
sites had not been visited before, the accumulation rate was
estimated on the basis of stratigraphic features such as depth
hoar and hard-packed layers. At one of the sampling sites, a
test of the interannual variability in trace-element concentra-
tions was also made. The Terra Nova Saddle, a site that had
been visited before (and which we knew had an annual ac-
cumulation of about 50 centimeters of snow) was chosen for
this test. In addition, at two of the sampling sites (Terra Nova
Saddle and Newall Glacier), we planned to try to locate and
sample a specific annual layer; namely the 1984-1985 horizon,
in which there might exist fallout from the austral summer
1984-1985 eruptions of Mount Erebus (Kyle 1986).

All snow samples are being preconcentrated by lyophiliza-
tion (freeze-drying) prior to instrumental neutron activation
analysis. We are currently testing a variety of methods by
which the residue of this process can be taken up and packaged
for instrumental neutron activation analysis. The main goal of
this preliminary work is to establish a noncontaminating pre-
concentration protocol which will allow determination of as
many of the seven element tracers (arsenic, selenium, zinc,
indium, manganese, vanadium, and antimony) as possible.
Aliquots of NBS Standard Reference Materials (e.g., SRM 1643a,
Trace Elements in Water) have been added to deionized water,
the samples frozen and lyophilized and the residue recovered.

In our first tests, samples of deionized water with trace metal
spikes were frozen and lyophilized and recovery of the trace
elements was attempted. Post-lyophilization rinsing of the

sample bottles with ultra-pure nitric acid did not give us com-
plete recovery of the trace metal spikes. We have also tried
tests in which an aliquot of "trace metal clean" starch solution
is added to deionized water, refrozen, and then lyophilized.
The starch provides a convenient matrix for the recovery of
particulates and trace elements contained in the snow sample
and can be easily recovered and packaged for instrumental
neutron activation analysis. After the starch has been purified,
the next step is to determine the minimum amount of starch
to add to effect complete trace-metal recovery. Results obtained
to date suggest that addition of approximately 0.25 grams of
starch contained in 10-15 milliliters of deionized water results
in complete trace-metal recovery while blank levels for most
trace metals remain low when compared with levels reported
in antarctic snow.

It is our pleasure to thank the C-130 and UH-1N crews of
VXE-6 for excellent logistical support. This work was funded
by National Science Foundation grant DPP 87-15963.
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Satellite observations
of katabatic winds

blowing from Marie Byrd Land
onto the Ross Ice Shelf

DAVID H. BROMWICH

Byrd Polar Research Center
Ohio State University
Columbus, Ohio 43210

Parish and Bromwich (1986) used the simple steady-state
model of Ball (1960) to simulate the pattern of time-averaged
surface airflow over the west antarctic ice sheet during the
non-summer months. Input data consisted of ice slopes at a
spatial resolution of 38 kilometers and estimates of the tem-
perature structure in the lowest layers of the atmosphere. Sim-
ilar to the situation for the entire antarctic continent (Parish
and Bromwich 1987), the gravity-driven drainage pattern was
found to exhibit strong cross-slope variability with the surface
air converging into several zones just inland from the ice-sheet
margins. The most prominent of these confluence zones was
diagnosed to discharge across Siple Coast and was strongly
supported by a variety of data including summer surface-wind
observations (Parish and Bromwich 1986; Bromwich 1986).

Bromwich (1989) has shown that cloud-free, thermal infrared
satellite images often contain prominent warm signatures of

antarctic downslope (katabatic) winds during winter. The tem-
perature increase associated with strong katabatic airstreams
appears to be caused by intense vertical mixing and transport
of drift snow (Bromwich 1989; Parish and Bromwich 1989). To
evaluate the frequency and utility of katabatic wind signatures
within and beyond the Siple Coast confluence zone, all avail-
able thermal images between mid-May and mid-June in 1988
(2 or 3 per day) were examined. Direct broadcast data from
the National Oceanic and Atmospheric Administration satel-
lites covering the Siple Coast area are typically recorded one
or more times each day at McMurdo Station (Anonymous 1988).
The imagery of most relevance to this pilot study is provided
by the advanced very-high-resolution radiometer at thermal
infrared wavelengths (near 11 micrometers) and has a spatial
resolution of 1.1 kilometers.

Cassettes containing digital data for the period of interest
were obtained from the Antarctic Research Center at Scripps
Institution of Oceanography, and were examined with a sat-
ellite image processing system. These results were obtained:
• The area was completely overcast about half the time. Clou-

diness statistics given by Schwerdtfeger (1970) for Byrd Sta-
tion indicate that average winter conditions are not very
different.

• Drainage of air from East Antarctica to Marie Byrd Land,
via the main glacier valleys which dissect the Transantarctic
Mountains, is a fairly common event. About half of the
cloud-free images showed significant glacier wind activity
all along this section of the mountains.

• Well-defined drainage airflow within the Siple Coast con-
fluence zone shows up in about half of the cloud-free im-
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ages. Quite often, the katabatic wind signatures appear to
extend all the way across the Ross Ice Shelf to its northern
edge, a distance of over 1,000 kilometers.
Figures 1-3 have been prepared to illustrate some charac-

teristics of the satellite-observed katabatic wind signatures that
cross Siple Coast. They compare signatures with simultaneous
automatic weather station wind observations and with the sea-
level pressure field over the flat Ross Ice Shelf. The latter is
constructed by manually analyzing automatic weather station
(AWS) observations of surface pressure, temperature, and wind.
Primarily data from 1986 are presented, because the automatic
weather station adjacent to Byrd Station (AWS 03) did not
operate during most of 1988; thermal images used for this year
were collected by Defense Meteorological Satellite Program
satellites and have a spatial resolution of 2.7 kilometers.

Figure la shows airflow within and beyond the confluence
zone with significant contributions from winds blowing out of
Shimizu Ice Stream, Reedy Glacier, and Scott Glacier. The
combined airstream blows for about 200 kilometers across the
Ross Ice Shelf before dissipating. The pressure field is not well
resolved near Siple Coast (figure ib), but may consist of isobars
(lines of constant pressure) nearly parallel to Siple Coast.

Figures 2 and 3 illustrate airflows from the confluence zone
that extend for great distances across the Ross Ice Shelf and
propagate parallel to the Transantarctic Mountains. Figure 2a
shows a katabatic airstream that has reached AWS 11; speed
is 7.5 meters per second and the direction is parallel to lateral
boundaries of the signature. That part of the signature over
the Ross Ice Shelf became well organized only over the pre-
ceding 4 hours and was associated with the simultaneous de-
velopment of a ridge to the southeast of AWS 11 and 08 and
a trough to the northwest (figure 2b); a significant isallobaric
component of motion may therefore be present. The airflow
within the confluence zone is being modulated by mesoscale
cyclones located to the southeast and southwest of the Byrd

automatic weather station (AWS 03). To the northwest of AWS
11 in figure 2a, well-defined katabatic airstreams blow from
Byrd, Mulock, and Skelton glaciers and merge to form a broad
signature. The wind direction at AWS 24 is parallel to the edge
of the signature, and the speed is 5 meters per second. This
low speed probably is recorded because AWS 24 is located just
outside of the katabatic jet. Bromwich (1989) reported that
these particular signatures are present on almost all cloud-free
thermal infrared satellite images during winter.

Figure 3a illustrates a katabatic surge that apparently extends
about 1,800 kilometers from the Byrd automatic weather sta-
tion to the northwestern edge of the Ross Ice Shelf where the
offshore wind generated a narrow coastal polynya (area of
open water surrounded by sea ice). Zwally, Comiso, and Gor-
don (1985) noted that an atmospherically forced polynya is
often present in this locality during the winter months. Surface
winds are generally parallel to the lateral boundaries of the
signature, and the speeds are about 7.5 meters per second.
Figure 3b shows that a cyclone was present over the central
part of the ice shelf and for much of the distance along the
Transantarctic Mountains the flow is nearly parallel to the iso-
bars; marked cross-isobaric motions only appear to the north
of AWS 24. The pressure field was fairly invariant for the
previous 10 hours. Wind observations from AWS 11 together
with this stationary time scale indicate that the katabatic surge
probably only reached AWS 24 by image time. This finding
suggests that the mountain-parallel katabatic signature actually
consists of air from two main katabatic sources: Marie Byrd
Land and the Byrd Glacier area. Parish and Bromwich (1987)
and Bromwich (1989) concluded that strong persistent kata-
batic winds typically blow out of Byrd Glacier during the non-
summer months. Figure 3a shows that katabatic winds from
many of the glaciers along the Transantarctic Mountains also
contribute to the mountain-parallel flow. The presence of warm
surface air along the mountains is shown in figure 3b by the

Figure 1. (a) Signatures (hatched) of katabatic winds on an advanced very-high-resolution radiometer thermal infrared image for 0600
universal coordinated time 3 June 1988 in relation to simultaneous automatic weather station wind observations. (b) Sea-level pressure
field over the Ross Ice Shelf for the same time. Isobars (constant pressure lines) in hectopascals are solid and isotherms (constant
temperature lines) in degrees celcius are dashed. Automatic weather station locations are shown as filled circles with numbers attached.
Direction from which the wind blows is shown by the orientation of the line drawn to the location circle. Wind speed notation is as follows.
Calm is shown by a circle concentric with the location circle. Non-zero speeds are indicated by symbols attached to direction line: no
symbol means less than 1.3 meters per second; half a barb equals 2.5 meters per second; and a full barb 5 meters per second.
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Figure 2. Same as figure 1 but for a Defense Meteorological Satellite Program thermal infrared image at 0000 universal coordinated time 4
July 1986. Dashed signature boundary implies that the image interpretation is somewhat uncertain.

Figure 3. Same as figure 2 but for 2100 universal coordinated time 9 August 1986.

large decrease of air temperature (greater than or equal to 17°C)
from AWS 11 to 08 and from AWS 24 to 25.

To summarize, it can be stated that this pilot study has
suggested that marked drainage airflow may be resolved on
winter thermal infrared satellite images of the Siple Coast area
around 25 percent of the time. Usually, katabatic wind sig-
natures are aligned parallel to the surface-wind directions re-
corded at adjacent automatic weather stations. The wind speeds
associated with the signatures evaluated here are less than
those studied by Bromwich (1989). About 10 percent of the
time, katabatic airflows cross the Siple Coast, propagate north-
ward along the Transantarctic Mountains and appear to reach
the northwestern edge of the Ross Ice Shelf. In the case pre-
sented here, this apparent 1,000-kilometer propagation across
flat terrain was associated with a cloud-free, quasi-stationary
cyclone over the central Ross Ice Shelf, and may primarily

consist of combined katabatic airstreams from Marie Byrd Land
and Byrd Glacier.

This research was supported by National Science Founda -
tion grant DPP 87-16339. Robert H. Whritner of the Antarctic
Research Center at Scripps Institution of Oceanography sup-
plied the cassettes with digital advanced very-high-resolution
radiometer passes. The Defense Meteorological Satellite Pro-
gram Library at the National Snow and Ice Data Center dili-
gently searched their collection for examples of katabatic surges
along the Transantarctic Mountains, and provided photo-
graphic copies. All this assistance is gratefully acknowledged.
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Observational and modeling
studies of the katabatic winds

at Terra Nova Bay
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One of the most commonplace meteorological features in
the lower atmosphere over Antarctica is the gravity-induced
slope or katabatic wind. Such winds are best developed during
the austral winter months above the steeply sloping coastal
periphery of the continent. Intense winds in excess of 30 me-
ters per second are frequently encountered during these pe-
riods. Currently underway is a comprehensive study of the
katabatic wind regime near Terra Nova Bay. This site was
selected because previous studies (Bromwich and Kurtz 1982;
Kurtz and Bromwich 1985) have shown the area to be prone
to intense katabatic winds for nearly the entire winter. Parish
and Bromwich (1987) have shown that significant channeling
of the cold air in the interior of the continent acts to make the
Terra Nova Bay region one of the windiest in all of Antarctica.

Automatic weather stations have been deployed at Inex-
pressible Island, some 30 kilometers downwind from the mouth
of the Reeves Glacier, since 1984. More recently, an array of
five additional automatic weather stations have been deployed
to sample the spatial variation of the katabatic wind. In ad-
dition, four automatic weather stations have been set up in
support of ongoing, cooperative meteorological studies of the
Italian Antarctic Expedition. Data for the winter months of
1988 are illustrated in figure 1. The strongest katabatic winds
(winter resultant winds in excess of 15 meters per second are
seen at Inexpressible Island; other stations situated further in
the interior experience somewhat weaker winds generally be-
tween 8 and 10 meters per second. The wind directions at the
stations reflect the general streamline pattern shown in Parish
and Bromwich (1987).

As part of the study, numerical simulations of the Terra
Nova Bay katabatic wind regime have been conducted. The
model used is a six-level, bulk-layer version of the three-di-
mensional, hydrostatic, primitive equation model described in
Parish (1987). Details of the model equations, finite difference
forms, and boundary conditions can be seen in Parish and
Waight (1987). The lowest layer is approximately 115 meters
in depth and corresponds to a well-mixed katabatic wind layer.
Boundary-layer radiative and turbulent flux parameterizations
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Figure 1. Winter surface winds in the Terra Nova Bay area, February
to September 1988. The data with adjacent bold numbers denote
automatic weather station sites. The following variables are listed
vertically near each automatic weather station: directional con-
stancy, mean 3-meter wind speed in meters per second, and av-
erage potential temperature in celsius. The wind vectors plotted
for each site give the vector-average wind and follow conventional
plotting notation. Automatic weather stations 50, 52, and 53 belong
to the Italian Antarctic Expedition and the remainder are U.S. de-
ployments.
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