-scale cyclone set up a baroclinic zone, a region

where enhanced pressure and potential temperature gradi-

ents cross one another, between Upstream B Camp and Byrd

Station. Bromwich (1989, pp. 331-345) found that baroclinic

1800 UTC 11 November 1992
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Figure 1. Surface analysis of pressure anomaly (solid—hPa), potential temperature (dashed—'C), and
winds (m s- 1 ) at 1800 UTC on 11 November 1992 created using automatic weather station and staffed
surface station data. Winds plotted with a half barb = 2.5 m s-1 and a full barb = 5.0 m s-1 . Pressure
anomalies were created by subtracting the November mean from the hourly values. Labels include
staffed summer camps at South Camp (STH), Upstream B Camp (UpB), and Byrd Station along with
other geographic features mentioned in the text. Automatic weather stations reporting only temperature

and pressure data are marked with a bold "X."
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Figure 2. Graph of hourly mean wind speeds (solid—m s- 1 ) and sur-
face-pressure anomalies (dashed—hPa) at South Camp from 0000
ILITC on 11 November to 0000 ILITC on 14 November 1992.

Figure 3. NOAA-1 2 thermal infrared (channel 4) satellite image at 1805 UTC on 11 November 1992.

zones are often associated with mesocyclone development
over the southwestern Ross Sea.

The mesocyclone was first noted on analyses of surface-
pressure anomalies at 0300 UTC on 11 November and proba-
bly developed along the baroclinic zone just to the east of
Upstream B Camp. Pressure anomalies created by subtracting
the November 1992 mean from hourly observations were
used to remove the topographic influence on surface-pres-
sure values. The mesocyclone rapidly deepened from 0000 to
0900 UTC on 11 November, as seen by the surface -pressure
decrease of 14 hPa at South Camp during this time (figure 2).
This explosive deepening has been found in middle-latitude
and polar lows in the past (Uccellini 1990, pp. 81-105); how-
ever, to our knowledge the 11 November case is the first docu-
mented mesocyclone in the interior of Antarctica to be
observed showing explosive development. Figure 2 also
shows hourly wind averages from a Lambrecht recording
anemometer running at South Camp during the storm. A
clear pressure decrease/wind increase relationship is
observed. By 0944 UTC on 11 November, the now very strong
mesocyclone first became clearly identifiable on the infrared

satellite imagery from the
National Oceanic and Atmos-
pheric Administration (NOAA)
polar orbiters and was located
almost directly over Upstream
B Camp, where the surface
winds were calm.

Over the next 9 h, the
mesocyclone continued to
increase in intensity as it drift-
ed slowly to the west toward
the Ross Ice Shelf. By 1800
UTC on 11 November, the
mesocyclone had a very well
developed surface -pressure
anomaly and potential tem-
perature structure (figure 1).
The central pressure at
Upstream B Camp was 27 hPa
below the monthly mean,
which is equivalent to a 953
hPa sea-level pressure. Fur-
thermore, the cyclone was
drawing in a new supply of
warm air from the top of the
Marie Byrd Land plateau. This
warm air is clearly seen on the
infrared satellite image from
1805 UTC as a dark streak spi-
raling into the cyclone from
the east (figure 3). Cool air was
also advecting into the storm
from the Ross Ice Shelf to the
northwest of the cyclone (fig-
ure 1).

ANTARCTIC JOURNAL — REVIEW 1993
2M



By 0000 UTC on 12 November, the mesocyclone reached
its peak intensity with the largest pressure anomaly of 27.4
hPa below the monthly mean at Upstream B Camp and sus-
tained winds of 26 m s- 1 at South Camp. Near this time, South
Camp recorded a wind gust that exceeded the maximum
range of the camp's anemometer, which means the wind gust
surpassed 35 m s- 1 . Interestingly, at this time Upstream B
Camp, less than 100 krn north of South Camp, was having a
pleasant day with a wind speed of only 2.5 m s- 1 . After 9 h of
sustained winds over 25 m s- 1 at South Camp, the pressures
started to rise and the winds began to decrease in intensity
(figure 2). By 1200 UTC on 12 November, the mesocyclone
had moved onto the southern Ross Ice Shelf and was begin-
ning to weaken.

In summary, the presence of a strong-synoptic scale low
off the coast of Marie Byrd Land along with a midtropospher-
ic ridge resulted in a sharp baroclinic zone between Upstream
B Camp and Byrd Station in West Antarctica. A mesoscale
cyclone formed along this baroclinic zone on or near 0000
UTC on 11 November 1992 and underwent explosive develop-
ment over the next 9 h. The mesocyclone reached its peak
intensity around 0000 UTC on 12 November, treating the field
party at South Camp to an antarctic blizzard while the team at
Upstream B Camp enjoyed a fairly calm day.

This research was supported by National Science Foun-
dation grant OPP 89-16921 to David Bromwich. NOAA satel-
lite imagery was recorded at McMurdo Station by U.S. Navy
personnel and obtained from Robert Whritner of the Arctic
and Antarctic Research Center at Scripps Institution of
Oceanography. Automatic weather station data were provid-
ed by Charles R. Stearns at the University of Wisconsin at
Madison. The 1992 field party included David Bromwich,

Shawn Smith, Sander Teeuwisse, and Zhong Liu. The field
party thanks the personnel from Antarctic Support Associates
and the National Science Foundation stationed at both
Upstream B Camp and McMurdo for their assistance in com-
pleting our fieldwork. We also thank the U.S. Navy meteoro-
logical staff in McMurdo for their forecasting and data-acqui-
sition assistance.
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A katabatic-wind-forced mesoscale cyclone development over
the Ross Ice Shelf near Byrd Glacier during summer
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State University, Columbus, Ohio 43210

Termanent affiliation: Direcci6n Meteorol6gica de Chile, Santiago, Chile.

S
tudies carried out by Bromwich (1991) and Bromwich et al.
(1993) revealed that the pressure field near Franklin Island

is, in general, lower than that of the surrounding areas, reflect-
ing the presence of a semipermanent subsynoptic surface
trough. The katabatic winds near Terra Nova Bay (Bromwich
1989a,b) can induce the formation of a mesoscale boundary-
layer front, which along with the above subsynoptic trough
makes this region a very active area for mesoscale cyclogenesis
(Bromwich 1991; Carrasco 1992; Carrasco and Bromwich
1993). These two factors are less frequently present over the
northwestern side of the Ross Ice Shelf in association with per-

sistent katabatic winds from Byrd, Mulock, and Skelton glaci-
ers (Bromwich 1989c; Parish and Bromwich 1987; Carrasco
and Bromwich 1991) and with a southward extension of the
semipermanent subsynoptic trough along the Transantarctic
Mountains. These factors appear to be present in this case,
which occurred during the first few days of December 1987.

According to the available satellite images collected at
McMurdo Station (Van Woert et al. 1992) at 0530 UTC (uni-
versal coordinated time) on I December, 0519 and 1702 UTC
on 2 December, 1641 UTC on 3 December, and 1114 UTC on
4 December and according to the surface analyses construct-
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ed by the Australian Bureau of Meteorology, two synoptic-
scale cyclones passed to the north of Ross Sea, one on 1
December and the other on 4 December. On the other hand,
the Australian 500-hectopascal (hPa) analyses at 1200 UTC 1
December showed a midtropospheric cyclone over the Ross
Sea. Over the next 24 hours (h), it appeared to move to the
northeast as the first frontal system moved in the same direc-
tion at the surface. Charts at 0000 and 1200 UTC 2 December
showed only a midtropospheric trough translating to the
northeast. Later, at 1200 UTC 3 December, this trough
appeared to retrogress extending back again to the vicinity of
the southwestern Ross Sea as the second cyclone approached
this region at the surface. According to the 500-hPa analyses,
the wind direction at this level near the Byrd Glacier was pre-
dominantly southerly and southwesterly, indicating synoptic
support for intensification of katabatic flow down onto the ice
shelf (Breckenridge et al. 1993; Stearns and Wendler 1988).

The satellite image at 1702 UTC 2 December showed dis-
tinct, dark katabatic-wind signatures coming from Byrd,
Mulock, and Skelton glaciers and extending over the ice shelf
(figure 1). This revealed that katabatic winds may have been
present with sufficient intensity to form a mesoscale bound-
ary-layer front. Note that this imagery shows a series of
mesoscale cyclonic cloud signatures that spiral into the cen-
ter of the synoptic cyclone located to the northeast of the Ross
Sea. The previous satellite images at 0519 UTC 2 December
suggest that these vortices came from southern Marie Byrd
Land where they probably formed. They dissipated within the
next 24 h according to the satellite image at 1641 UTC 3
December.

For the period under investigation, regional analyses
were constructed every 3 h using automatic weather station
(AWS) observations (Sievers, Weidner, and Stearns 1988).

Figure 1. NOAA-10 AVHRR thermal infrared satellite imagery (chan-
nel 4) of the Ross Ice Shelf at 1702 UTC 2 December 1987. Spatial
resolution is 4.4 kilometers. Skelton, Mulock, and Byrd glaciers are
called out on the left.

They showed an apparent southward extension of the
Franklin Island trough, along the Transantarctic Mountains
after 0000 UTC 3 December. A slight decrease of the sea-level
pressure over the western half of the Ross Ice Shelf could have
been caused by this movement and coincided with the
approach of the second synoptic cyclone toward the Ross Sea.
Thus, a subsynoptic surface trough and a boundary-layer
baroclinic zone were present near Byrd Glacier after 0000
UTC 3 December. These seem to occur at the time when the
midtropospheric trough temporarily retrogressed back
toward the Ross Sea area. The minimum sea-level pressure
recorded by AWS 15 at 0600 and 0900 UTC 3 December and
the weak northwesterly wind indicate the time when the
mesoscale cyclone formed near Byrd Glacier. Figure 2 is the
regional analysis at 0900 UTC 3 December showing the sur-
face location of the mesocyclone. Unfortunately, satellite
information was not available at this time. Regional analyses
suggested that the mesoscale cyclone developed south of
AWS 15 and moved to the north-northeast as the surface sub-
synoptic trough retreated back to its almost permanent posi-
tion over the southwestern Ross Sea.

190

70*S

-4-	
7-T-S	

160.11,

4.
94

90

93 00

H

24

GO.	
L 92	

JI

94 .10 
H	

90

94
93	92

Figure 2. Regional sea-level pressure analysis for 0900 UTC 3
December 1987 manually constructed from AWS observations and
showing two mesoscale cyclones, one southeast of Byrd Glacier
and the other around Franklin Island. Solid lines are isobars in hec-
topascals (90=990 hectopascals) and dashed lines are surface
isotherms in degrees Celsius. The dots with adjacent bold numbers
are AWS sites. Wind observations are plotted according to conven-
tional notation. A cross through the AWS location implies either no
data at all or no wind observations.

96

so'.
88	

'r

ANTARCTIC JOURNAL — REVIEW 1993
286



Figure 3. NOAA-10 AVHRR near infrared satellite imagery (channel
2) of the Ross Ice Shelf at 1641 UTC 3 December 1987 showing the
cloud signature of the mesoscale cyclone. Spatial resolution is 1.1
kilometers.

The next available image at 1641 UTC 3 December (figure
3), showed a very distinct spiral-low cloud signature that con-
firms the presence of the mesoscale vortex adjacent to Byrd
Glacier. The increase of the sea-level pressure, however, regis-
tered by the stations on the west side of the ice shelf from
0900 UTC onward, indicates the dissipation of the mesoscale
vortex in spite of the well-defined cloud signature associated
with it. This dissipation was confirmed by imagery at 0459
UTC 4 December when just a small amount of low cloud
remained around the cyclone center. Moreover, from 1800
UTC 3 December onward just a trough, which appeared to
weaken and move northward, could be associated with
mesoscale vortex. The center of the almost- dissipated
mesoscale cyclone was located to the north of AWS 15 on
imagery at 1114 UTC 4 December.

During the period under consideration, regional analyses
suggested that another mesoscale cyclone developed over
southwestern Ross Sea. Unfortunately, wind observations
from AWS 05 were not available during this case-study period
to evaluate whether katabatic winds from Terra Nova Bay
were associated with cyclogenesis in this area. A dark signa-
ture across Nansen Ice Sheet and a large polynya in Terra
Nova Bay revealed by the available satellite images from 27
November onward (see figure 1) suggest the presence of
strong and persistent katabatic winds blowing into Terra Nova
Bay. A steady increase of the wind speed at Franklin Island
that reached a maximum of about 9 meters per second (in 

s-1)

at 0900 UTC 3 December and a minimum pressure at the
same site between 0600 and 0900 UTC on the same day are
associated with mesoscale cyclogenesis at this area. The sub-
sequent clockwise rotation of the wind direction at Franklin

Island from northwesterly to northeasterly between 1800 UTC
3 December and 0600 UTC 4 December may reflect the north-
eastward movement of the Terra Nova Bay mesocyclone pass-
ing to the north of Franklin Island. Available satellite images
did not show any cloud signature that could be associated
with this vortex, but this situation has frequently been
observed in other cases (Bromwich 1991). Regional analyses
suggested that the two mesoscale cyclones formed at the
same time. This correlation was found to be a frequent occur-
rence by Bromwich (1991) and Carrasco (1992), and it empha-
sizes the role that the semipermanent trough has in the for-
mation of such mesoscale cyclones. Its temporary intensifica-
tion and southward extension, in conjunction with the devel-
opment of a baroclinic zone induced by the katabatic winds,
can create the right conditions for simultaneous cyclogenesis.

In summary, a mesoscale cyclone formed near Byrd Glac-
ier in association with katabatic drainage from that glacier.
The second synoptic cyclone seemed to contribute to the
southward extension of the semipermanent subsynoptic sur-
face trough located around Franklin Island, whereas the
midtropospheric southerly and southwesterly winds could
support the intensification of the katabatic winds. The tem-
porary retrogression of the midtropospheric trough toward
the Ross Sea/Ross Ice Shelf area could provide upper-level
support for cyclogenesis but not for its subsequent develop-
ment. This study provides another example of katabatic-
wind-forced mesoscale cyclogenesis near Byrd Glacier and its
association with the similar area located farther to the north
around Franklin Island.

This research was supported by National Science Foun-
dation grant OPP 91-17448 to David H. Bromwich.
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A northwesterly wind event near Ross Island
ZHONG Liu and DAVID H. BRONFMCH, Byrd Polar Research Center and Atmospheric Sciences Program,

Ohio State University, Columbus, Ohio 43210

T
he blocking effects of Ross Island and Hut Point Peninsula
have been extensively studied (Schwerdtfeger 1984; Slot-

ten and Stearns 1987; O'Connor and Bromwich 1988; Liu and
Bromwich 1992, 1993). In 1990, a sonic detection and ranging
(SODAR) device was set up at Williams Field, which is located
about 10 kilometers (km) to the southeast of McMurdo Sta-
tion. Analysis of the collected SODAR data showed the follow-
ing:

The blocking effects of Ross Island and Hut Point Peninsu-
la on the prevailing southerly airflow are the dominant fea-
tures of the boundary-layer wind field (Liu, Geer, and
Bromwich 1991; Liu and Bromwich 1992,1993).
The prevailing wind is primarily due to propagation of the
katabatic drainage flow from Byrd, Mulock, and Skelton
glaciers.
The prevailing wind regime occasionally can break down
and be replaced by northwesterly winds due to a change of
the propagation direction of the katabatic flow under the
influence of meso- and synoptic-scale pressure systems
(Liu and Bromwich 1993).

Because adverse weather, which substantially affected
operations in the Ross Island area (for example, snow or
blowing snow with low visibility), was frequently encountered
during the northwesterly wind events (five out of eight cases
during the 1990 campaign), additional studies are warranted.

Recent numerical simulations (Parish, Pettre, and
Wendler 1993) show that as austral summer approaches, the
katabatic wind strength gradually decreases. At the same time,
the frequency of significant mesoscale cyclones formed over
the southwestern Ross Sea and near Byrd Glacier increases
(Bromwich 1991). These factors increase the frequency of
breakdown of the prevailing wind in the Ross Islandarea.
Analysis based on 1991 automatic weather station (AWS) data
(Keller, Weidner, and Stearns 1993) from AWS 27 (Pegasus
North, 78.03'S 166.60'E) showed that the average monthly
occurrence frequency of northwesterly winds reached a maxi-
mum (13.6 percent per month) in October, November, and
December. By contrast, the average monthly percentage in
April, May, and June, when the frequency of the significant
mesoscale cyclones is a minimum, was 4.6 percent.

The 1990 campaign proved that SODAR is an effective
tool for study of the boundary layer. This particularly applies
to northwesterly wind events because the surface winds
either were calm or were light from the northwest or north-
east; whereas northwest winds appeared above 75 meters (m)
height, the lowest detection level of the SODAR. The 1991
campaign at Williams Field included the SODAR and a new
piece of remote-sensing equipment, a radio acoustic sound-
ing system (RASS), which is capable of measuring virtual tem-
perature profiles in a continuous fashion and provides more
information on the boundary layer structure [Marshall, Peter-
son, and Barnes (1972); May et al. (1989); Strauch et al. (1988);
Radian Corporation (1992)].

The northwesterly winds were first detected by the
SODAR at 1000 universal coordinated time (UTC) 22 Novem-
ber 1991. The rawinsonde data at McMurdo Station for 0000
UTC 21 November showed that northwesterly winds were
already present above 3,200-m height, and below that height,
the wind directions were southeasterly. The 500-hectopascal
(hPa) analysis prepared by the Australian Bureau of Meteorol-
ogy for the same period shows that a ridge extended from
Marie Byrd Land to the Ross Island area. The observed north-
westerly winds above 3,200 in at McMurdo were due to the
influence of this ridge. The sea-level -pressure analysis based
on AWS data shows that the pressure was steadily increasing
in response to the approaching 500-hPa ridge. The isobars
were oriented southeast- to -northwest across the Ross Island
area, which caused the observed southeasterly surface wind
at McMurdo Station. Twenty-four hours later, at 0000 UTC 22
November, the 500-hPa analysis shows that the ridge had
retreated slightly to the south and a newly formed low was
present over the Ross Island area. As this low formed, the
upper level northwesterly winds started propagating down-
ward. Ten hours later, the SODAR detected the northwesterly
wind, but the surface wind still remained northeasterly
because the pressure field (figure 1A) supported the prevail-
ing wind regime (Bromwich 1991). The SODAR data showed
that the northwesterly wind was not robust enough to be con-
tinuously present at the lowest SODAR level and sometimes
was replaced by the prevailing northeasterly wind.
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Figure 1. A. Regional sea-level pressure analysis constructed from automatic weather station (AWS; circles labeled with bold numbers) observa-
tions at 1200 UTC 22 November. Solid lines are sea-level isobars (90 m 990 hectopascals). Wind direction is shown by the line drawn to the
AWS locations with the wind speed indicated by the attached barbs: no barb indicates less than 1.2 m s- 1 ; a half barb, 2.5 m s- 1 ; and a full
barb, 5 m s- 1 . A cross through the observing point means that the wind observation is missing. B. Same as A but at 1500 UTC 24 November.

The surface northwesterly wind started at 0300 UTC 24
November. The surface pressure ridge H, (marked in figure
IA) slowly moved toward the northeast. Figure IB shows that
a separate high was centered near AWS 07 at 1500 UTC 24
November and influenced the Ross Island area. This made the
surface wind in that area switch to the northwest. The
drainage flow from Byrd, Mulock, and Skelton glaciers was
steered away by this high. Figure 2A shows the horizontal
winds resolved by the SODAR, which were more persistent
than before.

The RASS temperature profile (figure 2B) shows that,
after the northwesterly winds were first detected on the
SODAR profile, there was a significant cooling trend followed
by a period of warming (both trends decreased with height).
Apparently, these trends were not entirely linked to the diur-
nal variation at the surface. Evaluation of warm/cold advec-
tion is difficult because the vertical temperature profile was
available only at the SODAR site. The hourly averaged vertical
velocities from the SODAR showed that, during the cooling
trend period (from 1200 UTC 22 November to 0400 UTC 23
November), there was upward motion which created the
cooling effect through adiabatic expansion. (Adiabatic refers
to a process involving expansion or compression without loss
or gain of heat.) This upward motion was associated with the
500-hPa low over the Ross Island area and was mentioned
above. The SODAR horizontal wind profiles showed that the
northwesterly winds occupied all the levels except at the sur-
face. At 0400 UTC 23 November, the upward motion ended
and was replaced by downward motion which started from 75
in height. At the same time, the SODAR horizontal wind pro-

files showed that several hours ago the wind directions had
shifted from northwesterly to the prevailing northeasterly
below 325 in height (the maximum detection level of the
SODAR). The warming trend started above 400 in height
because radiational cooling at the surface partially con-
tributed to the delay at the low levels. At 1600 UTC 23 Novem-
ber, the SODAR horizontal wind profiles showed that the
northeasterly winds gradually shifted back to northwesterly
starting from higher levels. The warming continued but more
prominently at lower levels. By 0900 UTC 24 November,
warming and downward motion ceased and weak upward
motion had resumed following the northeast movement of
the surface pressure ridge H1 (figure 1B, see previous para-
graph). At the same time, all the SODAR winds shifted back to
northwesterly. From the AWS analyses, we determined that
the downward motion mentioned above was due to a tempo-
rary resumption of the prevailing winds associated with the
high-pressure ridge that extended from Minna Bluff (figure
1A). The SODAR horizontal wind profiles confirm this.

High H, kept moving to the northeast until 1800 UTC 24
November when it turned to the southeast. The direction
changed to southward when the high approached Roosevelt
Island at 0600 UTC 25 November. At 1200 UTC 25 November,
the northwesterly wind in the Ross Island area ended both at
the surface and on the SODAR horizontal wind profile
because the area was under the influence of the easterly wind
part of the developing low L, near Franklin Island (figure 3A).
Determination of the causes for L, development is difficult
because there were no wind data available from Inexpressible
Island; these data are crucial in determining whether cycloge-
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nesis is linked to the strong katabatic winds at Terra Nova Bay

(Bromwich and Parish 1988; Bromwich 1989, 1991). The

development of L I , however, followed a northwesterly wind-

speed increase [maximum: 8 meters per second (m s- 1 )] at

Franklin Island, an increase that suggested strong katabatic

winds were blowing from Terra Nova Bay. During the next 16

hours, the NOAA-10 thermal infrared satellite images showed

that a synoptic-scale low coming from the north of Ross Sea

merged with L 1 . As a result, L, continued to intensify and

affected the Ross Island area with heavy snowfall and strong

southerly winds. The observed maximum southerly wind

speeds were 20 m s- 1 at McMurdo Station, 21 m s- 1 at AWS 07,

and 26 m s- 1 at AWS 27, respectively (figure 3B).

In summary, the prevailing wind field in the Ross Island

area, in the summer season, can break down frequently and

be replaced by northwesterly winds due to decreasing

strength of the katabatic winds and the increasing mesoscale

pressure gradients. The mesoscale systems act to steer the

drainage flow away from its normal propagation direction.

The geographic location of Ross Island at the edge of the vast

flat Ross Ice Shelf also provides opportunities for intrusion of

synoptic-scale systems. The SODAR and RASS proved to be

useful for explaining the observed boundary layer wind and

temperature changes, but more deployments in the sur-

rounding area are needed to understand the detailed causes

of such changes and their relation to the adverse weather

affecting the area.

This field program and research were sponsored by

National Science Foundation grant OPP 89-16921 to David H.

Bromwich.
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Snow temperature, wind speed, and wind direction around the
Pegasus Runway during 1992

CHARLES R. STEARNS and GEORGE A. WEIDNER, Department ofAtmospheric and Oceanic Sciences,
University of Wisconsin, Madison, Wisconsin 53706

IAI^ tornatic weather station (AWS) units are installed at the
orth and south ends of the Pegasus blue-ice runway on

the Ross Ice Shelf near Ross Island, Antarctica, and at the Minna

Bluff, Williams Field, and Linda AWS sites in support of the

meteorology of the blue-ice runway (figure 1, Holmes, Stearns,

and Weidner, Antarctic Journal, in this issue). The purpose of

the AWS units is to determine the reason for the blue ice and to

learn to forecast the extreme wind speeds observed in the area.

Stearns and Weidner (1990, 199 1) present previous meteorolog-

ical results from the Pegasus Runway. Holmes et al. (Antarctic

journal, in this issue) present information related to other AWS

units in Antarctica and the basic AWS measurements.

The AWS unit at Pegasus South measures ±1 millivolt sig-

nals using a differential amplifier with a gain of 480 to amplify
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Snow Temperature Tautochrones
Pegasus South Site

January 1, 1992 to December 31,1992

Figure 1. Snow or ice temperature

tautochrones at the Pegasus

South AWS site. The temperatures

are the mean values for 24 hours

on the first day of each month of

1992 and for 31 December 1992.

Figure 2. Mean annual wind speed

and frequency of the wind direc-

tion in a 10 0 -wide sector as a

function of the sector direction at

the Minna Bluff AWS site for 1992.
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Mean Resultant W nJ Speed Difference vs. Resultant Wind Direction Category
Minna Bluff minus Pegasus North
1 January — 31 December 1992
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Figure 3. Mean resultant wind speed and frequency of the direction difference between the Minna Bluff
and Pegasus North AWS sites as a function of the sector resultant direction difference for 1992

the thermocouple voltage to the 0- to 1 -volt direct current
range used by the analog-to- digital converter. The system is
used to measure the temperature profile in the ice at depths
of 0.00, 0.05, 0.10, 0.20, 0.40, 0.80, and 1.60 meters (in). The ice
temperature is measured at 1.60 in. Figure I shows the 24-
hour mean ice temperature tautochrones on the first day of
each month of 1992 and for 31 December 1992. During 1992,
the temperature at 0.00 in varied from +1.4'C to -37.3'C and
at 1.60 in from -3.0'C to -30.4'C. It is not known whether the
temperature sensors are in water, ice, snow, or air because
they are monitored only once each year. Stearns and Weidner
(1991) showed that the air temperature at the Pegasus North
AWS site was frequently above freezing during December
1990. Pegasus South also frequently had air temperatures
above freezing during January 1992, and the positive air tem-
peratures coincided with profile temperatures above freezing
at the surface. The temperatures above freezing occur during
the early afternoon hours.

The data, taken at 3-hour intervals, are used for describ-
ing the wind speed and direction. The aerovane used for
measuring the wind speed and direction occasionally stops
functioning possibly because of a buildup of ice or frost on
the aerovane. The questionable wind speed and direction
observations are not used. The result is that the record is not
continuous throughout the year. When comparisons are

made between two sites, only concurrent valid wind observa-
tions are used.

Figure 2 shows the mean wind speed and the wind direc-
tion frequency for 1992 at the Minna Bluff AWS site at an ele-
vation of 900 in. The frequency of the southerly wind direc-
tion is very high, as is the mean southerly wind speed.

The wind speed and direction at the Minna Bluff and
Pegasus North AWS sites are resolved into the east-west com-
ponents and the north-south components. The east-west and
north-south components of Minna Bluff minus those of Pega-
sus North are used to construct a wind shear direction and
speed. This is the resultant difference in the wind speed and
direction of Minna Bluff minus Pegasus North. Figure 3 shows
the resultant difference in the wind speed and wind direction
of Minna Bluff AWS minus Pegasus North AWS. The resultant
difference in wind speed is a maximum from the south, as is
the highest frequency of the wind direction.

Determining the difference between the wind speed and
direction observations at the Minna Bluff site minus the Pega-
sus North AWS site is the start of an attempt to determine the
potential for wind shear in the vertical at the Pegasus Runway.
The southerly wind passing Minna Bluff is assumed to contin-
ue over the Pegasus Runway at the elevation of the Minna
Bluff AWS site. Based on the above assumption, the wind-
speed difference from the surface to 900 in could be as much
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as 10 meters per second. This difference is not a problem
when aircraft are taking off to the south but could be a prob-
lem if aircraft take off to the north. The opposite is the prob-
lem when aircraft are landing. The possible vertical wind
shear at the Pegasus Runway also will require further exami-
nation.

The monitoring of the Pegasus Runway using AWS units
is supported by National Science Foundation grant OPP 90-
15586.
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Katabatic wind forcing of the antarctic circumpolar easterlies
THOMAS R. PARISH, Department ofAtmospheric Science, University of Wyoming, Laramie, Wyoming 82071

DAVID H. BROMWICH, Byrd Polar Research Center, Ohio State University, Columbus, Ohio 43210

T
he marked climatic differences between the north and
south polar regions are in large part due to the contrast in

landform and orography. The strong radiational cooling of
the continental ice surface coupled with the strong sensible
heat flux from the surrounding southern oceans to the north
of the continent ensures that a large horizontal temperature
gradient must persist near the continental margin throughout
the nonsurnmer months. The land/sea contrast thus accentu-
ates the preexisting meridional temperature gradient arising
from solar geometry. A clearly defined thermally direct circu-
lation is present in the high southern latitudes.

Although not often discussed, katabatic winds may also be
critical to the development of the sea-level pressure field about
the continent (Schwerdtfeger 1984). Katabatic winds occur
with great frequency in the lowest few hundred meters of the
antarctic atmosphere. These downslope drainage winds occur
as a result of the radiative cooling of the antarctic ice slopes. In
a conceptual sense, the antarctic katabatic wind regime is the
lower branch of the aforementioned high southern latitude
direct thermal circulation. It is apparent that such a pro-
nounced continentwide drainage circulation interacts with the
large-scale ambient atmospheric environment. The attendant
northward transport of mass must alter the horizontal pres-
sure field some few hundreds of kilometers to the north of the
continent. As the cold katabatic airstreams move northward
away from the antarctic ice slopes and out over the,oceanic
region, Coriolis accelerations impart an anticyclonic curva-
ture. This inertial turning of the katabatic airstream north of
the continental periphery gives rise to a geostrophically bal-
anced easterly flow in the lowest few hundred meters of the
atmosphere to the north of the antarctic continent. Such cir-
cumpolar easterlies are a well-documented climatological fea-
ture of the lower troposphere around the coast of Antarctica.

To examine the interaction between the katabatic wind
regime and the large-scale horizontal pressure field around
the antarctic continent, a series of two-dimensional numerical
experiments has been conducted using a hydrostatic primitive

equation model. Details of the equation system, the horizontal
grid structure, the boundary-layer parameterization, and the
initial conditions can be found in Parish and Waight (1987). In
this application, the horizontal grid consists of 80 p oints with
a 20-kilometer (km) grid resolution; 15 vertical levels were
employed with highest resolution in the lower boundary layer
to capture details of the katabatic wind. The pressure at the
top of the model is set at 250 hectopascals (hPa) and repre-
sents the tropopause. The lowest level corresponds to a height
of approximately 10 meters (m) above the surface. Included in
the model is an explicit longwave radiative transfer scheme

KATABATIC WIND SPEED LEVEL= I
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Figure 1. Katabatic wind speed at the lowest model level at 4, 8, 12,
16, 20, and 24 h (corresponding to curves A, 13, C, D, E, and F,
respectively) over model domain. (m s- 1 denotes meters per sec-
ond; km denotes kilometers.)
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(Cerni and Parish 1984) that drives the katabatic circulation.

The terrain profile used in the model is representative of the

ice topography of East Antarctica. The results of one 24-hour

wintertime experiment will be presented; no solar radiation is

considered in the numerical simulation and the ocean to the

north of the model continent is assumed to be covered with
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Figure 2. As in figure 1, except for vertical profile of wind speed for
the grid point 100 km north of the coastline. (m s- 1 denotes meters
per second; m denotes meters; km denotes kilometers.)
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Figure 3. As in figure 1, except for surface-pressure deviations from
the start of the model integration. (hPa denotes hectopascals; km

denotes kilometers.)

thick pack ice. The model simulation was carried out for a 24-

hour period, by which time a near-steady katabatic wind cir-

culation had evolved. Emphasis is placed on the modification

of the horizontal pressure field by the katabatic wind regime.

Similar three-dimensional experiments are presented in

Bromwich, Du, and Parish (in preparation).

Radiative cooling of the sloping ice surface initiates the

katabatic drainage over the continent; the slope flows develop

quickly and reach a quasi-steady state within 12 hours (h). Fig-

ure 1 depicts the evolution of the katabatic wind at the 10-m

level at 4-hour increments during the integration over the

model domain (curve A represents winds at 4 h, curve B at 8 h,

and so forth). The intensity of the katabatic wind is sensitive to

the terrain slope; maximum katabatic wind speeds of approxi-

mately 20 meters per second (m s- 1) are simulated at the steep

coastal margin. A rapid decrease in wind speed occurs as the

katabatic wind moves northward over the ice-covered ocean.

The mass convergence resulting from the deceleration of the

katabatic airstream forces the rising branch of the thermally

direct meridional circulation alluded to above.

Figure 2 illustrates the evolution of the vertical profile of

wind speed at a grid point 100 km to the north of the coast-

line. The depth of the katabatic outflow increases with time

such that by the 24-hour period, the thickness of the outflow

exceeds 500 m. Because of the Coriolis deflection, the flow is

primarily easterly.

Significant modification of the horizontal pressure field

to the north of the continent takes place during the integra-

tion period. Figure 3 illustrates deviations in the surface pres-

sure from the initial pressure field at 4-hour increments dur-

ing the model integration period. The mass transport by the

katabatic winds acts to increase pressure just north of the

coastal margin up to 4 hPa. In time, a south-to-north horizon-

tal pressure gradient force becomes established, which sup-

ports the climatologically prevalent circumpolar easterly wind

regime. Model simulation of this easterly wind regime (see

figures I and 2) suggests near-surface speeds of 5 m s- 1 or so

that extend a few hundred kilometers north of the continent.

Such results are representative of observed features and sug-

gest that the antarctic katabatic wind regime offers at least a

supportive role in the development of the easterly wind

regime about the continent.

This work was supported in part by National Science

Foundation grants OPP 91-17202 to Thomas R. Parish and

OPP 89-16921 to David H. Bromwich.
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Antarctic automatic weather stations: Austral summer
1992-1993

ROBERT E. HOLMES, CI-IARLEs R. STEARNS, and GEORGE A. WEIDNER, Department ofAtmospheric and Oceanic
Sciences, University of Wisconsin, Madison, Wisconsin 53706

T
he National Science Foundation's Office of Polar Pro-
grams places automatic weather station (AWS) units in

remote areas in Antarctica in support of meteorological
research and operations. (See figures 1 and 2.)

The basic AWS units measure air temperature, wind speed,
and wind direction at a nominal height of 3 meters (m) above
the surface as well as air pressure at the electronics enclosure.
Some units measure relative humidity at 3 m and the air tem-
perature difference between 3 m and 0.5 m above the surface at
the time of installation. The data are collected by the ARGOS
Data Collection System on board the National Oceanic and
Atmospheric Administration series of polar-orbiting satellites.

The table gives the AWS unit's site name, latitude, longi-
tude, elevation above sea level, and site start date for AWS
units installed through 1993. The AWS units are grouped
together based on the area and usually are related to a single

meteorological experiment in the area. Stearns and Weidner
(1991, 1992) describe the AWS activities during the two previ-
ous austral summers.

The AWS units are located in arrays for meteorological
experiments and at other sites for operational purposes. Any
one AWS may contribute to several experiments, and all con-
tribute to operational purposes, especially for preparing
weather forecasts for aircraft flights to and from New Zealand
and within Antarctica.

Some of the areas and projects supported are the follow-
ing:
• Barrier wind flow along the Antarctic Peninsula and the

Transan.tarctic Mountains;
• Katabatic wind flow down the slope to the Ad6lie Coast,

the Reeves Glacier, the Byrd Glacier, and the Beardmore
Glacier;

Figure 1. Map of Antarctica showing the locations of the AWS units for 1993. The units around Ross
Island are shown in figure 2.
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The 1993 antarctic automatic weather station site name, ARGOS identification number, latitude,
longitude, altitude above sea level, site start date, and the World Meteorological Organization
(RWO) numberfor the Global Telecommunications System

Ad6lie Coast

	66.700 S	139.800E	240

	

67.380 S	138.720E	1,560

	

70.02 0 S	134.720E	2,500

	

74.500S	123.00OE	3,280

	

66.82 0S	141.390E	39

	

67.02 0S	142.680E	31

	

67.62 0S	146.00OE	30

West Antarctica

	80.00O S	120.00OW	1,530

	

75.900S	83.92OW	1,054

	

73.200S	127.05OW	30

Ross Island Region

	77.430 S	163.750E	120

	

78.02 0 S	170.800E	45

	

77.95 0S	166.51 0 E	10

	

78.030S	166.600E	10

	

78.500S	166.510E	900

	

78.500S	168.350E	50

	

77.850S	167.080E	40

Ocean Islands

	76.240 S	168.700E	275

	

67.37 0 S	179.97OW	30

	

66.280S	162.330E	30

	

71.900S	171.130E	30

Ross Ice Shelf

	79.980S	165.030E	75

	

79.940S	169.830E	60

	

80.030S	178.63OW	55

	

83.150S	174.460E	60

	

82.590 S	174.27OW	55

Reeves Glacier

	74.920S	163.600E	80

	

74.480S	160.480E	1,525

	

74.21 0S	160.390E	1,772

Antarctic Peninsula

	66.970 S	60.55OW	17

	

72.200S	60.34OW	91

	

71.430S	68.93OW	780

	

64.160S	61.54OW	17

	

64.78 0S	63.06OW	8

	

81.500S	3.740E	2,410

High Polar Plateau

	90.00O S	 2,835

	

87.32 0 S	149.55OW	2,400

	

89.00OS	0.30OW	2,804

	

89.00 O S	90.130E	2,987

	

89.00O S	179.61 OW	3,002

	

89.00O S	89.85OW	2,865

D-10	 8914
D-47	 8916
D-80	 8919
Dome C	8904
Port Martin	8930
Cape Denison	8933
Penguin Point	8929

Byrd Station	8903
Siple Station	8910
Mount Siple	8981

Marble Point	8906
Ferrell	 8934
Pegasus North	8927
Pegasus South	8937
Minna Bluff	8915
Linda	 8909
Williams Field	8901

Whitlock	8925
Scott Island	8983
Young Island	8980
Possession Island 8984

Marilyn	 8931
Schwerdtfeger	8913
Gill	 8911
Elaine	 8900
Lettau	 8908

Manuela	8905
Sandra	 8923
Lynn	 8935

Larsen Ice Shelf	8926
Butler Island	8902
Uranus	 8920
Racer Rocks	8947
Bonaparte Point	8912
AGO-A81	8932

Clean Air	8918
Mount Howe	8907
Henry	 8985
Nico	 8924
Kelly	 8921
Lindsay	8986

Feb 80	89832
Jan 83	89834
Nov 84	89836
Feb 80	89828
Jan 90
Jan 90
Dec 93

Feb 80	89324
Jan 82	89284
Feb 92

Feb 80	89866
Dec 80	89872
Jan 90	89667
Jan 91
Jan 91
Jan 91
Jan 92

Jan 82	89865
Dec 87	89371
Dec 90	89660
Dec 92

Jan 84	89869
Jan 85	89868
Jan 85	89863
Jan 86
Jan 86	89377

Feb 84	89864
Jan 88	89861
Jan 88	89860

Oct 85
	

89262
Mar 86
	

89266
Mar 86
	

89264
Nov 89
	

89261
Nov 91
Jan 93

Jan 86
	

89208
Jan 92
Jan 93
Jan 93
Jan 93
Jan 93
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Mesoscale circulation and the sensible and latent heat
fluxes on the Ross Ice Shelf-,
Climatology of the Byrd, Siple, and Dome C stations;
Boundary-layer meteorology around the South Pole;
Research on antarctic coastal ecosystem rates (RACER)
along the Antarctic Peninsula;

• Long-term ecological research (LTER) along the Antarctic
Peninsula;

• Meteorological support for flight operations at McMurdo
Station, Antarctica; and

• Monitoring for possible station locations and aircraft land-
ing sites.

The AWS data, taken at 3-hour intervals starting in 1980,
are available on floppy disks. The yearly data books contain
the data taken at 3-hour intervals and the monthly sum-
maries.

The 1992-1993 antarctic field season started on 12
December 1992 when C.R. Stearns and G.A. Weidner left
Madison, Wisconsin, for Hobart, Tasmania, arriving there on
14 December 1992. The ice breaker Polar Star set sail for
Dumont d'Urville, Antarctica, on 18 December 1992. The
weather was good during the crossing, and we were able to
prepare the AWS units for installation along the Ad6lie Coast
without difficulty.

The Polar Star arrived at the Ad6lie Coast on 21 Decem-
ber 1992, and two helicopter flights were made to D-10 near
Dumont d'Urville. The tower was raised by one 1.5-m section,
and a 90-centimeter (cm) boom with relative humidity and an
aerovane were installed.

On 23 December 1992, a helicopter flight was made to the
Port Martin AWS site. AWS 8934 was removed, and AWS 8930
was installed. A second helicopter trip was made to Cape
Denison. The aerovane was replaced, and a new Vaisala
anemometer was installed.

On 24 December, AWS unit 8929 was installed at Penguin
Point. A 90-cm boom, with relative humidity, an aerovane,
and a Vaisala anemometer were installed. The tower was
anchored by 15-m cables, with the north cable held by an
anchor in a hole drilled in a rock and the remaining cables
held by chains around rocks.

Icing on the polar islands destroys the anemometers and
aerovanes, making it impractical to try to measure wind
speed and direction. An AWS unit measuring only air pressure
and temperature was created for these sites and placed in a
wooden doghouse. Doghouse AWS 8983 was installed on
Scott Island on 28 December 1992, and on 30 December 1992,
doghouse AWS 8984 was installed on Possession Island. Both
units were installed by sling load from the helicopter without
a problem.

The Polar Star reached Terra Nova Bay on 31 December
1992. An aerovane was installed at Manuela site. Shristi site
was removed. The snow at Shristi site had accumulated more
than 240 cm in 5 years. Because of the strong winds at the site,
this amount of snow accumulation was unexpected.

Whitlock AWS on Franklin Island was replaced complete-
ly, except for the tower, on I January 1993.

On 2 January 1993, the Polar Star began to break out the
channel to McMurdo Station. C.R. Stearns and G.A. Weidner
left the ship on 3 January 1993. R.E. Holmes arrived at
McMurdo Station from Christchurch, New Zealand.

A U.S. Coast Guard helicopter flight was made to Linda
site on 13 January 1993. AWS 8915 was removed and AWS
8909 was installed. A second U.S. Coast Guard helicopter
flight was made to Ferrell site. Ferrell site was refurbished
with a 90-cm boom, relative humidity, and vertical air tem-
perature difference. AWS 8907 was removed and replaced
with AWS 8934.

The wind speed was questionable at Manuela site. Anoth-
er aerovane was installed by the Polar Star on 26 January
1993, and the wind speed appeared to be fine.

We visited Schwerdtfeger site on 22 January 1993 using a
Twin Otter airplane. One 1.5-m tower section was added, and
AWS 8924 was replaced by AWS 8913. Two boxes of three 40-
amp hour gell cells were also installed.

Elaine site was reinstalled on 23 January 1993 using the
Twin Otter airplane. Two 1.8-m and one 0.9-m tower sections
were used, and the boom was 4.3 m above the snow. AWS
8900 was installed.

AWS 8903 was reinstalled at Byrd Station on 26 January
1993 by personnel of Antarctic Support Associates using the
Twin Otter based at CASERTZ (corridor aerogeophysics of the
southeast Ross transect zone). AWS units were also installed
at Henry, Nico, and Lindsay sites using the Twin Otter based
at the South Pole. R.M. Young wind systems were installed at
Henry, Nico, and Lindsay sites.

Figure 2. Map of the Ross Island area of Antarctica showing the
locations of Ferrell, Pegasus North, Pegasus South, Minna Bluff,
Williams Field, Marble Point, and Whitlock AWS sites.
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On 27 January 1993, AWS 8907 was installed at Mount
Howe site, replacing AWS 8982. The aerovane was also
replaced. The impeller blades were broken because a 60-cm x
60-cm sheet of plywood with a hole in the middle, which was
over each of the 10-cm x 10-cm x 120-cm ice anchors to
reduce ice ablation, had been forced up the chain and rope
and against the impeller on the aerovane. The boards at each
anchor to the south were tied down so that this could not
happen again. The AWS at Kelly site was installed using the
R.M. Young wind system.

We were assisted at McMurdo Station by Paul Hamill of
the Department of Atmospheric and Oceanic Sciences, Uni-
versity of Wisconsin, Naval Support Force, Antarctica, Meteo-
rology Office, and by the crews of the Naval Support Force,
Antarctica, helicopters, the Twin Otters, and the LC-130s. On
board the Polar Star, we were assisted by Chief Hutchinson
and his marine science technicians.

On the Antarctic Peninsula, members of the British
Antarctic Survey removed the AWS 8932 at British Antarctic
Survey automatic geophysical observatory and installed it at

automatic geophysical observatory A81. AWS 8910 at Siple
Station was picked up and repaired at Rothera. AWS 8910 is
operating near Rothera and will be installed at a site near
Siple next season. The Cape Adams AWS unit was not located;
it is probably buried in the snow and is assumed to be lost.
Larsen Ice Shelf AWS was moved away from the ice edge
because the ice edge was getting closer to the AWS site.

The AWS program is supported by National Science
Foundation grant OPP 90-15586. The British Antarctic Survey
installs and services the automatic weather stations in the
Antarctic Peninsula area. Expeditions Polaires Franqaises
installs and services the units along the Ad6lie Coast.
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Astronomy, astrophysics, and
upper- atmosphere studies

First automatic geophysical observatory
installed on the polar plateau

J.H. DOOLITTLE, S.B. MENDE, E.W. PASCHAL, M.L. TRIMPI, and M.R. ANDERSON,
Lockheed Palo Alto Research Laboratory, Palo Alto, California 94304

T
he first of six automatic geophysical observatories (AGOs)
planned by the U.S. Antarctic Program was installed on

the polar plateau in December 1992 (figure 1). Located about
480 kilometers from the South Pole (85'40'S 46*23'W), the
AGO is an unstaffed research facility that provides power,
data acquisition, heat, and shelter as a host to experiments
that are investigating the high-latitude ionosphere and mag-
netosphere. When all six AGOs are deployed, a network of
identical, synchronously operating experiments will give
unprecedented ground-based coverage of the upper atmos-
phere in the polar cap.

The AGOs have been designed and built by Lockheed
Palo Alto Research Laboratories to operate unattended for a
year between service visits in the extreme conditions of the
antarctic interior. They must tolerate temperatures to -90*C,
high winds, and accumulating snow. Fifty watts of continuous
electric power is provided by a propane-fueled thermoelectric
generator that uses no moving parts. A thermally controlled
heat exchanger maintains the interior at a constant warm
temperature, allowing the use of low-cost commercial -grade
electronics. Data from the science experiments are continu-

Figure 1. The AGO deployed at 85 040'S 46'23'W. The Lockheed
field team included Jack Doolittle, Ev Paschal, Mark Anderson, and
Mike Trimpi.

ously sampled, and 2.7 gigabytes are stored in optical disks for
annual retrieval. Health and status are read out hourly
through the ARGOS satellite data system.

The science investigations from the high-latitude net-
work of AGOs will attempt to correlate simultaneous observa-
tions over a large spatial extent made by a standard set of geo-
physical sensors. The experiments are being conducted by
investigators from 15 institutions under National Science
Foundation sponsorship and are intended to enhance similar
studies being made using data from staffed antarctic stations
and satellites. The experiments include several channels of
very- low- frequency, low-freqency, and high-frequency radio
receivers; three-axis magnetometers using search-coil and
fluxgate techniques; an imaging riometer; an intensified all-
sky auroral camera; and weather measurements including
temperature, barometric pressure, and wind velocity.

Three AGOs were set up temporarily in November 1992
near McMurdo Station for integration of the science appara-
tus (figure 2). This allowed for the correction of low levels of
electromagnetic interference identified between some of the
experiments. The three AGOs were prepared for deployment
to sites on the polar plateau, but competing demands on air-
craft support resulted in only one AGO being deployed this
season. The other two fully integrated AGOs were stored at
Williams Field for deployment next season. Three other AGOs
arriving by ship in February 1994 were also put into storage
for later integration and deployment.

The deployment of the first AGO to a remote site
occurred on 14 December 1992. During delivery, the shelter
was turned over by the propeller blast from the LC-130 air-
craft. Fortunately, the AGO shelter was not damaged because
it is a very strong structure of foam-core fiberglass construc-
tion. The experiment electronics mounted in securely
anchored racks also escaped damage.

The AGO installation proceeded quickly, with the power
module brought up within the first 2 hours at the site. By the
end of the first day, the facility was lifted on struts to mini-
mize snow drifting and was secured by guy anchors. Sensors
and antennas were deployed over the next 2 days, and all
experiments were made operational. Fine-tuning and calibra-
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Figure 2. The AGOs were first set up near McMurdo Station to allow for experiment integration. The team
of investigators who installed, checked out, and calibrated the experiments shown here (left to right) are
Makoto Taguchi (Tohoku University; search coil), Mark Anderson (Lockheed), Mike Trimpi (Lockheed), Ev
Paschal (Lockheed), Dan Detrick (University of Maryland; imaging riometer), Jack Doolittle (Lockheed; all-
sky camera), Umrarn Inan (Stanford University; very-low-frequency receiver), and Carol Maclennan (AT&T
Bell Laboratories; fluxgate magnetometer). Not shown is Alan Weatherwax (Dartmouth College; low-fre-
quency/high-frequency receiver).
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Figure 3. Weather data for the AGO returned by the ARGOS satellite
data-retrieval system during 1993. Health and status data of the
AGO vital parameters allow close monitoring of the facilities' perfor-
mance and provide information useful for diagnosing operational
discrepancies and planning site visits

tion were completed by the 6th day. The crew remained at
the site for a total of 2 weeks due to aircraft delays. The
extended visit at the remote site proved the benefits of pro-
viding a comfortable habitat and work space for the service
crew.

The pullout flight brought in the year's supply of propane
fuel, which was hooked up to an awaiting fuel line connected
to the AGO. During the 2 hours that the aircraft was at the
site, the facility was secured for unstaffed operation, then it
was left to collect data until the service crew returns the fol-
lowing year.

Figure 3 shows weather data retrieved by the ARGOS
satellite system during the AGO operations in 1993. The AGO
operated normally until I June 1993, when an optical disk
drive failed to shut off, resulting in the draining of the AGO
batteries. Health and status telemetry, which also depends on
the batteries, was disrupted on 10 June. Although heat and
power to the experiments are believed to have been sus-
tained, data logging ceased until the next annual service visit,
planned for December 1993. During the 5 ffi onths of opera-
tion, the AGO logged about 700 megabytes of science data. - * -

The AGO facilities are supported by National Science
Foundation contract OPP 88-14294. Science investigations are
supported separately by grants to the experimenters.
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Monitoring natural low- frequency/medium- frequency/high-
frequency radio emissions from remote sites

A.T. WEATHERWAX, J. LABELLE, M.L. TRImPl, and R. BRITTAIN, Department ofPhysics and Astronomy,

Dartmouth College, Hanover, New Hampshire 03 755

S

ince the late 1940s, ground-based observations of natural

radio emissions have been reported in the frequency range

0.10-10.0 megahertz (MHz) [hereafter referred to as the low-

frequency/ medium -frequency/ high- frequency (LF/MF/HF)

band]. Reported phenomena do not fit the known features of

very- low- frequency (VLF) hiss or auroral kilometric radiation

(AKR). At tens of megahertz, the phenomena observed on the

ground include anomalous spikes in riometer measurements

up to several decibels above the background, reportedly asso-

ciated with longer duration absorption events (Harang 1969;

Nishimuta, Ose, and Sinno et al. 1969). At several megahertz,

Kellogg and Monson (1979, 1984) reported banded emissions

(which they call auroral roar) near twice the ionospheric elec-

tron cyclotron frequency (f ce) -
More recently, we have confirmed the observations of

Kellogg and Monson (1979, 1984) and have observed emis-

sions near 3f ce (Weatherwax et al. 1993). Observers have also

reported broadband emissions at a few megahertz which

might be associated with auroral synchrotron / cyclotron radi-

ation (for example, Berkey and Parthasarathy 1964;

Parthasarathy and Berkey 1964; Weatherwax et al. in press). At

lower frequencies, wideband noise associated with aurora has

been reported from Alaska (Benson et al. 1988) and Norway

(Benson and Desch 1991), based on measurements at four

fixed frequencies between 150-1,500 kilohertz (kHz). Various

observations relevant to a ground-based study of auroral

radio noise are reviewed by Ellyett (1969), LaBelle (1989), and

LaBelle and Weatherwax (in press).

In addition to the observational evidence mentioned

above, theoretical work suggests the possible existence of

auroral-related LF/MF/HF radio emissions. Most recently,

Wu, Yoon, and Freund (1989) proposed that electrons trapped

below a parallel potential drop in the auroral region could

give rise to downward- propagating electron cyclotron waves

by a resonant mechanism similar to the cyclotron maser

mechanism proposed for AKR (Wu and Lee 1979). Ziebell,

Wu, and Yoon (1991) have applied this idea to a realistic

model of the auroral zone and find significant amplification

of downward- propagating waves peaking at frequencies of a

few hundred kilohertz, consistent with ground-based obser-

vations by Benson et al. (1988). Synchrotron/ cyclotron radia-

tion, transitional radiation, Cherenkov radiation, plasma

oscillations, and the generation of whistler-mode noise by

trapped electrons could also be possible sources of

LF/MF/HF emissions.

The published observations of auroral LF/MF/HF emis-

sions have yet to determine fully the frequency-time charac-

teristics, generation mechanisms, or the occurrence statistics

of these events as a function of latitude, longitude, and solar

cycle. To gain a better understanding of auroral LF/MF/HF

emissions, a ground-based effort has been started in Antarcti-

ca to study this much neglected part of the spectrum. Cur-

rently, radio receivers are being operated at South Pole Sta-

tion (740 magnetic) and at the first U.S. automatic geophysical

observatory (AGO) site called P2 (approximately 700 magnet-

ic). The South Pole receiver has been operating since the 1992

season, whereas the AGO receiver was deployed just last year;

AGO data should be available for analysis in winter 1993.

Operation of the receivers in Antarctica not only will comple-

ment our work currently underway in the Northern Hemi-

sphere (Alaska) but also should provide a lower noise envi-

ronment for observations since manmade interference

should be minimal.

Figure 1 shows a block diagram of the Dartmouth

LF/MF/HF receiver. The antenna used at both locations is a

nonresonant vertical dipole [approximately 3.5 meters (in)].

This antenna is easy to transport and deploy, requires little

area at a site, and requires no maintenance or tuning after it

has been erected. The receiver can be controlled by either a

personal computer (PC) or an electrically erasable program-

mable read-only memory chip (EEPROM). A PC controls the

receiver at the South Pole, but an EEPROM controls the AGO

receiver because power constraints at the AGO site make the

use of a PC impossible. The local oscillator signal is used to

tune the receivers. A board located in the PC at the South Pole

..Lir^!^Oignals (AGO Only)
..........	 ...........................

ED= Acquisition Unit	A/D Converter	Personal Co puterI	
M(AGO Only)	(South Pole Only)	(South Pole Only)

.......	.......	V
Local

Receiver Board
l.4_^ Oscillator 1.4 ..........

Dipole Antenna

Preamplifier

Calibration Signal

Signal from Antenna

Figure 1. Block diagram of the LF/MF/HF receiving system devel-

oped at Dartmouth College and deployed in the first U.S. automatic

geophysical observatory and at South Pole Station. (A/D denotes

analog/digital.)
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Figure 2. Gray scale display of 30
minutes of LF/MF/HF data

(0.3-4.8 MHz) recorded 5 July
1992, at South Pole Station. White
pixels correspond to 7 nWmVHz;
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exact source is unknown. The ver-

tical bands (for example, at 0434
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digitally synthesizes this signal, whereas a phase-locked loop

is used in the AGO receiver.

Programmability at both sites allows for a large number

of operational measurement modes: different sample rates at

different times of day, changes in which frequencies are sam-

pled, calibration pulses at different intervals, and so forth.

Among other advantages, this flexibility means that the fre-

quencies recorded can be customized for a specific site, for

example, by stepping around known sources of interference.

In the case of the AGO receivers, the timing as well as data

sampling and archiving are handled by the data- acquisition

unit. Data are stored on optical disks and distributed to exper-

imenters once each year. At South Pole Station, data archiving

and timing are handled by the PC, needing only minor assis-

tance by an operator.

Figure 2 shows 30 minutes of data recorded on 5 July

1992 at South Pole Station. Weak rising tones at 2.6-2.7 MHz

near 0430-0432 universal time (UT) and 0452-0500 UT and

continuous dark horizontal lines (for example, approximately

2 MHz) are believed to be due to local manmade interference,

though the source is unknown. The vertical stripes near 0434

and 0454 UT result from a periodic artificial disturbance.

Besides these features, the spectrum is remarkably uniform

for the half hour displayed. In fact, at the South Pole, no nat-

ural signals have been definitely identified, even though iden-

tical receiving systems in Alaska have revealed emissions. Not

all of the apparently artificial signals seen in the data have

und Noise Comparison

Two Rivers, Alaska (thick line)

(21 -MAR-92 0 1400 UT)

VU VIP" ,	11	
4	1

South Pole (thin line)

(05-JUL-1992 0 0200 UT)

1000	2000	3000	4000	480

Frequency (kHz)

Figure 3. Line spectra from quiet times recorded at South Pole Sta-
tion (thin line) and Two Rivers, Alaska (thick line).
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been associated with known local (station) or distant sources,
however.

Figure 3 shows individual spectra recorded during quiet
periods in Alaska (thick line) and the South Pole (thin line).
Over most of the LF/MF band (f<1 MHz) and at many fre-
quencies above I MHz, the noise level at South Pole lies
below that at Alaska. Hence, the receiver is sufficiently sensi-
tive to record the phenomena observed in Alaska (Weather-
wax et al. 1993, in press). Over the entire spectrum measured
in Alaska and over most of the spectrum measured at the
South Pole, the sensitivity of the receiver is determined by
manmade noise in the environment rather than the instru-
ments noise level. Both the South Pole and Alaska receivers
were calibrated in New Hampshire using a parallel-plate
antenna of known characteristics to detect the continuous
100-kHz loran navigational beacon transmitted from Maine.
An effective antenna height of 2.4 in was used in calculating
field strength.

Kellogg and Monson (1984) reported 2f ce emissions on
about half of 40 nights of observations at Churchill, Manitoba
(66.3* magnetic). By contrast, Weatherwax et al. (1993)
observed similar emissions less than 10 percent of the time
from Two Rivers, Alaska, and no events were observed from
the South Pole. We suspect that the absence of events at the
South Pole is a consequence of its higher latitude. The Alaska
and Churchill sites lie under the auroral oval near local mid-
night, whereas the South Pole statistically lies under the oval
near local noon, a less active time. The differences in event
rate at the different sites, however, could also be a function of
magnetic activity; existing data sets are not yet sufficient to
resolve this issue. Future sites at different latitudes in Antarc-
tica should help resolve some of the outstanding problems
concerning these emissions.

Operating a receiver in Antarctica complements our work
in the Northern Hemisphere by providing increased sensitivi-
ty as well as indicating the global nature of LF/MF/HF emis-
sions. In the long run, we hope to assess whether it will be
possible to use these signals to remotely sense features of the
auroral electrons. Such ground-based measurements would
complement rocket and satellite techniques in the following
ways: low cost, ability to image a large area, and ability to col-
lect continuous data rather than occasional snapshots. Such
measurements would also complement existing ground-

based instruments such as magnetometers, VLF receivers,
riometers, and all sky cameras.

This research was funded by National Science Founda-
tion grant OPP 89-15635 to Dartmouth College.

References

Benson, R.F., and M.D. Desch. 1991. Wideband noise observed at
ground level in the auroral region, Radio Science, 23 (4), 943.

Benson, R.F., M.D. Desch, R.D. Hunsucker, and G.J. Romick. 1988.
Ground level detection of low and medium frequency auroral
radio emissions. Journal of Geophysical Research, 93 (Al), 277.

Berkey, F.T., and R. Parthasarathy. 1964. The rare instances of period-
ic emission of synchrotron radiation from the auroral electrons.
Journal ofAtmospheric and Terrestrial Physics, 26 (9), 936.

Ellyett, C.D. 1969. Radio noise of auroral origin. Journal ofAtmospher-
ic and Terrestrial Physics, 31(5), 671-682.

Harang, L. 1969. Radio noise from the aurora. Planetary and Space
Science, 17(5), 869-877.

Kellogg, P.J., and S.j. Monson. 1979. Radio emissions from the aurora.
Geophysical Research Letters, 6(4), 297.

Kellogg, P.J., and S.j. Monson. 1984. Further studies of auroral roar.
Radio Science, 19 (2), 55 1.

LaBelle, J. 1989. Radio noise of auroral origin: 1968-1988. Journal of
Atmospheric and Terrestrial Physics, 51(3), 197.

LaBelle, J., and A.T. Weatherwax. In press. Ground based observation
of LF/MF/HF radio waves of auroral origin. In T. Chang (Ed.),
Physics ofspace plasmas.

Nishimuta, I., M. Ose, and K. Sinno. 1969. Abnormal enhancements of
HF noise intensity at Syowa Station, Antarctica. Journal of Geo-
magnetics and Geoelectricity, 21(3), 697.

Parthasarathy, R., and F.T. Berkey. 1964. Radio noise from the auroral
electrons. Journal of Atmospheric and Terrestrial Physics, 26(2),
199-203.

Weatherwax, A.T., J. LaBelle, M. Trimpi, and R. Brittain. 1993.
Ground-based observations of radio emissions near 2f ce and 3f ce
in the auroral zone. Geophysical Research Letters, 2004),
1447-1450.

Weatherwax, A.T., J. LaBelle, M. Trimpi, R. Brittain, and R.A.
Treumann. In press. Ground based observations of MF/HF radio
noise in the auroral zone. Journal of Geophysical Research.

Wu, C.S., and L.C. Lee. 1979. A theory of the terrestrial kilometric radi-
ation. Astrophysical Journal, 230(2), 621-626.

Wu, C.S., P.H. Yoon, and H.P. Freund. 1989. A theory of electron
cyclotron waves generated along auroral field lines observed by
ground facilities. Geophysical Research Letters, 16 (12), 146 1.

Ziebell, L.F., C.S. Wu, and P.H. Yoon. 1991. Kilometric radio waves
generated along auroral field lines observed by ground facilities:
A theoretical model. Journal of Geophysical Research, 96(A2),
1495.

ANTARCTIC JOURNAL - REVIEW 1993
305



Absolute measurements of the cosmic microwave background
from Amundsen-Scott South Pole Station

M. BERSANELLI, G. BONELLI, and G. SIRONI, Istituto di Fisica Cosmica, Consiglio Nazionale delle Richerche
and Universitd degli Studi, Milan, Italy

S. LEVIN ' Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California 91109
G.F. SMOOT, M. BENSADOUN, G. DE Amici, A LIMON, and W. VINJE*, Lawrence Berkeley Laboratory and

Space Science Laboratory, University of California, Berkeley, California 94720

Tresent address: Physics Department, Princeton University, Princeton, NewJersey 08544.

0 bservations of the .cosmic microwave background (CMB)
play a central role in modern cosmology. The existence

of the CMB as a remnant of the early Universe was predicted
before its first detection, and its discovery (Penzias and Wil-
son 1965) constituted a pillar for the Big Bang cosmological
scenario against rival theories. The following 2 decades led to
strong experimental confirmation of the main characteristics
of the CMB radiation field expected from the Big Bang theory:
high degree of isotropy, very low polarization level, and ther-
mal (blackbody) spectrum at low [approximately 2.7 Kelvin
(K)l temperature. The recent cosmic background explorer
(COBE) differential microwave radiometer (DMR) results
have provided further support to the generally accepted stan-
dard model by detecting for the first time primordial fluctua-
tions in the CMB field at the limit expected by structure for-
mation theories (Smoot et al. 1992).

Energy injections to the CMB photons related to forma-
tion of large-scale structures or to other physical processes
occurring up to redshifts Z:5106 may have left signatures in the
CMB as distortions from a purely Planckian spectrum. COBE
far infrared absolute spectrophotometer (FIRAS) has tremen-
dously improved the accuracy of the determination of the
CMB spectrum over previous experiments above 30 gigahertz
(GHz) [wavelengths <1 centimeter (cm)] and found no evi-
dence of spectral distortions at the I percent level (Mather et
al. in press). At lower frequencies, however, where spectral
distortions are expected to be largest, ground-based measure-
ments still provide the best observational limits. Since 1982
we have been involved in an international program of
ground-based absolute measurements of the CMB at cen-
timeter and multicentimeter wavelengths.

The need for high accuracy in the results and improved
instrumental sensitivity have pushed us, as all CMB
researchers, to base the experiments in low-background envi-
ronments. Balloon- or satellite-based measurements are
excellent in principle, but they are not feasible for our long-
wavelength absolute measurements that require large, heavy
antennas and calibrators. In the first phase of our collabora-
tion (1982-1988), we measured from the White Mountain
Research Station, California, whereas in 1989 and 1991, we
observed from the South Pole.

The principle of the measurement (see, for example,
Smoot et al. 1987, 1991) is to determine the intensity of the
zenith sky by comparison with the signal from a calibrator

cooled to the boiling temperature of liquid helium; all the
local emissions (from the atmosphere, the ground, the
Galaxy, for example) contributing to the sky signal are then
measured and subtracted to obtain the CMB intensity as a
residual. The instruments are either total-power or differen-
tial Dicke radiometers and are calibrated with different tech-
niques (see, for example, Kogut et al. 1991).

The choice of the site is intended to minimize the uncer-
tainties related to each correction term. The surroundings of
the Amundsen-Scott South Pole Station, or of possible future
stations in the antarctic plateau, are most likely the best pos-
sible choices for Earth-based absolute CMB measurements.
The polar environment turns out to be a unique location
where a number of peculiar requirements, all 

critical for these
measurements, coexist (table 1).

In our first antarctic expedition (November and Decem-
ber 1989), we studied the CMB spectrum by measuring at
0.82, 1.47, 2.5, 3.8, and 7.5 GHz (see table 2) and found results
in very good agreement with our measurements at the same
or similar frequencies performed from White Mountain. This
agreement is an indication that site-dependent systematic
effects (ground, atmosphere, radio frequency interferences)
are likely to be well understood and properly accounted for.
In particular, we confirmed our result at 1.47 GHz to be
approximately 2.5 standard deviation lower than the global
average CMB temperature of 2.73 K (Bensadoun et al. 1993).

Table 1. Properties ofthe South Pole site

High altitude	2,830 rn	Atmospheric emission
Flat horizon	-900 everywhere	Ground emission
Dry atmosphere	<1 mm H20	Atmospheric emission
Highly isolated	 Radio frequency

interferences
Logistic support	Outstanding	Researchers, experiment
Dust free	 Antennas,

Sun-ground screens
Shapable surface	 Experiment layoUtb
Cold ground	-400C	Ground emission
Low winds	<1 5 knots	Ease of operation

aAustral summer.
bSee the figure.
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In 1991, we returned to the South Pole with a
modified version of the 1.47-GHz radiometer and	Table .19

improvements in the liquid-helium calibrator; we
also built a new independent radiometer operat-
ing at a nearby frequency (2.0 GHz) to further
crosscheck this result (figure). Table 2 summa-
rizes the radiometers operating in our two antarc-	0.82
tic campaigns and the obtained values of the CMB
thermodynamic temperature, TCMB. Our prelimi-	1.47
nary analysis at 2 GHz gives TCMB=2.55±0.14 K
(Bersanelli et al. in press). This result is consistent,	2.0
approximately 1 standard deviation, with an
unperturbed Planckian spectrum, but it does not	2.5
rule out the lower measured value of TCMB found
at the lower frequency. The analysis of the 1.47	3.8
GHz 1991 measurement is underway. The present
results limit any possible energy release in the	7.5

early Universe (from I to 100,000 years after the
Big Bang) to less than 0. 1 percent of the total CMB	aAnalysi
energy.	 I

The accuracy of our measurements at frequencies below
approximately 2.5 GHz is limited by the subtraction of galac-
tic emission due to synchrotron and free-free radiation, a
foreground signal that cannot be eliminated by the choice of
observing site. We model the galactic contribution based on
low-fr equency maps scaled at the frequency and angular res-
olution of our instruments and test the model assumptions
with differential scans. We are presently involved in a long-
term effort (De Amici et al., Antarctic Journal, in this issue) to
improve our knowledge of the galactic emission and spectral
index, a step necessary for future improvement of low-fre-
quency measurements of the CMB spectrum.

This work has been supported by National Science Foun-
dation grant OPP 90-18395, by the U.S. Department of Energy

. Summary ofthe South Pole measurements

	

36.6	1989	2.7±1.6	Sironi, Bonelli, and
Limon 1991

	

20.4	1989	2.26±0.20	Bensadoun et al. 1993
1991	a

	

15.0	1991	2.55±0.14	Bersanelli et al. 1993

	

12.0	1989	2.50±0.34	Sironi et al. 1991
1991	a

	

7.9	1989	2,64±0.07	De Amici et al. 1991

	

4.0	1989	2.69±0.07	Levin et al. 1992
1991	a

s in progress.

under contract DE-ACO3-76SF00098, and by the Italian
Antarctic Program. We wish to thank Francesco Cavaliere,
John Gibson, Andrea Passerini, and John Yamada for techni-
cal assistance.
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T
he field of radio astronomy started, almost by chance,
when C. Jansky, studying short-wave interferences to

radio broadcasts, discovered radio emission coming from the
direction of the galactic center. The year was 1932. As the
tools and techniques have improved, radio astronomy has
provided scientists with opportunities to probe a multitude of
cosmic phenomena with unprecedented resolution, leading
to the discovery of unexpected facets of the Universe, while
steering the efforts away from the determination of the galac-
tic emission and toward studies at small angular scales of dis-
tant objects. Among the most important discoveries of radio
astronomy is the cosmic microwave background (CMB) radia-
tion; recent improvements in its studies (for example, Smoot
et al. 1992; Bensadoun et al. 1993) have made a precise deter-
mination of the diffuse foreground galactic signal important
again.

The galactic emission is composed of the superposition
of the signals generated by acceleration of relativistic elec-
trons in the galactic magnetic field (synchrotron radiation),
by thermal bremsstrahlung inside hydrogen clouds (Hii or
free-free radiation), and by thermal radiation of dust clouds
(dust radiation). The study of galactic emission brings a better
understanding not only of the morphology but also of the

energy balance of the different components and of the distri-
bution of magnetic fields and free electrons.

Because the CMB radiation is supposed to be the leftover
from a hot, dense phase of the early Universe, in the CMB we
expect to find the fossil remnants of the processes that have
shaped the Universe into its present form. The shape of the
frequency spectrum of the CMB is well known above 60 giga-
hertz (GHz) (Mather et al. in preparation), but much less pre-
cisely determined at the low-frequency end of the spectrum
(see, for example, Bersanelli et al., Antarctic Journal, in this
issue), where the strong foreground galactic signal cannot be
reduced by either instrument design or observational tech-
niques. Similarly, measurements of anisotropy rely on accu-
rate subtraction of the ubiquitous (and irregularly distrib-
uted) foreground emission. Only a handful of large-area sur-
veys of the sky emission are available in the literature, and
only one of them covers the whole sky; on this rather sparse
sample, which is also affected by inconsistent zero levels and
uncontrolled gain changes, rests the accuracy of all spectrum
and anisotropy measurements in the radio and microwave
region.

Our group at Berkeley has started a new program, the
galactic emission mapping (GEM) project, to improve the pre-
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The 5.5-m dish antenna is shown
at the South Pole site in Decem-
ber 1991, pointing to 30 0 from
zenith. Clearly visible are the
ground screens (attached to the
reflector panels) and the feed and
receiver assembly (mounted at
the prime focus of the antenna).
Power in and signals out were
sent through a bundle of cables
to the data-acquisition unit,
housed in a Jamesway hut near-
by. (Photo by G.F. Smoot)

7-

sent state of knowledge by measuring the galactic signal at
centimeter and decimeter frequencies (from 400- to 5,000-
megahertz (MHz) frequency, 75- to 6-centimeter (cm) wave-
length). We intend to produce a series of full-sky maps, each
one calibrated to better than 5 percent of the minimum sig-
nal, having gain variations of I percent or less; if these goals
can be met, we expect to improve our knowledge of the
absolute value and spatial variations of the galactic emission.

During the 1991 austral summer, we took a prototype
instrument (see the figure) to the Amundsen-Scott South Pole
Station and operated it for 3 weeks. The instrument consisted
of a 5.5-meter (m) parabolic antenna, which at the time was
the largest antenna for radio astronomy in the continent, and
a dedicated receiver placed at its prime focus. The antenna
can be disassembled in small components, allowing for ease
of transportation. Around and attached to the parabolic
reflector we put a set of thin flat aluminum panels (ground
screens) to intercept and redirect to the sky any spillover from
the feed antenna. The screens extended radially outward 2 m
from the edge of the dish antenna at a shallower angle than
the parabola itself so that the antenna main beam was not
affected by their presence. Having the parabolic antenna
pointed to the zenith, the feed could see the ground only after
diffraction at an angle of at least 20 0 , over the edge of the
screen.

The feed antenna consisted of a helix mounted in a coni-
cal backplane. The receiver was a direct radio frequency-
(RF-) gain, total power radiometer; a 50-MHz bandpass cen-
tered at 408 MHz was defined by filters. Calibration of the
feed-plus -receiver assembly was achieved by observing exter-
nal targets at known temperatures. An internal noise source
was periodically fired throughout the measurements to verify
that the receiver characteristics did not change with time.

We conducted "drift" observations at 32 0 and 20 0 from
zenith (-58' and -70 0 latitude) by tilting the antenna to the

desired position and then letting the rotation of the Earth
bring different parts of the sky into view. The data stream was
marred by regularly spaced strong signals; far from being the
first signs of an alien civilization, those were the radio emis-
sions from satellites in polar orbit. Even the South Pole is not
free from manmade radio pollution! The intensity of the
interfering broadcast changed with the orbit of the satellite
and the pointing of the antenna; in a few cases, it appeared to
be tens of times larger than the galactic signal. These spurious
emissions have severely taxed the data analysis, forcing us to
reject about 40 percent of the data collected. Although the
remaining data appear to be of good quality, the potential for
low-level, unrecognized contamination is still present; the
need to account for that has kept this first prototype measure-
ment from achieving the goals originally set.

We have performed an important experiment in the
operation and management of large equipment outdoors in
the polar climate and have collected valuable information to
use in the design and implementation of the next generation
of receivers and instruments for mapping the galactic emis-
sion. Because the interfering signals have very narrow band-
widths, usually less than 2 percent of our receiver's, we plan
to use a correlator in the data acquisition. The correlator will
subdivide the input signal in several narrow channels
(approximately 40) and proportionally boost the effective
amplitude of the narrow-band interference, making it easier
to recognize and excise. This will increase our confidence in
the accurate subtraction of RF interference by a similar factor.

The GEM project is expanding into a multilateral, inter-
national collaboration, and we are planning observations
from several sites to cover the whole sky. We expect to return
to Antarctica in the near future to complete the observations
of the southern celestial cap.

This work has been supported by National Science Foun-
dation grant OPP 90-18395 and in part by U.S. Department of
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Energy contract DE-ACO3-76SF00098. We are indebted to
John Gibson, Andrea Passerini, Jon Aymon, John Yamada,
Doug Heine, and the 1991-1992 crew at the Amundsen-Scott
Station for invaluable technical assistance.
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Results from the South Pole air shower experiment
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T
he South Pole air shower experiment (SPASE) is operated
jointly by the Bartol Research Institute of the University of

Delaware and the Department of Physics of the University of
Leeds, England. The air shower array consists of 24 1-square-
meter (M2) scintillator detectors, 16 of which have timing
capacity. The detectors are separated from each other by
approximately 30 m. The arrival times of the signals in the
detectors define the direction of the cascade of particles pro-
duced when an energetic cosmic ray enters the atmosphere.

The purpose of the experiment is to search for point
sources of ultra- high -energy photons above the constant
background of cosmic ray nuclei. We are interested here in a
part of the electromagnetic spectrum at wavelengths many
orders of magnitude shorter than visible light and x-radia-
tion—and even 100,000 times more energetic than the
gamma rays detected in the Compton Gamma Ray Observa-
tory. Such high-energy photons would be related to the origin
of cosmic radiation, the highest energy particles in nature.

The location of the detector at the South Pole makes this
air shower array unique in the world and ideally situated to
search for signals from potential sources in the Southern
Hemisphere. These sources include binary stars that are
strong x-ray emitters and the Supernova (SN) 1987A in the
Large Magellanic Cloud. Energetic sources are likely to flare up
from time to time or to have extended periods of heightened
activity. The polar site is good in such circumstances because
any potential source is always in view at a constant elevation
above the horizon. There is no danger of missing an outburst
because the source happens to be below the horizon.

The array has operated almost continuously since it was
deployed in the austral summer of 1987. A detailed descrip-
tion of the performance of the array and of the analysis tech-
niques is given in Beaman et al. (1993). The results, which are

presented in a companion paper (van Stekelenborg et al.
1993), can be grouped into four categories:
• An all-sky survey to look for "hot spots" in the sky.
• A study of nine selected potential sources for long-term

activity (DC, or steady source, search), including seven
reported x-ray binaries plus SN1987A and a suspected
source, named BL- 1, which was found by the SPASE group
in an earlier all-sky survey.

• A search for bursts from the nine potential sources.
• A search for periodic emission from four of the nine

sources that are x-ray binaries with precisely determined
orbital periods: SMC X- 1, LMC X-4, Cen X-3, and Vela X- 1.

The results are based on data collected in 1988, 1990, and
1991. Some 58.8 million triggers in 16,976 hours of live time
were recorded in the 3 years under consideration. The data
from 1989 and 1992 have not yet been analyzed.

We have set upper limits comparable to or better than
previous experiments for all the candidate sources. No steady
signal with energy in the range of 50 trillion electron volts has
been seen with an intensity greater than 2x10-13 per square
centimeter per second, which would correspond to one event
per day falling in the 6,5OO-M 2 area of the array.

The biggest outburst from the direction of any source
occurred on 17 October 1991, when an excess of events well
above the background was seen from the direction of the x-
ray binary SMC X-1. After accounting for all the days in the
study and all the potential sources, we estimate a probability
of about I percent that this observation is a statistical acci-
dent. Detection of further bursts from the same direction are
needed before we can be certain, however.

SPASE is scheduled to be moved to the new astrophysics
site during the 1994-1995 season. In anticipation of this
move, we are planning for observation of cosmic ray showers
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in coincidence with the antarctic muon and neutrino detector
array (AMANDA). AMANDA will detect the high-energy
muons produced along the shower core in the atmosphere.
SPASE will sample the total number of low-energy particles in
the shower front at the surface. By requiring a coincidence
between the two observations, we will ensure that both detec-
tors record the same event, initiated by a single, energetic
cosmic ray nucleus high in the atmosphere. Eventually, we
expect to be able to record more than 100,000 coincident
events per year. With this data, we will be able to study the
relative fractions of different groups of nuclei in the cosmic
radiation at energies too high to be accessible to direct mea-
surement by small detectors carried in balloons or spacecraft.

This work has been funded in part by National Science
Foundation grant OPP 91-17524 and Science and Engineering
Research Council grant GRG 35923.
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N
eutrinos are subatomic particles that are electrically neu-
tral and unaffected by the nuclear strong force, and

therefore, they can travel easily through ordinary matter. This
property makes neutrinos useful in searches for the sources of
ultra- high -energy (UHE) cosmic rays (Halzen and Stanev
1989; Barwick et al. 1992). [UHE cosmic rays are those with
energies greater than 1012 electronvolts (eV)I.

During the 1991-1992 field season, we operated a proto-
type UHE neutrino detector, the antarctic radio-Cherenkov
neutrino observatory (ARCNO), at the Amundsen—Scott South
Pole Station. ARCNO was built to gain experience in using the
"radio -Cherenkov" (RC) method of neutrino detection. The
RC method is not yet widely known because only one other
group has undertaken preliminary experiments (the radio
antarctic muon and neutrino detector, RAMAND) (Boldyrev
et al. 1987; Zheleznykh 1988).

Most neutrinos from any cosmic source will pass com-
pletely through the Earth, but a small fraction will interact
with a proton or neutron in the ice. An interacting UHE neu-
trino dumps its energy into an upward-going shower of
charged particles, and for a short time this shower emits
Cherenkov radiation. For radio frequencies, the Cherenkov
signal is coherent and its intensity scales as the square of the
shower charge (for higher frequencies the signal intensity
scales linearly with the shower charge) (Askar'yan 1962; Zas,

Halzen, and Stanev 1992). This upward-going Cherenkov sig-
nal is the death cry of the UHE neutrino and the mechanism
by which it can be detected.

The antarctic ice is expected to be almost transparent to
radio frequency signals [less than 1 gigahertz (GHz)]. If labo-
ratory data apply in field conditions, then radio signals have
attenuation lengths of approximately 1 kilometer in ice (War-
ren 1984). Therefore, our receivers can operate on the surface
and still observe a large ice volume.

The major neutrino detector currently under construc-
tion at the South Pole, the antarctic neutrino and muon
detector array (AMANDA), does not use the RC method.
Instead, AMANDA looks for the optical- Cherenkov (OC) sig-
nal using buried strings of photomultiplier tubes. The OC sig-
nal is much stronger than the RC signal (Jackson 1975); how-
ever, the OC signal can travel only short distances in ice
(approximately 20 meters).

The OC method is more sensitive than the RC method,
but the required number of photomultiplier tubes scales with
the observed volume. To observe a volume of ice with the RC
method, the number of receivers scales only with the surface
area. This holds out the promise that the RC method could be
used to create larger detectors than are practical with the OC
method.

A large RC detector and an OC detector (such as AMAN-
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Figure 1. Instrument schematic showing only one of the three detec-
tors. The antenna was buried face down in the ice with its top flush to
the ice surface. Any RF signal emerging from the ice was amplified and
passed to the trigger system. If three pulses coincided, the data-acqui-
sition electronics were triggered. The analog -to-d ig ital converters
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time-to-digital converters (TDCs) measured the time differences
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DA) would be complementary because the maximum energy
neutrinos that are observable with a detector are effectively
limited by the volume monitored. The more sensitive OC
detector would be better at observing the lower energy part of
the UHE neutrino spectrum, whereas a larger RC detector
would be better at detecting the higher energy UHE neutrinos
(Markov and Zheleznykh 1986).

Many questions need to be answered to decide if full-
scale RC detectors are feasible. A partial list includes the fol-
lowing:
• Measurement of in situ ice transparency.
• Characterization of background signals.
• Development of techniques to remove background signals.
• Optimization of antenna and receiver design.
Any UHE neutrino detector faces low signal rates (perhaps
only several events per year). Thus, because background
rejection is of paramount importance, our efforts have con-
centrated on understanding and removing background sig-
nals. We believe removing the signals is the RC method's
most important experimental challenge. We also hoped to
perform simple measurements of in situ ice transparency
during the 1991-1992 campaign. We were dependent, howev-
er, upon obtaining an additional deep ice hole from the Polar
Ice Coring Office (PICO). Despite PICO's great efforts that sea-
son, time constraints made drilling an extra hole impossible.

We expect backgrounds from receiver noise and man-
made radio frequency interference (11171). Receiver noise is our
name for the sum of the ice's microwave emission and the
noise in the radio-frequency amplifiers. The RFI background

is mainly due to gasoline - powered vehicles operating near
our instruments, communications activities, and the radar
used by landing planes.

These backgrounds guided our experimental design. To
reduce RFI problems, the array was operated at a site approxi-
mately 1.6 kilometers from the station. To reduce the number
of false signals due to receiver noise, we used a threefold coin-
cidence test. The data- acquisition system recognized an event
only when the signal from all three detectors exceeded a
threshold voltage within a coincidence window of 40±3
nanoseconds (ns). To try to identify event sources, we mea-
sured the signal strengths and arrival times from each receiv-
er. Figure I shows a schematic of the instrument electronics.

During our deployment, we obtained 200.5 hours (h) of
data, most of which were instrument tests, calibrations, and
characterizations; only a small subset (17 h) of the data set
was optimal for background analysis. Of this 17 h, we selected
6 h that appeared free from gain drifts.

The events in the 6-h "raw" data set were binned in 15-s
intervals (the average and standard deviation was 2.4±2.2
events per bin). The inset of figure 2 shows the raw data set;
some bins obviously have an unusually high count number.
We believe these bins are RFI contaminated because vehicles
operating near the array were observed to give large RFI sig-
nals and excessive count rates.

As a conservative means of removing RFI contamination,
we cut out all bins that contained more events than 1 stan-
dard deviation above the mean (greater than 5 events per
bin), leaving 313.5 minutes (min) of live time (87 percent of
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the original). Figure 2 shows a close-up of the first 60 min of
data with removed bins marked in black.

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

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

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

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

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

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

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

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

paper reports on the experimental evaluation of these two
concerns.

We have constructed two instrument suites that measure
the vertical electric current and electric field (Byrne et al.
1993). These systems were installed at the South Pole in Janu-
ary 1991. Naturally, some engineering problems materialized
during the first 2 years of operation. Corrections for these
problems were deployed in the 1991-1992 and 1992-1993
austral summers. In 1991, array 2 (the array closest to the sta-
tion buildings) worked well for the entire year. Array 1 devel-
oped data- synchronization problems that led to loss of sensor
data but not the engineering data. Most of the problems were
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Optical measurements of ion drift from South Pole Station
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T
he ionosphere above a height of 180 kilometers (km),
known as the F-region, convects at the ExB/B2 velocity,

where E is the local ionospheric electric field in the frame of
reference of the Earth and B is the geomagnetic field. At high
latitudes, E is comparatively large, being derived from the
Earth's interaction with the solar wind. Patterns of convection
at high latitude are known to depend on the interplanetary
magnetic field (IMF) direction, being twin cell in form with
antisolar flow across the central polar cap for negative IMF Bz
and a complex multicell configuration for positive B, (see, for
example, Heppner and Maynard 1987). Despite the smooth-
ness of the patterns published by Heppner and Maynard,
which are the result of averaging many measurements, in situ
measurements of electric field from satellites passing through
the high-latitude ionosphere are frequently complicated by
temporal and spatial variations that are of the same magni-
tude as the averaged values [see Heelis (1988) for a review].
Because the temporal variability can be on a time scale of a
few minutes, and spatial scale sizes can be as small as tens of
kilometers, ground-based observations must be analyzed
without assuming the continuity in space and time implied by
the convection models.

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

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

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

Optical measurements of ion drift have been made from
South Pole Station (75 invariant latitude) in the monostatic
mode. The observations readily provide ion drift and ion tem-
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perature in the F-region ionosphere in various directions
from the South Pole site. The data will be discussed without
making assumptions about the spatial and temporal scale
sizes in the polar ionosphere.

Simultaneous high-resolution spectroscopic measure-
ments of the 732-nanometer (nm) doublet emission of 0+
and the 630-nm emission of neutral oxygen were made from
South Pole Station (75* geornagnetic latitude) during May
1993. The observations were carried out using a 150-millime-
ter (mm) diameter plane Fabry-Perot spectrometer (Hernan-
dez et al. 1990) having line-of-sight directions at eight equal-
ly spaced azimuths for an elevation of 30* and also in the
geographic zenith. The directions of observation are reck-
oned with respect to the geornagnetic South Pole as the
south direction. The instrument was servo-controlled to
maintain precise adjustment and to stabilize the optical gap
to about 1 thousandth of an order at 546 nm. With this sta-
bility, the short- and long-term drift in doppler velocity was
less than 5 meters per second (m s- 1 ). The two components
of the 732-nm doublet overlapped, giving a singlet line
appearance and making the analysis of the data more conve-
nient.

Spectral scans were integrated for 8 minutes in each line
of sight, and the sequence of nine directions of view was
repeated continuously. Times of observation covered the
period from 0800 to 2000 local magnetic time (MLT) each day,
emphasizing the dayside and dusk sectors of the polar cap.
Previous experience in Svalbard (Smith et al. 1982) showed
that the 732-nm emission rate was found to be higher in this
time period at geornagnetic latitudes near 75 0. The zero veloc-

Ion Drifts

ity for doppler measurements was found by assuming the
mean of all vertical observations in the entire period was zero.
If this assumption was invalid and the error was more than 10
m s- 1 , the ion drift data could be significantly skewed from
the proper values, but we are not aware of any way that the
validity of the assumption can be checked for the data pre-
sented here.

In figure 1, histograms show the results in terms of the
derived components of ion drifts in the meteorological con-
vention. Frequencies of occurrence of ion velocity compo-
nents measured in the geornagnetic meridian show an almost
equal preference for poleward and equatorward drifts. There
is, however, a noticeable unbalanced positive lobe on the
north plot and an unbalanced negative lobe on the south plot.
This indicates that the drift tends to be convergent with
means of 14 m s- 1 in the north and -34 m s- 1 in the south.
Peaks of occurrence in the zonal directions show a preference
for westward ion drift, but with peak frequencies having val-
ues near 50 m s- 1 and mean winds of -102 m s- 1 in the east
and -54 m s- 1 in the west. In the vertical direction, which was
within 100 of being field aligned, observations show a half-
width of about 200 m s- 1 . No conclusion can be drawn about
a tendency for the ionosphere to move upward or downward
in the period as a whole, because this was assumed to be zero
in the data reduction.

For comparison, a similar analysis was performed for the
neutral wind measurements obtained from the simultaneous
observations of 630-nm emission from neutral oxygen in the
upper F-region. Figure 2 shows the histograms of those mea-
surements. As for the ion measurements, there is no indica-
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Figure 1. Distributions of line-of-sight velocity components of oxy-
gen ions at a height of approximately 200 km measured 1-24 May
1993. The meteorological convention of positive motions northward,
eastward, and upward is employed here.

Figure 2. Distributions of line-of-sight velocity components of neutral
oxygen at a height of approximately 300 km measured 1-24 May
1993. The same convention for the motions is used as in figure 1.
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tion of vertical motion because of a similar assumption of
overall zero in order to establish the zero velocity for the 630-
nm emission. The distribution of vertical motions is much
narrower than for the ion motions. Although typical error bars
were smaller, being less than 10 m s- 1 for the neutrals com-
pared with 30 m s- 1 for the ions, there is a real difference
between the vertical motions of neutrals and ions. The ions
varied over a range of 200 m s- 1 compared with 50 m s- 1 for
the neutrals. This justifies the statement made in the intro-
duction concerning the variability of field-aligned ionospher-
ic movement at these latitudes.

Like the ion distributions shown in figure 1, the neutral
wind distributions show a zonal preference for westward with
means of -31 rn s- 1 in the east and -45 m s- 1 in the west. The
ion zonal distributions are about twice as wide as the neutral
counterparts, indicating a greater variability in the ion veloci-
ties. When the ion and neutral meridional distributions are
compared, they are both approximately symmetric, and there
is no tendency for convergence in the neutral meridional
winds. The mean neutral winds in the meridian were 33 m s-1

in the north and 32 m s- 1 in the south.
Ion temperatures were deduced from the doppler widths

of the recorded spectra. The lower panel of figure 3 shows the
distribution of ion temperatures observed between 5 and 23
May 1993. The shape of the distribution is peaked near 1,100
kelvin (K) and has a tail extending to temperatures above
2,000 K with a mean value of 1, 152 K. The highest temperature
observed was 2,900 K. The lower panel of figure 3 shows the
distribution of neutral temperatures measured in the upper
F-region using 630-nm emission. The peak of this distribution
is near 950 K with a mean temperature of 939 K, but the distri-
bution has a much less pronounced tail toward higher tem-
peratures.
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Figure 3. Distributions of ion temperatures at about 200 km altitude
and neutral temperatures at about 300-km altitude determined from
the doppler broadening of the 732-nm and 630-nm emissions in the
aurora near the South Pole for the period 5-24 May 1993.

Statistically, the results show that the most frequently
observed ion drifts were more than twice the most frequently
observed neutral winds, although the ion drifts were more
wide spread in value, as shown by the greater widths of their
distribution. Also there were comparatively frequent observa-
tions up to 200 m s- 1 in the zonal components. The corre-
spondence of the observed predominant westward trend in
the neutral winds undoubtedly reflects the strong influence of
collisions in transferring momentum from the ions to the
neutrals. These aspects of the results are similar in character
to the previous work by Smith et al. (1982) and McCormac
(1984). These data include temperature data, however, and
permit further investigation of the ion-neutral coupling,
including the thermodynamics in the polar ionosphere above
the South Pole.

In common with the data from Svalbard, the observed
ion drifts do not contain any cases of observations above 1 km
s- 1 . Satellites and radars measure ion drifts in the range of
several hundred to a few thousand meters per second. The
question arises as to why the optical technique finds relatively
low values. Part of the answer lies in the temporal and spatial
averaging that is inherent in the technique. A discussion of
this averaging, albeit for the case of optical observations from
space, is contained in Minow and Smith (1993). A simulation
was reported that incorporated the effects of a thick emission
layer on the spatial averaging over drift velocity gradients. In
this case, for observations made at an elevation angle of 30' to
the horizon, for an emission layer of width 50 km, spatial
averaging will occur over horizontal distances of about 100
km. Also with observation times of 8 minutes, we may average
over a complete cycle of flow channel events such as those
reported by Lockwood et al. (1988). Therefore, we may expect
to see averaged values that are less than those found by in situ
satellite instruments.

Because the heights of the 630-nm and 732-nm emissions
cannot be determined from the measurements, we are com-
pelled either to use spacecraft observations or to accept theo-
retical estimates of height. Rees, Abreu, and Hays (1982) indi-
cate that in the aurora the 732-nm emission rate peaks at a
height near 220 km. Rees has also shown that, in the aurora,
the 732-nm and 630-nm emissions tend to have peaks of
emission rate at closely similar altitudes (Rees personal com-
munication). Hence, the temperatures observed for the two
species are directly comparable, and the ions had a mean
temperature 213 K higher than the neutrals.

Ion-neutral collisions are sufficiently frequent that, even
at heights above 200 km, the temperatures of both neutrals
and ions are raised by the interaction of the neutral and ion-
ized components of the atmosphere, but the stream-flow
energy which is lost in the collisions is redistributed equally,
on average, between the two populations. Because there are a
thousand times more neutral atoms than ions, the tempera-
ture effect is much more obvious in the ions. If ion-neutral
coupling is the cause of the observed temperature difference,
then the extensive tail in the ion temperature distribution is
readily understood in terms of the occurrence of some peri-
ods when a large difference between ion and neutral velocity
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occurred. The fact that the averaged temperatures were 213 K
higher for the ions indicates that joule heating must have
been continuously important at the times and in the places
where observations were made, but that at a significantly
lower level than during the events when the ion temperatures
reached above 2,000 K.

Ion drifts and temperatures were measured by an optical
method from South Pole, Antarctica, and compared with the
neutral winds and temperatures simultaneously observed
from the same station. Ion drift distributions showed that
whereas there was no consistent trend in the magnetic merid-
ional directions, a definite preference for westward ion drifts
was observed. A similar trend was found for the zonal neutral
winds, but the magnitude of the westward neutral trend was
about half the magnitude for ions. The neutral vertical winds
were much less variable than the ion velocities measured in
the same direction. Ion and neutral temperatures both had
mean values of 1,152 K and 939 K, respectively, but unlike the
result for neutral temperatures, there was a distinct tail to the
distribution of ion temperatures toward high values. Evidence
was presented that the ion and neutral data were measured at
the same altitude in the F-region ionosphere; therefore, we
conclude that the ions were 213 K hotter on average over the
observing period.

These factors are consistent with previous reports of
radar and optical measurements of ion and neutral drifts and
temperatures and are understood in terms of processes of
ion-neutral coupling. These data confirm that such coupling
is important to the dynamics of the F-region over the South
Pole during the polar night but also suggest that there is con-
siderable variability in the heat and momentum flux coupled
through ion-neutral collisions.

This work was supported by National Science Founda-
tion grant OPP 90-17484.
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Optical all-sky viewing double dome for South Pole Station
K.C. CLARK, G. HERNANDEZ, and W.J. SCHULZ, Graduate Program in Geophysics, University of Washington,

Seattle, Washington 98195
R.W. SMITH, Geophysical Institute, University ofAlaska, Fairbanks, Alaska 99775

A
full and clear view of the sky by optical instruments dur-
ng the austral winter at the South Pole requires special

attention to critical design features of the optical ports which
protect the immediate components, such as all-sky mirrors,
from the severe cold and associated frosting. An evolving sys-
tem of double-domes and internal heating has succussfully
served the optical aeronomic studies of the dynamics of the
upper atmosphere by Fabry-Perot spectrometry, which are
now in their fifth continuous year. This protective optical port
is described and discussed here to aid future experimenters
who need to make dependable sky measurements under the
extreme environmental conditions of the antarctic plateau.

Historically, mirrors have been used to redirect light from
selected regions of the sky down along the optical axis of the
receiving instruments. Other than in Antarctica, the protec-
tion of the mirror surfaces from contamination and of their
drive mechanism from extreme cold usually can be provided
by single, clean, transparent window panes, if the interior air
can be heated and if uncompromised telescopic imaging of
the sky source is not required. Cameras, photometers, and
even interferometric spectrometers can be operated success-
fully in such single-walled enclosures, provided that reflec-
tion, absorption, scattering, and vapor condensation are kept
below appropriate small limits.
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For comparison, we know that in the dry, still atmos-
phere of central Alaska in the winter, a single acrylic dome
about 3 millimeters (mm) thick and of 610-mm diameter,
with a simple heated 600-watt (W) closed-loop air circulation,
works well at -50'C outside temperature. The single-walled
dome adequately preserves a clear sky view and houses the
mirrors and drive mechanism ser-ving a Fabry-Perot spec-
trometer in the room below. Figure 1 shows a diagram of this
dome arrangement for the Alaskan mirror and drive mecha-
nism in order to reference the necessary improvements made
for South Pole operations.

On the interior antarctic plateau the usual wind of 5-15
knots at winter temperatures occasionally as low as -900C
quickly shows that a single acrylic dome fails to keep clear,
even if the closed-loop hot-air system is delivering much heat
to many parts of its inner surface. Heat is conducted through
the single wall so rapidly that vapor condensation can occur
inside on some areas of the cold dome while elsewhere on it,
the plastic may be hot enough to deform. Meanwhile, blowing
snow and ice can stick in places on the outside surface of such
a single dome.

Fortunately, the frosting effects of the external cold wind
can be made nearly negligible by using a double-window
arrangement. Well-mounted pairs of nested acrylic domes
have worked well for the present studies over several years,
with some small modifications and improvements. The pre-
sent effective double-dome design is described here to assist
experimenters at the South Pole and other difficult antarctic
locations.

A pair of acrylic hemispheres, with flat rims, 3-mm wall
thickness, and inner diameters 610 mm and 660 mm, has
proved to be a successful choice for the high-resolution
Fabry-Perot measurements through the flat roof of Skylab at
Amundsen-Scott South Pole Station. The solid aluminum
baseplate of the roof port has two apertures connecting to the
hot-air circulation system and one central rotating aperture

Figure 1. Single dome used in central Alaska. Cross-section shows
azimuth mirror, fixed zenith mirror, hot-air supply baffle, and base
mounting plate.

through which light from the sky is directed to the instrument
below. This rotating aperture is sealed by a lens, which
restricts air interchange between the dome and the room
below. The only access where there is possible room air
exchange with the closed- circulation system is through the
bearing that allows the central aperture to rotate. For continu-
ous heating of the domes, hot air blows through 75-mm ducts
of expandable aluminum to a ring manifold with a perimeter
slot exit around the base edge of the hemisphere volume and,
from there, goes upward directly along the surface of the inner
dome. The cooled top air is sucked down centrally and out the
other duct of the closed- circulation path, where it passes
through a 20-micrometer filter, a recirculating Rotron fan, and
ceramic heaters in the control room below. The main-dome
volume thus has a small overpressure, nearly 10 mrn water,
which prevents room air from entering the dome. The slight
air loss to the room is made up via constant connection of this
system to dry outdoor fresh air (-60*C) at the circulating
pump inlet. The separate gap volume between domes is
accessed by two holes and can be purged with dry nitrogen to
forestall moisture condensation on its colder wall. This gap
volume is sealed by means of flat gaskets and kept at a small
overpressure to avoid inward leakage.

Figure 2 (A and B) shows only detailed cross sections of
the rim mountings for the present antarctic double domes,
taken at different azimuth directions to show essential fea-
tures. The hot-air ducting, not shown, is similar to that of fig-
ure 1. Figure 2A shows one of the two controlled gas paths to
the volume between the domes, the compressed flexible gas-
kets for the domes, and the configuration of clamping rings
and assembly bolts. Figure 2B shows a similar cross section,
which is displaced in azimuth 16.5 0 from that of figure 2A and
shows other mounting and assembly bolts. The permanent
baseplate A is fixed in the roof. The successive rims, gaskets,
and domes B, C+F+D, G, and E can be sequentially installed
or removed by personnel on the roof. Two quick alignment
pins in the outer edge C+B are very helpful. All components
can be passed to and from the room below through an avail-
able roof hatch. Because the thick aluminum rim plates readi-
ly conduct heat away, all their outer surfaces are enclosed by
a removable plywood- and- styrofoarn box, and electric heat-
ing elements contacting rim C are installed to maintain ade-
quate metal temperature.

The double domes provide more insulation than a single
dome can achieve. Convective thermal mixing in the closed
gap, along with good uniformity of general hot-air circulation
from the inlet manifold, allows all surfaces to function well at
temperatures lower than needed for a single dome. Yet there
is enough thermal loss to the outermost surface to melt, evap-
orate, or sublimate the small amounts of external blowing
snow and ice that otherwise tend to accumulate. Because the
nitrogen gas in the gap is very dry, there is no measurable
condensation on the inner surface of the outer dome.

Figure 3 pictures the mounted double dome at the time
of summer maintenance.

Because of the differential expansion of aluminum and
acrylic over the extreme range of temperature encountered at
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Figure 2. A. Cross-section illustrating edge assembly of double-dome at the South Pole. Note gas path and compressed gaskets. Labeled
items are as follows: A—permanent roof plate; B, C, D, E—successive aluminum rims; F, G—acrylic domes. B. Gross-section rotated 16.5 0 in
azimuth from A, showing assembly detail outside gas path. Note that B+A and C+F+D must be clamped before C+B. Ready alignment pins for
C+B are not shown.

Figure 3. Summer photograph of mounted double dome at the South Pole.
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the South Pole, the sealed domes need some freedom of later-
al movement across the aluminum rings or else dome break-
age will occur. In early arrangements to provide this freedom,
it proved unwieldy to install O-rings 610 mm in diameter in
the cold, and their seating reliability was poor. A subsequent
version employed flat gaskets of low-temperature Dow-Corn-
ing RTV-511 silicone rubber, previously cast in situ on the
acrylic dome rims. These gaskets stayed elastic in the cold but
had awkwardly weak bonding to the treated plastic surfaces.
The overall best seals to date are provided by separate flat
gaskets cut from sheets 3 mm and 6 mrn thick. The material is
a silicone rubber blend flexible at -74 0C, of hardness 50 and
ZZR765 class 2A, 2B. For final assembly on the roof, the gas-
kets are well lubricated with number 4 Dow-Corning silicone
grease and seated in flat partial recesses that limit gasket
compression to 25 percent when the metal rings are bolted
together to a specified clearance of 1.0 mm. These flexible
gaskets clamp both faces of each dome rim, as shown in fig-
ure 2. The gaskets contain holes for each assembly bolt. Criti-
cal gas inlet holes through them were also bordered by adding
thin O-rings at the time of roof-top installation.

To maintain dome integrity, approximately the ambient
atmospheric pressure must be maintained in the sealed gap
region in spite of changing temperature and weather. This is
accomplished by constant connection of the gap volume to
dry ballast gas stored below in a limp, large balloon. Protec-
tive connection of this sealed volume by a pop valve to the
surrounding atmosphere is employed as a safety measure.
The dome cross-section area is large enough that a pressure
differential much in excess of 25 mm mercury (Hg), from sup-
ply or meteorological fluctuations, could produce a few hun-
dred pounds of eruptive dome force.

Although neither of these domes can, in use, be expected
to have a homogeneous temperature, no deleterious strains
have been found to be troublesome, either across the wall

thickness or over the full viewing surfaces or from thermal
gradients tending to tilt the flat rims. Dramatic action has
resulted only when the acrylic has been mistakenly hard-
clamped to metal. Caution is always exercised not to score or
scratch the smooth-formed surfaces at any time nor to risk
crazing them by alcohol cleaning. To keep the domes bright
and clear for extended years, a summer shelter box protects
them from sunlight.

Field operation of these double-dome ports has shown
the effectiveness of atmosphere control and of the two ther-
mal barriers. With the present dome dimensions, the internal
closed circulation loop needs no more than about 600 watts
of airflow heating power during most of the year. During mid-
winter stormy periods with high winds, powers up to 1,200
watts have been used.

In summary, a double-walled, clear enclosure for largely
unattended and continuously operating all-sky optical instru-
mentation has functioned well in serving researchers with an
interferometric spectrometer during several winters at
Amundsen-Scott South Pole Station. It uses a suitable con-
centric pair of clear acrylic hemispheres, the arrangement
having been optimized over consecutive seasons to provide
frost-free operations at reduced heating power. The domes
and their arrangement have been described and discussed
here. It is hoped that the features of this proven design will be
particularly useful in the planning of optical experiments at
the station.

This work has been supported by National Science Foun-
dation grant OPP 90-17484. Expert technical assistance at the
University of Washington has been given by H. Guldenmarm
and A. Lawrence; at the University of Alaska by L. Kozycki;
and at Amundsen-Scott South Pole Station since 1989 by J.
Gress, S. Kauffman, K. Price, and J. Belinne. Fabrication of all
acrylic domes was carefully executed by Nerland's Plastics
Inc., in Seattle, Washington.

Identifying the source of magnetic pulsations of frequency
between 0. 1 and 0.4 hertz (Pc 1/2) measured

at high geomagnetic latitudes
R.L. ARNOLDY, Space Science Center, University ofNew Hampshire, Durham, New Hampshire 03824

M.A. POPECKI, Phillips Laboratory, Geophysics Directorate, Hanscom Air Force Base, Massachusetts 01731
M.J. ENGEBRETSON, Department ofPhysics, Augsburg College, Minneapolis, Minnesota 55455

R
esearchers have long studied ground measurements of
magnetic pulsations at high geornagnetic latitudes with

the hope of learning more about the boundary between the
Earth's magnetic field (the magnetosphere) and the inter-
planetary plasma and fields that transport solar energy to the
Earth (the solar wind).

To determine what information is possibly contained in
the high-frequency range of ultra- low- frequency (ULF) waves

[greater than 0.1 hertz (Hz)], data from ground sensors locat-
ed at Sondre Stromflord in Greenland and at South Pole and
Siple Stations in Antarctica were analyzed over a period of I
year in spectrogram format to give the frequency character of
the ULF signals from these sites. Sondre Stromfjord and
South Pole nominally sample the poleward border of the
auroral oval or the cusp/cleft region on the dayside and are
fairly conjugate within 2 hours of local time. Siple Station is a
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Magnetic Pulsations
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plasmapause station measuring ULF wave activity deep with-

in the magnetosphere. This magnetospheric measurement is

critical because there is no assurance that the measurement

of ULF waves, say at the cusp, means that they were generat-

ed at the boundary of the magnetosphere. The high-frequen-

cy ULF waves can propagate either in the anisotropic mode

(left-handed polarization) along magnetic field lines or prop-

agate from a source at a much different latitude across mag-

netic field lines in the isotropic (right-handed polarization) in

a waveguide centered on the F-region of the ionosphere. The

identification of the source of ULF waves measured on the

ground at a given site is indeed a very difficult problem. We

feel, however, that we have identified the source region of a

very large percentage of the high-frequency ULF waves mea-

sured at the high-latitude stations.

Figure 1A presents the frequency distribution of the wave

events measured in 1986 at Sondre Stromfiord as a function of

universal time, and figure 1B presents the number of events in

the frequency interval 0.1-0.4 Hz measured by all three sta-

tions as a function of local magnetic time. As seen in figure

1A, the vast majority of high-frequency ULF waves measured
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Figure 1. A. (Top) Frequency vs. time spectrogram of all the wave

events measured at Sondre Stromflord (SS) for which magnetic
noon is 1330 UT. B. (Bottom) Occurrence plot of Pc 1/2 (0.1-0.4 Hz)
pulsations against magnetic local time for SS, South Pole (SP), and
Siple Station.

Figure 2. Spectrogram segments from all three stations clearly

showing the structure that can be present in the Pc 1/2 events.

at the high-latitude stations fall within the frequency band

0.1-0.4 Hz. This is not the case for the Siple data set; here the

majority of ULF waves measured have frequencies above 0.4

Hz (data not shown). The strong diurnal variation of the Pc

1/2 waves seen at all three stations is nicely ordered according

to magnetic local time. Because South Pole has no solar day,

the Pc 1/2 diurnal variation can be related not to sunlit condi-

tions in the ionosphere but rather to a local-time-dependent

magnetospheric source.

The Pc 1/2 spectrogram data often reveal considerable

structure in the waves that cannot be resolved because the

waves are ducted to the high-latitude stations (as well as

Siple) from many sources. Occasionally, repetitive structured

elements can be resolved, as is the case for the data presented

in figure 2. The predominant polarization of the waves seen

by all three stations was plane, suggesting that none of the

stations was under the source field line, but rather that the

signals were ducted to all the stations. The dominant feature

in the data in figure 2 is the repetitive rising structures sepa-

rated in time by about 200 seconds (s). A cross- correlation of

the Siple and South Pole data collected in the same hemi-

sphere shows that these structures are in phase. A cross-cor-

relation of the opposite-hemisphere data, however, collected

at Sondre Stromflord and at South Pole, given in figure 3,
shows that the rising structures are 100 s out of phase, which
is half of their repetitive period.
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Figure 3. Cross-correlation of the Pc 1/2 events given in figure 2 for
the oppos ite-hern i sphere stations, Sondre Stromfjord and South
Pole.

This measurement of similar ULF waves 180* out of
phase at opposite -hemisphere sites is not new to pulsation
research and is generally understood as bouncing ULF wave
packets between the opposite -hemisphere ionospheres. If the
signals do not diminish in amplitude after several bounces,
one invokes continued amplification of the ULF waves as they
cross the equatorial plane by the appropriate proton popula-

tion that will be in cyclotron resonance with the waves. The
rising structures are due to the dispersion of the waves as they
propagate in the left-handed mode between hemispheres,
high-frequency waves traveling slower than the low-frequen-
cy waves. If the waves make several bounces, then the accu-
mulated effect of the dispersion should decrease the slope of
each successive structure. Because this effect is not apparent
in the data of figure 2, the waves appear to be strongly ampli-
fied at each equatofial crossing.

The figure 2 data are important because they give the
bounce period of the waves, which can be calculated for a
given magnetic-field and plasma-density model. For a dipole
magnetic field and the gyrofrequency- density model, the 200-
s bounce period for the wave structures of figure 2 corre-
sponds to a source region on the L=7 field line, suggesting
that the pulsations are generated on L-shells intermediate
between the South Pole/Sondre Stromfjord and Siple field
lines and are horizontally ducted to these stations. The duct-
ing accounts for their lack of any predominant polarizations
as well as for often very irregular structure because of ducting
from multiple sources. Unfortunately, this result means that a
large percentage of the high-frequency ULF waves measured
at high latitudes do not reflect what is happening at the
boundary of the magnetosphere but rather are generated
deeper within the magnetosphere.

This work was supported by National Science Founda-
tion grant OPP 89-13870.

Six-hour zonally symmetric tidal oscillations of the
mesopause over South Pole Station

G.G. SIVJEE, Space Physics Research Laboratory, Embry-Riddle Aeronautical University, Daytona Beach, Florida 32114-3900
R. L. WALTERSCHEID, Space Sciences Laboratory, The Aerospace Corporation, Los Angeles, California 90009

M
iddle- atmosphere dynamics constitute a crucial com-
ponent of an environmental studies program. Most of

the observational and modeling efforts in this area have
stressed studies of the low- and mid-latitude regions because
classical atmospheric- dynamics models predict very small
amplitude oscillations in the polar mesopause. Yet, limited
measurements in Spitsbergen (79'N) show large-amplitude
diurnal waves (Walterscheid et al. 1986; Sivjee et al. 1987).
Investigations of such high-latitude, long-period mesopause
oscillations require continuous [24 hours (h) per day] remote
sensing of their optical signatures for several days. Because
the austral winter mesopause over the Amundsen-Scott
South Pole Station is continuously dark (that is, below the
solar shadow height) for 6 months, measurements at South
Pole Station can provide the necessary database for atmos-
pheric-dynamics investigations.

We operate a near-infrared [1.0 micrometer ( [tm) to 1.7
Rm] Michelson interferometer (MI) at South Pole Station to

record the intensities and rotational temperatures of the
hydroxyl (OH) Meinel (3, 1) and (4,2) band emissions from the
mesopause. Changes in intensities and rotational tempera-
tures reflect corresponding variations in the air density and
the kinetic temperature of the mesopause region (Sivjee
1992). A continuous 24-h recording of intensities (I) and rota-
tional temperatures (T) on 24 May 1992 indicates a 6-h tidal
oscillation, a Krassovsky's ratio (Yl=(AI/<I>)/(AT/<T>)) of
about 9±3 and a phase lag between intensity and rotational
temperature of 10±5 0. These values are consistent with non-
migrating 6-h zonally symmetric tidal oscillations with wave
numbers 0 and 1. Intensity and rotational temperature mea-
surements also indicate the possibility of highly nonlinear
atmospheric disturbances leading to different periods of the
dominant periodic variations in intensities and rotational
temperatures.

A portable and rugged MI with a thermoelectrically
cooled, low-noise (noise equivalent power -10-15 watt)
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BRIGHTNESS

InGaAs detector has been operating at the South Pole Station

since January 1992. The MI scans the infrared region, at 4 per

inverse centimeter (cm- 1) resolution, in about 3.5 seconds.

About 30 interferograms are co-added before a fast Fourier

transform is applied to the sum to yield a high signal-to-noise

ratio spectrum of the near-infrared (1.0 pm to 1.7 [tm) night-

glow emissions every 2 minutes. An example of such a spec-

trum is displayed in figure I which also shows an expanded

version of a part of the same spectrum containing the rota-

tional lines of the OH Meinel (3, 1) band.

Corrections for variations in the spectral sensitivity of the

MI, and the conversion of the detector signal to optical

brightness, are accomplished through the absolute calibra-

tion of the MI. Such a calibration is performed using a black-

body source operating at 1,273 kelvin (K) and illuminating a

Lambertian surface placed at a known fixed distance from the

blackbody aperture.

Intensity and rotational temperature values of the air-

glow OH Meinel (3,1) bands are derived by combining the
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Figure 1. Near-infrared (1.0 Rm to 1.7 gm) airglow emissions, from

the South Pole mesopause, consisting mostly of Av=2 and 3
sequences of the OH (X2n) Meinel bands and the 021R AT(0,0)

band. The individual rotational lines of the OH (3,11) P, and P2
branches are displayed in the lower half of the figure.

measured brightness of the rotational lines, corrected for

instrument response as described above and for atmospheric

extinction (Hammond and Espy in preparation), with the OH

vibrational-rotational transition probabilities (Turnbull 1987;

Nelson, Schiffman, and Nesbit 1990) and the rotational term

values of the OH (v'=3) (Coxon 1980; Sivjee and Hamwey

1987; Siviee 1992). The results of such analyses applied to the

nightglow emission monitored at South Pole Station with the

MI on 24 May 1992 are displayed in figure 2. The dominant

period of the variations in intensity appears to be a little

longer than the period of large variations in rotational tem-

perature. This indicates a highly nonlinear modulation of the

atmosphere around 85 kilometers altitude.

Variations in intensity and rotational temperature mea-

surements shown in figure 2 reflect the modulation of air

density and kinetic temperature by disturbances propagating

through the atmospheric region where the OH emissions

originate (Sivjee et al. 1987). For a quantitative understand-

ing of these disturbances, their optical signatures (translated

into intensity and rotational temperature values) must be

analyzed to derive parameters whose values can be com-

pared with those predicted by atmospheric dynamics models

for different tides and waves. The analysis involves power

spectral density calculations of intensity and rotational tem-

perature, as well as their cross-power spectral density.

Results of such calculations, shown in figure 3, indicate a 6-h
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Figure 2. Time history of the OH Meinel (3,1) band brightness and

rotational temperature recorded at the South Pole Station on 24

May 1992. A large-amplitude 6-h wave appears to be present over
the 24-h period.
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(Longuet-Higgens 1968). Thus, there is a mechanism for dri-

ving an intensity variation at the poles. The s=O tidal oscilla-

tion has been seen in surface data and even dominates at high

latitudes.

To explain the simultaneous observation of a large-

amplitude 6-h intensity oscillation and a small temperature

oscillation, the modes of the 6-h s=O tide must be associated

with large values of Krassovsky's ratio ( ,q). We have calculated

Krassovsky's ratio for these modes with our model of tidally

driven OH airglow fluctuations (Walterscheid and Schubert

1987) modified to include the vertical integration over the

emission layer. All the modes considered were vertically

evanescent. The results of the model calculations suggest that

the variations in intensity and rotational temperature

observed at South Pole Station are consistent with a 6-h zon-

ally symmetric tidal oscillation of the local mesopause.

We thank G. Fairman and C.J. Chase for their assistance

in the analyses of the OH data. This research was supported

by National Science Foundation grant OPP 89-16639.
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Helioseismology from the South Pole: Closer
connections with geoseismology

S.M. JEFFERIES and M.A. POMERANTZ, Bartol Research Institute, University ofDelaware, Newark, Delaware 19716
T.L. DUVALL, JR., Laboratoryfor Astronomy and Solar Physics, National Aeronautics and Space Administration,

Goddard Space Flight Center, Greenbelt, Maryland 20771
JW HARvEy, National Solar Observatory, Tucson, Arizona 85726

H

elioseismology investigates the properties of the solar

interior by measurement of the Sun's natural acoustic

oscillations. These solar "seismic" waves are produced by tur-

bulence in the outer part of the Sun's convection zone and are

manifest as vertical motions and intensity variations of the

solar surface. Unlike terrestrial seismic waves, which are initi-

ated by a single event such as an earthquake or explosion,

solar seismic waves are continuously excited and are present

at all points within the Sun and on its surface. Each of the

roughly 10 million natural modes generated has its own char-

acteristic period (near 5 minutes) and spatial pattern. Differ-

ent waves probe different depths and latitudes of the solar

interior. Measurement of the properties of the waves allows

helio seismologists to examine the Sun's inner structure in

much the same way as geoseismologists use terrestrial seis-

mic waves to scan the Earth's interior. Because of the com-

plexity of the solar oscillation power spectrum, accurate mea-

surement of the features in the spectrum requires observa-

tions with good temporal resolution. In this regard, the South

Pole is an ideal site. During the austral summer, the Sun is

continuously above the horizon, and the only interruption to

an observing sequence occurs when the weather deteriorates.

We have used the South Pole as an observing site on

many occasions (1981, 1987, 1988, and 1990-1991). The data

we obtained on these expeditions have allowed us to study

the mean structure, asphericity, and rotation of the solar inte-

rior and the variations of these quantities with the level of

solar activity. The majority of our studies, however—in fact

helioseismic studies in general—have concentrated on the

standing-wave properties of the oscillations. Measurement of

the traveling-wave properties, for example wave travel-times

and distances (see figure 1), has not been explored. In geo-

seismology, travel-time measurement is fundamental to

developing three-dimensional pictures of the underlying

structure of localized regions of the Earth. Standing-wave or

free- oscillation measurement generally provides information

only on the global properties of the Earth.

The lack of solar- acoustic-wave travel-time measure-

ments has been due to the problem of how to isolate the con-

tribution of a particular set of waves from the interference

pattern of a random wave field. Our group has made progress

with this problem (Duvall et al. 1993) and has obtained the

first direct measurement of wave travel-times and distances

for solar acoustic oscillations. The measurement method is

based on cross- correlation techniques that can be imple-

mented in two ways. One way provides information on local-

ized regions of the Sun, and the other way gives information

on its global properties that complements that obtained via a

traditional standing-wave analysis (figure 2).

The new time-distance measurements have already been

used to help solve a puzzle about the nature of acoustic oscil-

lations with frequencies greater than the cut-off frequency for

the solar atmosphere (this is the frequency above which

waves should not be reflected at the solar surface). Observa-

tions of these high-frequency oscillations (Jefferies et al. 1988,

p. 279; Libbrecht 1988; Jefferies et al. 1990; Duvall et al. 1991)

show that the ridge structure observed in the power spectrum

of the oscillations at frequencies beneath the cut-off frequen-

cy (approximately 5 millihertz), extends to frequencies that

are more than double that expected based on current models

of the Sun. Two theoretical explanations for the structure

have been put forward. One implies that the high-frequency

01081

I

Figure 1. Schematic showing the propagation path of a sound wave

in the solar interior. As the wave travels deeper into the Sun, the

increase in temperature (and, hence, sound speed) with depth caus-

es the wave to be progressively refracted until it turns completely

around (at radius r^ and heads back to the surface. At the surface,

the wave encounters a rapid change in density that causes it to be

reflected back into the interior. This process continues until the

wave dissipates all of its energy. The wave travel-time is defined to

be the time taken between consecutive surface reflections (for

example, the time taken to traverse the path 1-2-3). The distance

between consecutive reflections, as measured at the surface, is

indicated by A.
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ridge structure contained information on the mean structure
of the solar envelope (Balinforth and Gough 1990), the other
that it is information on the characteristics of the source of
the oscillations (Kumar et al. 1990; Kumar and Lu 1991). An
analysis of the time-distance data for waves with frequencies

Figure 2. The time-distance diagram generated from approximately
20,000 images of the Sun obtained once per minute at the South
Pole in November 1988. The lowest curve represents one internal
transit of the waves. The curves vertically above the first one corre-
spond to the second, third, and so on, reflections from the surface.
The curves of reduced slope that cross A=O near t=460, 560 and so
on, are waves that are returning after traveling once around the Sun.

above the acoustic cut-off lends credence to the model pro-
posed by Kumar.

The greatest potential for the time-distance measure-
ments lies in their use for local seismology of the Sun. This
potential, however, has not yet been tapped.

This work was supported in part by National Science
Foundation grant OPP 89-17626, the Solar Physics Branch of
the Space Physics Division of NASA, and the National Solar
Observatory.
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Studies of ionospheric convection in the Southern
Hemisphere using long-duration balloons
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T
he National Institute of Polar Research (NIPR), Japan, in
collaboration with other institutions, has been conduct-

ing a series of long-duration balloon flights, called "polar
patrol balloons" (PPB), starting in 1984 to study the iono-
sphere and magnetosphere above Antarctica. The lack of any
political boundaries and the meteorological conditions in
Antarctica provide several unique advantages in regard to
long-duration ballooning. This project aims to establish "sta-
tions" in the stratosphere over the antarctic region for geo-
physical and astrophysical observations. Meteorological stud-

ies show that the wind above approximately 30 kilometers
(km) flows stably westward in the austral summer over the
antarctic coast. A PPB launched from Syowa station is expect-
ed to drift zonally (along an equilatitudinal circle) around the
antarctic continent (Yamanaka, Yamazaki, and Kanzawa
1988). Because of the offset of the Earth's magnetic dipole, a
PPB launched from Syowa will pass under the ionospheric
footpoint of field lines threading most regions of interest in
the magnetosphere from well within the plasmasphere
(A=480) to the central polar cap (A=84'). Telemetry is accom-
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Figure 1. Ground track of PPB 2 in corrected geomagnetic coordi-
nates, latitude and longitude.

plished by the ARGOS system when the balloons are not in
line-of-sight contact with a ground station (Fujii, Ono, and
Ohta 1992).

Three (out of six) PPB payloads that have been launched
carried electric-field experiments provided by the University
of Houston: PPB 2 in January 1991 and PPBs 4 and 5 in
December 1992. Approximately 30 balloon days of useful data
were obtained. This paper will present results from the first of
these University of Houston experiments. Space permitting,
we will describe the payload configuration and give the
launch date and balloon track. We will present data from the
double-probe electric-field experiment and begin a prelimi-
nary examination of the dependence on interplanetary mag-
netic field (IMF) orientation.

The second flight in this series, PPB 2, was launched by a
team comprising members of both the 31st and 32nd Japan-
ese Antarctic Research Expedition from Syowa Station,
Antarctica, at 18:55 universal time (UT) on 5 January 1991.
The payload included a proton magnetometer, an x-ray cam-
era, and a 3-axis double-probe electric-field meter. Telemetry
was obtained by two methods: direct line-of-sight radio trans-
mission and transmission via the ARGOS satellite telemetry
system. The flight ended at 0603 UT on 4 February 1991. Two
engineering difficulties limited the total amount of data gath-
ered: the telemetry encoder developed a partial bit-scram-
bling anomaly at 0630 UT on 15 January, and the balloon itself
had some sort of small leak, which exceeded the capacity of
the ballast dropper at 1800 UT on 10 January. The balloon was
high enough for useful ionospheric electric-field data to be
obtained for at least 6 days and possibly as many as 8 days.

The balloon trajectory is shown in geornagnetic coordinates
in figure 1.

Because of this flight path, the data presented in this
paper will emphasize observations in the subauroral zone.
Magnetic activity during the flight was generally very quiet.
During the first 2 days, when the balloon was at auroral lati-
tudes, the KP index did not exceed 2 and was usually less than
1. The only day of significant activity was 12 January. Plots of
the amplitude and phase of the data for the entire flight have
been prepared (not shown). Two features of interest emerge.
First, the uniform phase advance associated with the reported
inertial wave fields (Holzworth 1986) was not seen, from
which we conclude that this payload was too high in altitude
to have observed these signals. Second, the amplitude of the
signal generally decreased with decreasing magnetic latitude,
consistent with expectations for magnetospheric sources
(Mozer and Manka 1971).

The convection pattern averaged over the entire cam-
paign is shown in figure 2. A preliminary convection pattern
study has been presented (Bering et al. 1993), but this study
needs to be extended to include more detailed analysis of the
IMF dependence and other effects. The convection pattern
shown in figure 2 disagrees with expectation and suggests
that much interesting physics is to be learned from a detailed
analysis of this flight. The most surprising disagreement with
expectation is found in the dusk and dawn sectors, where one
would normally expect to observe sunward convection. What
figure 2 in fact shows is a disorganized pattern exhibiting con-
siderable antisunward motion. A likely interpretation for this

O.M."
"al"M wc!F'—

Figure 2. This figure shows all of the horizontal electric-field data
from the flight of PPB 2 averaged as a function of magnetic local
time. The results have been plotted as equivalent convection in
clock-dial format in an Earth fixed frame of reference. (M/S denotes
meters per second.)
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observation is that the balloon was at magnetic latitudes that
lie within the plasmasphere for some portion of the flight. The
outer boundary of the plasmasphere, known as the plasma-
pause, is known to contain a charge layer, termed the Alpin
layer, that acts to shield the plasmasphere from the magneto-
spheric convection electric field. This shielding is not perfect,
however (Mozer 1973), and during periods of low magnetic
activity, circumstances are possible in which the discharge of
the Alfv6n layer drives reverse convection inside the plasmas-
phere. Presumably, we were observing some of this reverse
convection, although an alternative interpretation is that we
were seeing the effects of neutral wind-driven dynamo effects.
More work is needed to reach firm conclusions on this point.

At these latitudes and at local times near magnetic noon,
one would naively expect to have observed generally sunward
plasma flow both in the prenoon and postnoon regions. Such
a pattern is clearly observed on only 1 day, 10 January (figure
3B); on other days, rather different patterns are observed. For
example, on 7 January (figure 3A), antisunward convection is
observed in the dayside subauroral region. The demarcation
line between eastward and westward drifts changed location
from day to day. On 7, 11, and 12 January, the demarcation
line was located near magnetic noon, whereas on 9 January it
appeared at 1400 magnetic local time (MLT) and on 10 Janu-
ary at around 0900 MLT. The sense of the shift appears to be
consistent with the sign of the Y component of the IMF
(Bering et al. 1993).

The high time-rate data received in real time at Syowa
have been reduced and look very interesting. A joint PPB
data-analysis session was held at NIPR in Tokyo where these
data were discussed and some of the interesting features
identified for further analysis. For example, a period of what
appears to be ultra- low- frequency (ULF) wave activity was
found near 0500 UT on 6 January that is of interest to the
magnetometer investigators (Tonegawa. personal communi-
cation). Complete cataloging of all of the individual events in
the data has not yet begun but will be completed this year.
Detailed study of the most interesting events will require
more time and effort.

We have constructed and delivered two electric-field
experiments that were flown on the payloads of two more
PPBs launched from Syowa this past austral summer on 26
and 30 December 1992. The first flight only lasted 8 days, but
the second lasted considerably longer. Because of a failure in
the telemetry encoder, data were not obtained after 13 Janu-
ary 1993. The electric-field instruments functioned nominally
throughout both flights, and the data appear to be of excellent
quality; however, the analysis is still too preliminary to be
reported here.

In summary, the payload of PPB 2 obtained at least 6 and
possibly 8 days of ionospheric electric-field data. Although we
did not detect R.H. Holzworth's "new source" or "inertial
wave" electric fields, the fields we did observe had properties
consistent with magnetospheric sources. The balloon flew
during a period of low activity at largely subauroral locations.
The expected low-latitude pattern of sunward flow near dusk
and dawn was not seen. The dawn-dusk asymmetry observed

on the dayside appears to have been related to the sign of IMF

Y* This work has been supported by National Science Foun-
dation grant OPP 90-19567.

NIM-M

Figure 3. A. (Top) The horizontal electric field measured on 6 and 7
January 1991 plotted as equivalent convection vectors in clock-dial
format in an Earth fixed frame of reference. The coordinates are
magnetic local time and invariant latitude. The view is from the
Southern Hemisphere. B. (Bottom) Same figure showing data from 9
and 10 January 1991. (M/S denotes meters per second.)
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The surveying and mapping program of the
United States in Antarctica

Roy R. MULLEN and JERRY L. MULLINS, U.S. Geological Survey, National Mapping Division, Reston, Virginia 22092

T

he National Science Foundation (NSF), through the U.S.

Geological Survey (USGS), supports surveying and map-

ping in Antarctica. During the 1992-1993 season, the USGS

National Mapping Division (NMD) directed its antarctic sur-

veying and mapping activities toward the acquisition of glob-

al positioning system (GPS) geodetic mapping control, topo-

graphic and satellite image mapping, seismology, doppler

satellite tracking, and the compilation of an antarctic

gazetteer.

The USGS field surveying crew established geodetic map-

ping control on Seymour Island using GPS receivers. This

cooperative project with the Argentine Antarctic Institute

used Argentine helicopter support to establish 15 new sta-

tions on Seymour Island and one new station on nearby Snow

Hill Island. The control supports 1:10,000-scale topographic

mapping of the island. The map is currently in production at

the USGS Mid-Continent Mapping Center.

At Byrd Surface Camp, surveyor Eric Y. Wong established

a GPS fiducial base station. The station served as a reference

station to integrate local GPS surveys conducted in support of

the Siple Coast ice-stream dynamics project. The projects

included obtaining 15-meter (in) ice-core samples, the kine-

matic GPS survey of the local ice slope, an optical leveling sur-

vey of existing ice anchors, and the reoccupation of the exist-

ing ice benchmark.

Geodetic surveys also were conducted at the Pegasus and

Mount Howe blue-ice runway sites. Using GPS receivers, Eric

Wong reoccupied 10 doppler satellite stations previously

established near the proposed Pegasus runway on the

McMurdo Ice Shelf. These 10 stations were reoccupied to

monitor the direction and velocity of ice movement in sup-

port of the Cold Regions Research and Engineering Laborato-

ry's proposed Pegasus blue-ice runway project. At the Mount

Howe site, a bedrock benchmark and two new ice bench-

marks were established. The rock benchmark will serve as a

bedrock tie to the GPS continuous- tracking station at South

Pole and McMurdo stations. The ice benchmarks will be used

to determine the rate and direction of ice flow in the vicinity

of the proposed Mount Howe blue-ice runway.

In January 1993, the USGS team of Eric Wong, Cathleen

McDermott, and Alan Ward conducted a geodetic survey to

establish the position of the true South Pole (marker) at

Amundsen-Scott Station. Based on this season's observations

and data from previous surveys, the ice sheet at the South Pole

continues to move approximately 10 
in 

per year in a north-

westerly direction. The team installed a permanent brass

marker identifying the 1992-1993 austral summer position.

The USGS mapping program includes 1:50,000-scale

topographic maps for areas in the McMurdo Dry Valleys. The

mapping is being conducted in cooperation with the New

Zealand Department of Survey and Land Information. Under

this cooperative program, the USGS obtains the aerial pho-

tographs, establishes the geodetic control, and performs the

aerotriangulation. New Zealand performs the stereocompila-

tion, collects digital cartographic data, prepares shaded relief,

and provides color separates. The USGS will print the maps.

The cooperative agreement includes the revision of eight

existing maps produced by the USGS in 1977. The maps cover

the Taylor and Wright valleys in the McMurdo Dry Valleys.

These 1:50,000-scale, 15-minute topographic maps have 50-m

contour intervals and 25-m supplemental contours. The revi-

sion involves converting these maps from the local camp area

datum to WGS-84. The revision includes the addition of shad-

ed relief and updated place names approved by the U.S.

Board on Geographic Names (BGN) since 1977.

The Deep Freeze Range 1: 1,000, 000- scale International

Map of the World (IMW) was printed in November 1992. The

map is in the IMW format and includes BGN place names,

Antarctic Treaty nations' research station locations, bound-

aries of Specially Protected Areas, and Sites of Special Scien-

tific Interest.

The USGS is producing Landsat Thematic Mapper (TM)

satellite image maps for the Siple Coast ice-stream project.

Five 1:250,000-scale Landsat TM maps are in the final stages

of compilation at the USGS Flagstaff, Arizona, facility. Upon

completion of these maps, five additional maps will be pro-

duced. The maps will be published using the IMW geographic

reference system. Also, the USGS is producing a second ver-

sion of the advanced very-high- resolution radiometer digital

image map of Antarctica at 1:5,000,000 scale. This version win

contain contour data, permanent station locations, and BGN

place names.

The South Pole winter team of Roger Barlow and Michael

Starbuck continued doppler satellite tracking and the USGS

seismic program during the 1993 austral winter season. The

doppler satellite tracking program functions as a local track-
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ing station to improve orbital data for the polar region. The
orbital data improve the ephemeris data that support the geo-
detic control field surveying and upgrade and densification of
the existing geodetic networks in Antarctica. The USGS South
Pole seismic stations serve as key stations in the Worldwide
Standardized Seismograph Network. These data are used by
the USGS National Earthquake Information Service to help
locate earthquake epicenters and origin times for seismic
wave propagation.

The USGS manages the Scientific Committee on Antarc-
tic Research library for the NSF and the U.S. Antarctic Pro-
gram. The library is the official depository and distribution
point for antarctic aerial photographic and cartographic
products produced by the United States. The library has
approximately 450,000 black-and-white and color aerial pho-

tographs of the Antarctic dating from Operation Highjump
(1946-1947) through the 1989 field season. The library also
houses geodetic control records, satellite images, maps,
charts, and publications. Maps, charts, and publications are
exchanged with nations under the provisions of the Antarctic
Treaty.

In 1989, the NSF, in cooperation with the BGN and the
USGS, published an antarctic gazetteer containing feature
names and locations. It is being revised for publication in
1994 to include descriptive text of the features and geographic
names approved by the BGN since 1989. The published
names and new names data are part of a computer-based
Geographic Names Information System.

These programs were funded by National Science Foun-
dation grant OPP 91-14787.

Antarctic Marine Geolop-ry Research Facility, 1992-1993" 67

JoNATHAN R. BRYAN, Department of Geology, Florida State University, Tallahassee, Florida 32306

T
he 1992-1993 project year (I June 1992 to 31 May 1993)
has been an exceptionally busy time at the National Sci-

ence Foundation's Antarctic Marine Geology Research Facili-
ty (AMGRF) at Florida State University. In addition to the nor-
mal activities of sample distribution and sediment descrip-
tion, the AMGRF has received two new core shipments
(including the first material from the R/V Nathaniel B.
Palmer), produced several new publications, and hosted a
workshop on Antarctic Glacial-Marine and Biogenic Sedi-
mentation. These activities are summarized below.

A total of 4,026 samples was distributed to investigators
worldwide. This is a significant increase from the previous
project year's total of only 1,129 samples. Requests received
by the curator were taken from the following cruises and
drilling projects:

USNS Eltanin: 1,561 samples;
ARA Islas Orcadas: 661 samples;
USCGC Glacier 555 samples;
RIV Polar Duke: 1,241 samples;
Ross Ice Shelf Project: 8 samples;
Dry Valley Drilling Project: 1 sample.

Two new shipments of cores have been received. These
include 75 piston and gravity cores and 30 trigger cores from
cruise 92-2 of the R/V Polar Duke to the Antarctic Peninsula
(United States Antarctic Program 1992), which arrived on 6
July 1992; and 13 trigger cores from cruise NBP93-1 of the R/V
Nathaniel B. Palmer to the Powell Basin, northern Antarctic
Peninsula, which arrived on 10 June 1993.

Approximately 200 samples from Eltanin core 14-6 were
returned to the AMGRF by Per Bodin (Lamont-Doherty Earth
Observatory). Nineteen piston cores are on temporary loan to Rice
University for x-ray analysis (8 Eltanin, 7 Glacier, 4 Polar Duke).

The facility hosted several visiting scientists this project
year during the following dates: 3-4 June 1992, Barrie Dale
(University of Oslo); 3 August 1992, Wuchang Wei (Scripps
Institution of Oceanography); 21-22 September 1992, Scott
Borg (National Science Foundation); 22-23 September 1992,
Charles Holmes (U.S. Geological Survey, Denver); 13-18 Octo-
ber 1992, Patricia Manley and Dan Bissel (Middlebury College);
15-18 October 1992, Eugene Domack (Hamilton College); 8-11
December 1992, Tony Rathburn (Duke University and Aus-
tralian National University); 9-16 January 1993, Juliane Fenner
(Federal Institute for Geosciences and Natural Resources, Han-
nover, Germany); 11-13 January 93, Scott Ishman (U.S. Geolog-
ical Survey, Reston); 13 January 1993, Ralph Llewellyn (Univer-
sity of Central Florida); 29 March-19 April 1993, Leanne Dansie
(Australian National University); and 30 March-2 April 1993,
Carl Wolfteich (Woods Hole Oceanographic Institution).

In addition, on 30-31 March 1993, the AMGRF hosted a
"Workshop on Antarctic Glacial-Marine and Biogenic Sedi-
mentation," a premeeting shortcourse held in conjunction
with the Southeastern Section Meeting of the Geological Soci-
ety of America in Tallahassee. This workshop, which was
attended by 30 professionals and graduate students, was
taught by John Anderson (Rice University, glacial-marine sed-
imentation), Eugene Domack (Hamilton College, glacial-
marine stratigraphy and paleoclimate analysis), Scott Ishman
(U.S. Geological Survey, antarctic foraminifera), and Amy Lev-
enter (Byrd Polar Research Center, antarctic diatoms). Partici-
pants were from the following institutions: Florida State Uni-
versity, University of Alabama, Rice University, University of
Colorado, Woods Hole Oceanographic Institution, Ohio State
University, Hamilton College, U.S. Geological Survey
(Reston), and the Australian National University.
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The AMGRF produced three publications during the pro-
ject year. First were sediment descriptions for the 1986 and
1987 austral summer cruises of the USCGC Glacier (Bryan
1992, 1993a). These are available upon request to the curator
to all interested geoscientists, perspective users of the
AMGRF, and libraries. In addition, a two-volume set of course
notes resulted from the workshop on glacial-marine sedimen-
tation (Bryan 1993b). These notes are available for a small fee.
Interested parties should contact the AMGRF curator for
details. Sediment descriptions for material collected by the
R/V Polar Duke 1986, 1988, 1989, 1990, and 1991 cruises (Jef-
fers and Anderson 1986; Anderson 1988; Domack 1988;
Lawver and Villinger 1989; Anderson and Bartek 1990; Ander-
son 1991) are near completion.

Funding in support of the curatorship of antarctic collec-
tions at the Antarctic Marine Geology Research Facility has
been according to amendments 16 and 17 of National Science
Foundation contract C-1059 (OPP 75-19723) to Florida State
University.
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Antarctic Meteorological Research Center: 1992-1993
CILNRLEs R. STEARNs and JOHN T. YOUNG, Space Science and Engineering Center, University of Wisconsin,

Madison, Wisconsin 53706

T
he functions of the Antarctic Meteorological Research
Center (AMRQ are the following:

• To collect, process, archive, and display all possible satel-
lite and ground-based meteorological data at McMurdo
Station, Antarctica, for research applications.

• To collect all useful and available synoptic meteorology
products from sources other than Antarctica, such as the
synoptic outputs of the Australian Bureau of Meteorology
and the University of Wisconsin.

• To distribute the antarctic meteorological data to all inter-
ested parties over Internet in Man-computer Interactive
Data Access System (McIDAS) format (at present).

The figure shows the AMRC data flow for 1993. Some
parts of the data flow are discussed in the following para-
graphs.

The first activity of the AMRC was to collect the satellite
imagery available every 3 hours at the Space Science and
Engineering Center (SSEQ, University of Wisconsin, Madi-
son, Wisconsin; form a composite image; and save the image

to an optical disk. The image is of the 11.5- to 12.5-microme-
ter (surface temperature) band: the image is I megabyte in
size; the resolution is 10 kilometers. The regions without data
in the 50-minute sampling period are black. The geostation-
ary satellites used and the longitude are GOES-7, 112 0W; GMS,
140'E; Meteosat-3, 0 0 ; and Meteosat-4, 750W. The polar-orbit-
ing satellites are NOAA-11 and NOAA-12. The time of the
composite images is within 50 minutes of the indicated time
on the final image. The image extends from the South Pole to
approximately 34'S in the corners, with New Zealand in the
upper left-hand corner and to 58'S at the edges closest to the
South Pole. The image contains all of the antarctic continent
and the flight path between Christchurch, New Zealand, and
McMurdo Station.

The goal for the AMRC during the 1992-1993 season was
to make the initial installation of the McIDAS in the Crary Sci-
ence and Engineering Center (CSEQ at McMurdo Station.
The team, consisting of John T. Young, co -principal - investi-
gator; Tom Whittaker, programmer; and John Pyeatt, pro-
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grammer, arrived at McMurdo Station on 30 November 1992.

The equipment was on hand. During the first 5 days, the McI-

DAS was installed and configured. During the second week,

the advanced configurations between the TeraScan system in

building 165 and the McIDAS in the CSEC became opera-

tional.

By the end of the second week, the NOAA image data

were being received and processed by the McIDAS at the

AMRC in the CSEC. The data are automatically processed into

orbital path projections. Some work remains to provide the

data in polar stereographic projections for use by the Naval

Support Force, Antarctica (NSFA), Meteorology Office for air

operations. The process was implemented to record the data

on an Exobyte tape unit automatically on data acquisition

from the TeraScan system. Twenty 5-gigabyte tapes covering

92348 to 93022 are at SSEC's UWAMRC, where UW indicates

the University of Wisconsin at Madison, Wisconsin.

The Australian Bureau of Meteorology (ABOM) has

agreed to exchange data during J.T. Young's visit prior to his

deployment to McMurdo Station. Unfortunately, the ABOM's

link to Internet is saturated at 48 kilobytes per second. This

temporarily limits the quantity of data that can be exchanged.

A small set of upper-air 300-hectopascal (hPa) and 500-hpa

grids is being prepared by the ABOM for transmission to the

McMurdo AMRC. Further expansion of this data set will await

AMRC Data Flow - 1992/3
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The Antarctic Meteorological Research Center data flow for 1993.
The NOAA-X satellites are the NOAA- 11 and NOAA-1 2. The NOAA-

X global area coverage data have a resolution of 4 kilometers.
FNOC is the Fleet Numerical Oceanography Center at Monterey,
California.

the Internet link upgrade that is being processed by the

ABOM on an emergency basis.

Composite images, taken at 3-hour intervals, are being

transferred from the UW McIDAS to the McMurdo AMRC via

file transfer protocol (FTP) on Internet. A special configura-

tion of the Sun SPARC system display was installed to provide

a standard broadcast video signal. The signal is being provid-

ed to building 155. The special video switching equipment

and the animated loop of composite images were broadcast

on channel 13 CATV and will alternate with the scroll on

channel 5.

At the conclusion of the installation, automatic transfer

of the McMurdo and South Pole observational data and the

automatic weather station observations are being made to

ABOM. Sea-ice-edge and model grids will be automatically

received from the ABOM in the future and are dependent on

the upgrade to the ABOM Internet connection.

At the request of NSFA, a Sun SPARC IPC was temporarily

made available to the NSFA Meteorology Office for introduc-

tory training and evaluation of McIDAS. The NSFA Meteorol-

ogy Office used the McIDAS display of the images, taken at 3-

hour intervals, as an aid to forecasting the winds along the

aircraft flight path between McMurdo and Christchurch.

Apparently, two flights from Christchurch were aborted

before takeoff because the imagery indicated higher than

expected winds from the south. There will be a postseason

report by the Meteorology Office that contains references to

the support provided to the office during the season from

McIDAS at McMurdo and at the SSEC.

Holmes, Stearns, and Weidner (Antarctic journal, in this
issue) discuss forecasting for ships and stations in Antarctica

using data available at the University of Wisconsin hub of the

AMRC.

A VHS videotape of the satellite images collected at the

SSEC starting on 1 November 1992 and ending about 31
August 1993 was prepared for the Orientation Conference in

September 1993 in Washington, D.C.

Jane Ozga and Dave Walden of Antarctic Support Associ-

ates assisted in the installation of McIDAS at McMurdo,

Antarctica. This work is supported by National Science Foun-

dation grant OPP 92-08864.
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Antarctic weather forecasting: 1992-1993
ROBERT E. HOLMES, GEORGE A. WEIDNER, and CHARLES R. STEARNS, Department ofAtmospheric and Oceanic

Sciences, University of Wisconsin, Madison, Wisconsin 53 706

F
rom April 1992 through January 1993, the University of
Wisconsin provided weather forecasts for the cruises of

the R/V Nathaniel B. Palmer, Palmer Station, Antarctica, and
the Polar Star cruise from Hobart, Tasmania, to McMurdo
Station, Antarctica. Weather information was also sent to the
Naval Support Force, Antarctica (NSFA), in Christchurch,
New Zealand. The forecasts were made using data from auto-
matic weather stations (Holmes, Stearns, and Weidner,
Antarctic journal, in this issue), recent observations from the
ships and/or stations in Antarctica, computer model forecasts
obtained from the National Meteorological Center, and satel-
lite imagery displayed on the Man-computer Interactive Data
Access System (McIDAS).

The McIDAS system at the Space Science and Engineer-
ing Center of the University of Wisconsin enables the fore-
caster to display satellite imagery from four geostationary
satellites—Meteo sat- 0, Meteosat-75, GOES-7, and GMS—and
two polar-orbiting satellites—NOAA-11 and NOAA-12.
Stearns and Young (Antarctic Journal, in this issue) describe
the composite image.

The forecast included a discussion of the current and
future weather, including what was evident on satellite
imagery, automatic weather station observations, and the
medium-range forecast (MRF) model. The discussion, a 36-
hour forecast of sky conditions, wind speed and direction,
and visibility, and the 24-, 36-, and 48-hour sea-level pressure
forecast maps from the MRF were faxed to the R/V Nathaniel
B. Palmer every weekday that the ship was at sea. Forecasts
made on Fridays were extended to include the weekend
weather conditions. The forecasts were continued through
January 1993.

Forecasts were also sent to Ice Station Weddell 1. The sta-
tion received forecasts from 13 May 1992 until the station's
removal in June 1992. The forecasts were of the same format
as those made for the R/V Nathaniel B. Palmer. They were
first faxed to the Palmer and then retransmitted to Ice Station
Weddell 1.

On 15 October 1992, the University of Wisconsin began
sending weather information to the NSFA in Christchurch,

New Zealand. The 24-, 36-, and 48-hour MRF forecast panels
of 400-millibar (mb) height and 400-mb wind speeds were
sent every weekday by fax. Our purpose was to give the fore-
casters at NSFA additional tools with which to make their LC-
130 flight winds forecasts for the flights between Christchurch
and McMurdo. The forecast panels were sent through January
1993.

Forecasts were also sent to Palmer Station, Antarctica.
The first forecast was sent on 8 November 1992, and forecasts
were continued through January 1993. The format of the fore-
casts was the same as those for the R/V Nathaniel B. Palmer.
The purpose for providing the forecasts for Palmer Station
was to assist in the cleanup of fuel leaking from a ship that
had run aground in the area, and to improve the planning of
various operational tasks at the station. These forecasts were
also transmitted by fax.

The Polar Star received forecasts for the period spanning
most of its voyage from Hobart, Tasmania, to McMurdo. The
forecasts, similar to those sent to the R/V Nathaniel B.
Palmer, were sent beginning 21 December 1992 and contin-
ued through 4 January 1993. The forecasts were sent to assist
scientific operations, including the deployment of several
automatic weather station units.

The meteorological observations taken at the forecast
locations cannot be overlooked. Each location sent its weath-
er observations to the University of Wisconsin on a daily
basis, usually by fax. This enabled the forecaster to have. a set
of parameters to use in comparison with the MRF forecast
and to adjust those forecasts for both the speed and the
strength of weather systems.

The forecasting effort was supported by National Science
Foundation grant OPP 90-15586.
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High-resolution ultraviolet spectral irradiance monitoring
program in polar regions—Six years (and growing) of data

available to polar researchers in ozone and
ultraviolet related studies

CHARLEs R. BOOTH, TimOTHY B. LucAs, and JOHN H. MORROW, Biospherical Instruments, Inc.,
San Diego, California 92110-2621

T
he Antarctic Ultraviolet Sp ectroradio meter Monitoring
Network was established by the U.S. National Science

Foundation (NSF) in 1988 in response to predictions of
increased ultraviolet (UV) radiation in the polar regions. The
network consists of several automated, high-resolution spec-
troradiometers placed in strategic locations in the Antarctic
and the Arctic (table 1) and a new operational site in San
Diego, which is also used for training and testing. The net-
work is the first automated, high-resolution UV scanning
spectroradiometer network installed in the world. It has been
largely successful at being operated in the harshest environ-
ments of the Antarctic and the Arctic and is currently return-
ing data to researchers studying the effects of ozone depletion
on terrestrial and marine biological systems, in addition to
being used to develop and verify models of atmospheric light
transmission. Over the past 5 years, this network of instru-
ments has provided data for the support of several research
programs—the details of which may be found in the following
references: Booth, Weiler, and Penhale (1988); Booth et al.
(1990, 1992, in press); Booth and Madronich (in press); Diaz et
al. (1990); Diaz, Lucas, and Smolskaia (1991); Frederick et al.
(1993), Lubin and Frederick (1989, 1990a, 1990b, 1991); Lubin
et al. (1989, in press); Madronich (1993); Smith and Baker

(1989); Smith et al., (1990, 1991, 1992), Stamnes (1993);
Stamnes, Slusser, and Boden (1991); and Stamnes et al. (1990,
in press).

Spectroradiometers (SUV-100, Biospherical Instruments,
Inc.j were installed in four locations between February and
November 1988, and a fifth instrument was installed at Bar-
row, Alaska, in December 1990. Table 1 lists the positions and
the period of data referred to in this report for these sites.

The SLIV-100 spectroradiometer is based on a tempera-
ture-stabilized scanning double - monochromator coupled to
a photomultiplier tube detector. The system is optimized for
operation in the UV. A vacuum-formed Teflon diffuser serves
as an all-weather irradiance collector and is heated by the sys-
tem to minimize ice and snow buildup. The instrument has
wavelength and intensity calibration lamps for automatic cal-
ibrations at programmed intervals (typically two to four times
per day). A data- acquisition system accompanies the instru-
ment, and an IBM-compatible computer is used to control
the system and log the data. For details, see Booth et al.
(1992).

UV-B, frequently defined as the integral of the spectral
irradiance between 290 and 320 nanometers, is a common
measure of UV irradiance that is potentially harmful to bio-
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Figure 1. Available data on volumes 1 through 3 of the published CD-ROMs. On special request, data obtained before publishing volume 1
may also be obtained. Contact the authors for more information.
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Weekly Maximum Erythema Irradiance
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Figure 2. Weekly maximum erythernally weighted (McKinlay and Diffey 1987) UV irradiance recorded at the six UV monitoring sites. Northern

and Southern Hemisphere data show the expected seasonal differences. For this data set, Palmer Station shows the highest exposure,

occurring when traces of ozone-depleted air persisted until nearly midsummer.

logical systems. Other measures that express the biological

impact of UV irradiance include a variety of dose weightings

such as Setlow's (1974) action spectra for DNA damage and

the Commission Internationale de I'Eclairage—sanctioned

action spectra for human erythema as presented by McKinlay
and Diffey (1987). The weekly maximum recorded levels of

these three measures of UV are tabulated in table 2. The time

of year in which the maximum level occurs depends upon a

combination of the solar zenith angle, cloud cover, and ozone

concentration. Antarctic maxima do not occur when the

ozone is most fully depleted, which normally happens in late

September or early October, because the Sun is low in the sky

at that time. Since these data represent instantaneous maxi-

ma of irradiance, they contain data where partially cloudy

conditions cause irradiance levels higher than those that

would occur if there were clear skies. For example, due to

reflections from clouds, the maxima occurring in San Diego

on 20 May 1993 were a few percent higher than the irradiance

levels observed on the summer solstice. This also accounted

for the 5 January 1990 elevated readings in Ushuaia that were

very slightly higher than the readings of 30 November 1990.

Data from the network are available on CD ROMs published

Table 1. Locations of the sites and the time periods when data are availablefrom each

1
	

McMurdo Station, Antarctica	166.400E
	

77.510S
	

March 1988

2
	

Palmer Station, Antarctica	64.03OW
	

64.460S
	

May 1988

3
	

South Pole, Antarctica	0
	

90.00OS
	

February 1988

4
	

Ushuaia, Argentinaa	68.00OW
	

54.590S
	

November 1988

5
	

San Diego, California	117.12OW
	

32.46ON
	

October 1992

6	Barrow, Alaskab	156.47OW	71.18ON	December 1990

aCADIC: Centro Austral de Investigaciones Cientificas, Argentina.
bUlC/NARL: Ukpeagvik Inupiat Corporation/(formerly) Naval Arctic Research Laboratory.

ANTARCTIC JOURNAL — REVIEW 1993

339

August-April

Yearround

September-March

Yearround

Year round (except
for during the occasional
testing and training activities)

January-November



Table Z Maxima determine by examination of the data sets from the three CD-ROMs listed in
figure 1. The peak values in each case are in bold.

South Pole	7.83 11/29/92	68.5	129.4	12/03/92	67.8	0.111	11/29/92	68.5
McMurdo	14.96 11/19/92	58.5	222.5	11/19/92	58.5	0.256	11/19/92	58.5
Barrow	10.36 05/17/92	52.2	178.9	05/17/92	52.2	0.138	07/02/92	48.5
Palmer	30.1	12/05/90	42.0	382.7	12/02/90	44.0	0.656	12/02/90	42.0
Ushuaia	26.9	01/05/90	32.9	384.6	01/05/90 32.9	0.572	11/30/90	33.3
San Diego	28.18 05/20/93	16.2	376.9	05/20/93	16.2	0.566	05/20/93	16.2

aAll dates are month-clay-year.
bSolar zenith angle.

annually. Figure 1 shows the time periods for which data are
available from the six sites.

Figure 2 presents the time course of erythernally weight-
ed irradiance for the six sites. The data for the Northern and
Southern Hemispheres show the expected seasonal patterns.
For this data set, Palmer Station shows the highest exposure,
occurring when traces of ozone-depleted air persisted until
nearly midsummer. Note that approximately one-half of a
year's worth of data (including the summer solstice) from San
Diego was available for this analysis because this is the
newest site.

The need for the rapid establishment of the LJV monitor-
ing program was established by Peter Wilkniss, former Direc-
tor, Office of Polar Programs, National Science Foundation.
We thank a variety of contributors to this effort including Sue
Weiler, John Gress, Susana Diaz, David Norton, Dan Endres,
Chris Churylo, Tanya Mestechkina, John Tusson IV, and
David Neuschuler. Data from the NSF LJV spectroradiometer
network are available to researchers on CD-ROM, as shown in
figure 1. Consult the authors at Biospherical Instruments,
Inc., 5340 Riley Street, San Diego, CA 92110 for details.
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People and place: The antarctic environmental relationship
G. DANIEL STEEL and PETER SUEDFELD, Department ofPsychology, University ofBritish Columbia, Vancouver,

British Columbia, Canada V6T IZ4
LAWRENCE PALINKAS, Division ofFamily Medicine, Department of Community and Family Medicine,

University of California at San Diego, La Jolla, California 92093-0807

A
ecdotal evidence, drawn from both contemporary and

Ztorical sources, has shown that strong emotional bonds
to antarctic sites may develop during the course of one's stay.
The exact structure of these bonds and the factors that go into
determining their valance have not been investigated in the
past. Building on prior research into personality factors of the
polar sojourner (Suedfeld, Palinkas, and Steel 1992) and
extending an interpersonal relationship model forwarded by
Sternberg (1986, 1988), an "environmental relationship" model
was tested during the 1992 austral summer. Implementing a
newly developed interview technique, this model examined
three factors thought to underpin the environmental relation-
ship: passion for a place, environmental intimacy (trust, depth
of knowledge, self-identity), and commitment to the site. Pre-
liminary results indicate that all three factors are present, in
varying degrees, in the Antarcticans' relationship with their
worksite. Further analysis is currently under way to determine
the ways in which these factors are related to each other and to
the differential effects of the summer and winter seasons.

In related work, initiated in the austral summer of 1991,
the Polar Psychology Project Battery of personality scales was

administered to personnel during the winter fly-in and main
season of 1992. Results based on these data have confirmed
the findings reported earlier (Suedfeld et al. 1992). Analysis is
under way on eight separate scales, testing for evidence of
telic dominance, environmental preference, coping strate-
gies, and other factors. This research is being coupled with
data gathered during extensive "exit interviews," conducted
during the winter fly-in season of 1992, to build a more com-
plete understanding of the polar experience.

We would like to thank the residents of McMurdo for
their invaluable support and cooperation. This research was
supported by National Science Foundation grant OPP 90-
19131.

References

Sternberg, R.J. 1986. A triangular theory of love. Psychological Review,
93,119-135.

Sternberg, R.J. 1988. The triangle of love. New York: Basic Books.
Suedfeld, P., L. Palinkas, and G.D. Steel. 1992. Psychological aspects

of polar living. Antarctic Journal of the U.S., 27(5), 327.

ANTARCTIC JOURNAL — REVIEW 1993
341



Index of Authors

A
Ackley, S.F., 79
Agler, B., 198
Albarracin, J.I., 78
Alley, R.B., 59
Amos, A.F., 157,159,162,201
Anderson, M.R., 301
Anderson, S., 115
Andreas, E.L, 274
Andrews, E.D., 249
Andrews, J.T., 91
Arakelian, T., 256
Arnoldy, R.L., 323
Askin, R.A., 49
Asper, V.L., 223
Austin, Jr., J.A., 101

B
Baker, B.J., 132,134
Baker, K., 205
Baldwin, R.J., 138
Barker, D.H.N., 101
Bartlett, R.D., 245
Beaman, J., 310
Behrendt, J.C., 1, 87, 89
Bell, R.E., I
Benbrook, J.R., 314, 329
Bengtson, J.L., 200
Benoit, P.H., 52
Bensadoun, M., 306,308,311
Bering, 111, E.A., 314,329
Bersanelli, M., 306, 308,311
Bird, D.F., 234
Blankenship, D.D., I
Boersma, A., 109
Boime, R.D., 255
Bonelli, G., 306,308
Booth, C.R., 338
Bosch, 1., 115,136
Boucher, N.P., 11 7
Braddock, P., 26
Bradford, S.C., 23
Bradshaw, J.D., 5
Brandt, R.E., 255
Brinton, E., 174
Brittain, R., 303
Bromwich, D.H., 277,280,285,288,294
Brozena, J.M., I
Bryan, J.R., 334
Buchanan, D., 69
Buhl, P., 93
Burckle, L.H., 110
Butler, J.H., 267
Byrne, G.J., 314

C
Carlson, R.W., 256
Carrasco, J.F., 283, 285
Carroll, J.J., 273
CASERTZ group, 87
Castellini, M.A., 155
Chadwick, R., 314
Chappell, M.A., 150
Cherel, Y., 149
Christian, J.R., 221
Claffey, K.J., 274
Clarady, C., 329
Clark, K.C., 320
Cochlan, W.P., 169,172
Cockcroft, A.R., 239
Couch, L., 148
Cummings, S.O., 267

D
Daly, K.L., 141
De Amici, G., 306,308,311
Demer, D.A., 183
Deshler, T., 260
Detrich, III, H.W., 143
de Zafra, R.L., 262, 264
Diebold, J.B., 93
Diercks, A.R., 223
DiTullio, G.R., 130,141
DiVenere, V., 5
Domack, E.W., 96,97
Donahue, D.J., 70
Doolittle, J.H., 301
Dore, J.E., 167
Downes, M.T., 237
Du, Y., 280
Dunbar, N.W., 7
Dunbar, R.B., 81
Duszynski, D.W., 148
Duvall, Jr., T.L., 328

E
Echelmeyer, K., 66
Elkins, J.W., 267
Elliot, D.H., 38,48
Elliot, R.J., 26
Emmons, L.K., 262
Emslie, S.D., 151
Encarnacion, J., 21
Engebretson, M.J., 323
Engelhardt, H., 63
Evans, K.R., 35

F
Faure, G., 30, 69
Feldmann, R.M., 46
Few, A.A., 314

Fisk, M.R., 98
Fitzgerald, P.G., 41, 43
Fleming, T.H., 38
Foland, KA., 38
Foster, T.D., 75
Friedmann, E.I., 252
Fritsch, J., 89
Fritsen, C.H., 124
Fujii, R., 329

G
Gaisser, T.K., 310
GANOVEX group, 87
Garrison, D.L., 126
Gast, T., 113
Glatts, R.C., 138
Goldstrand, P.M., 43
Gordon, A.L., 78
Gow, A.J., 79
Groeneveld, C., 271
Groom, M., 198
Grunbaum, D., 198
Grunow, A., 21
Guyton, G.P., 152

H
Haberman, K.L., 217
Hagen, E.H., 69
Hamann, M., 132
Hammer, W.R., 33
Harrison, W., 66
Hart, S.R., 14
Hart, S., 310
Harvey, J.W., 328
Harvey, R.P., 51
Harwood, D.M., 16
Hayes, D.E., 93
Heine, J.N., 134
Helbling, E.W., 189,191,193,196
Hellmer, H.H., 78
Hernandez, G., 317,320
Hewitt, R.P., 181,183
Hickerson, W.J., 33
Hillas, A.M., 310
Hobbs, C., 43
Hochachka, P.W., 152
Hodge, S.M., I
Hoffman, J., 115
Hofmann, E.E., 209,212
Holm-Hansen, 0., 169,172,189,191,193,

196
Holmes, R.E., 296,337
Holt, R.S., 181
Hormazdbal F., S., 196
Horner, T., 32
Horning, M., 149

ANTARCTIC JOURNAL — REVIEW 1993
M



Houlihan, T., 167,219

Howington, J., 119,123

Huber, B.A., 78,109

Hurford, W.E., 152

I
Janes, D.N., 150

Janosy, R.J., 26

Jansen, J.K., 200

Jarvis, J.L., I

Jefferies, S.M., 328

Jennings, A.E., 91

Johnson, B.J., 260

Johnson, K.S., 69

Johnson, P.A., 310

Jones, D., 225,227

Jull, A.J.T., 70

K

Kadokura, A., 329

Kallemeyn, G.W., 56

Kamb, B., 63

Karentz, D., 113,115

Karl, D.M., 165,167,219,221,223,225,227,

229,231,234

Kamovsky, N.J., 151

Kaufmann, R.S., 138

Keith, L.W., 151

Keller, R.A., 98

Kelly, B., 119

Khalil, MAX, 265

Klepeis, K.A., 103

Kooyman, C., 149

Kooyman, G., 149

Kooyman, T., 149

Kopitzke, R.W., 132

Kucks, R.P., 3

Kyle, P.R., 13,14

L
LaBelle, J., 303

Lal, D., 70

Laman, E.A., 179

Lascara, C.M., 21Z 214

Lawver, LA., 98,103,105,107

Lee, K., 329

Letelier, R., 225,227

Levin, S., 306,311

Levy, R.H., 16

Licht, K.J., 91

Liggins, G.C., 152

Limon, M., 306,308,311

Lipphardt, Jr., B.L., 209

Lipschutz, M.E., 54

Liu, Z., 277,283,288

Lloyd-Evans, J., 310

Locarnini, R.A., 209

Loeb, V.J., 177,179,185

Lucas, T.B., 338

Luyendyk, B.P., 10

Lytle, V.I., 79

M

MacAyeal, D.R., 59

Makshtas, A.P., 274

Mammone, K.A., 97

Maranger, R., 234

Marsh, B.D., 19

Martinez, J., 169, 172

Masood, K.R., 32

McClintock, J.B., 132,134

McCormick, D.F., 151

McFeters, G., 119,120,123

McGinnis, J.P., 93

McIntosh, W.C., 7

McKenna, III, L.W., 35

McKnight, D.M., 249

Mende, S.B., 301

Mensing, T.M., 30

Meyer, W.R., 200

Miller, G.D., 148

Miller, R.V., 200

Montzka, S.A., 267

Mordn, P., 189

Mordy, C.W., 124

Morris, GA., 314

Morrow, J.H., 338

Morse, D.L., 67

Mortlock, R.A., 110

Mullen, R.R., 333

Mullins, J.L., 333

Murcray, F., 259

Mutter, J.C., 93

Myers, R.C., 267

N

Neff, W.D., 273

Nevitt, G., 198

0

Ocampo-Friedmann, R., 252

P

Palais, D.G., 5

Palinkas, L., 341

Pankhurst, R.J., 5

Panter, K.S., 7

Parish, T.R., 294

Parker, S.K., 143

Paschal, E.W., 301

Peterson, C.J., 150

Petrakis, J., 310

Place, A.R., 146

Place, M.C., 30

Pr6zelin, B.B., 11 7

Price, K., 317

Priscu, J.C., 237,239,241,244,245,247

Ponganis, P., 149

Pomerantz, MA., 328

Popecki, M.A., 323

Q
Quakenbush, T., 84

Quetin, L.B., 205,21Z 214,217

R

Rasmussen, R.A., 265

Rea, L.D., 155

Redfield, T.F., 41, 43

Reed, D.B., 30

Reeves, M., 262

Reisenbichler, K.R., 138

Resing, J., 225,227,231

Rivera, S.G., 193

Roberts, M., 41

Robison, B.H., 138

Roby, D.D., 146

Rogers, J.C., 81

Rosenberg, J.E., 181

Ross, R.M., 205,212,214,217

Rowell, A.J., 35

Rubin, A.E., 56

Rudolph, S., I 10

S

Sala, L., 191

Saltus, R.W., 3

Schlosser, P., 76

Schneider, R.C., 152

Schulz, W.J., 320

Schutt, J.W., 51

Schwartz, M.K., 200

Sears, D.W.G., 52

Secord, D., 198

Shindell, D., 262

Siegel, V., 185

Silva S., N., 196

Silverman, E., 198

Sironi, G., 306,308

Sivjee, G.G., 325

Sho^maker, V.H., 150

Skov, M.J., 13

Slattery, M., 134, 136

Sloan, B.J., 107

Smith, C.H., 10

Smith, D.A., 209

Smith, J.J., 119,120,123,244

Smith, Jr., K.L., 138

Smith, N.J.T., 310

Smith, R.W., 317,320

Smith, S.R., 283

Smith, Jr., W.O., 128,130

Smoot, G.F., 306,308,311

Stanek, K., 152

Stanev, T., 31 0

Starbuck, M., 271

Stearns, C.R., 291, 296, 335, 33 7

Steel, G.D., 341

Stein, A.B., 96

Stilwell, J.D., 16

Storey, B.C., 5

Strelin, JA., 98

Suedfeld, P., 341

Sullivan, C.W., 124

ANTARCTIC JOURNAL — REVIEW 1993

3"



T
Taylor, E.L., 32
Taylor, J.R.E., 146
Taylor, T.N., 32
Testa, J.W., 155
Thomsen, H.A., 126
Tien, G., 225,227,229
Tilbrook, B.D., 165
Tr6hu, A., 89
Trimble, C., 262,264
Trimpi, M.L., 301,303
Trivelpiece, S.G., 151
Trivelpiece, W.Z., 151

V
Van Allen, R., 259
van Stekelenborg, J., 310
Veit, R., 198
Villafafte, V.E., 191, 193
Vinje, W., 306,308,311

w
Waddington, E.D., 67
Walden, V.P., 269
Walker, B.R., 200
Walterscheid, R.L., 325
Ward, B.B., 237,239
Warren, S.G., 255,269,271
Watson, A.A., 310
Weatherwax, A.T., 303
Weaver, S.D., 5
Weidner, G.A., 291, 296, 33 7
Wendler, G., 84
Weppernig, R., 76
Wheelock, M.M., 19
Whillans, 1., 61
Wilch, T.I., 7
Wild, G., 115
Williams, K.M., 91
Wilson, T.J., 23,26
Wing, K.T., 247
Woolston, C.D., 241,245

y
Young, J.T., 335

z
Zapol, D.G., 152
Zapol, W.M., 152

ANTARCTIC JOURNAL — REVIEW 1993
345



The Science & Technology Information System (STIS)
at the National Science FoundationS171sle

What is STIS?
STIS is an electronic dissemination system that provides fast,
easy access to National Science Foundation (NSF) publications.
There is no cost to you except for possible long-distance phone
charges. The service is available 24 hours a day, except for brief
weekly maintenance periods.

What Publications are Available?
Publications currently available include:

N The NSF Bulletin
0 Program announcements and "Dear Colleague" letters
E General publications and reports
0 Press releases, Other NSF news items
0 NSF organizational and alphabetical phone directories
N NSF vacancy announcements
0 Award abstracts (1989-now)

Our goal is for all printed publications to be available electronically.

Access Methods
There are many ways to access STIS. Choose the method that
meets your needs and the communication facilities you have
available.

Electronic Documents Via E-Mail. If you have access to Internet
e-mail, you can send a specially formatted message, and the docu-
ment you request will be automatically returned to you via e-mail.

Anonymous FTP. Internet users who are familiar with this file
transfer method can quickly and easily transfer STIS documents
to their local system for browsing and printing.

On-Line STIS. If you have a VTl00 emulator and an Internet
connection or a modem, you can log on to the on-line system. The
on-line system features full-text search and retrieval software to
help you locate the documents and award abstracts that are of
interest to you. Once you locate a document, you can browse
through it on-line or download it using the Kermit protocol or
request that it be mailed to you.

Direct E-Mail. You can request that STIS keep you informed, via
e-mail, of all new documents on STIS. You can elect to get either
a summary or the full text of new documents.

Getting Started with Documents Via E-Mail
Send a message to the Internet address stisserv@nsf.gov . The text
of the message should be as follows (the Subject line is ignored):

getindex
You will receive a list of all the documents on STIS and instruc-
tions for retrieving them. Please note that all requests for electron-
ic documents should be sent to stisserv, as shown above.
Requests for printed publications should be sent to
pubs@nsf.gov.

Getting Started with Anonymous FTP
FI? to stis.nsf.gov. Enter anonymous for the usemarne, and your E-
mail address for the password. Retrieve the file "index". This con-
tains a list of the files available on STIS and additional instructions.

Getting Started with The On-Line System
If you are on the Internet: telnet stis.nsf.gov . At the login
prompt, enter public.

If you are dialing in with a modem: Choose 1200, 2400, or
9600 baud, 7-E- 1. Dial (703) 306-0212 or (703) 306-0213

When connected, press Enter. At the login prompt, enter public.

Getting Started with Direct E-Mail
Send an E-mail message to the Internet address stisserv@nsf.gov .
Put the following in the text:

get stisdirm
You will receive instructions for this service.

Getting Started with Gopher and WAIS
The NSF Gopher server is on port 70 of stis.nsEgov. The WAIS
server is also on stis.nsf.gov. You can get the ".src" file from the
"Directory of Servers" at quake.think.com. For further informa-
tion contact your local computer support organization.

For Additional Assistance Contact:
E-mail: stis@nsf.gov (Internet)

Internet Gopher and WAIS. If your campus has access to these
Internet information resources, you can use your local client soft-
ware to search and download NSF publications. If you have the
capability, it is the easiest way to access STIS.

Phone: (703) 306-0214 (voice mail)

TDD: (703) 306-0090
NSF 94-4

(Replaces NSF 91-10)
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