
either station are probably representative of the general
antarctic profile.

The same conclusion may be drawn from data on the
fluorocarbons CF202 and CFC13 shown in figure 2.
These constituents also are very inert in the tropo-
sphere, but they undergo photodissociation in the strat-
osphere. As a result, their concentration drops off rap-
idly with altitude in the stratosphere.

In addition to measuring trace gases, we again meas-
ured the stratospheric sulfate aerosol (radius 0.15
micrometers) profile at McMurdo Station. Figure 3
shows a comparison between this sounding and one con-
ducted a year earlier. With the decrease in the peak
mixing ratio from about 9 to 6 particles per milogram
of air, the 20-kilometer "layer" is almost undiscernible.
This low value is now typical of our measurements made
at other stations in the north and south hemispheres and
may be indicative of the natural background of sulfate
aerosol in the stratosphere.

Finally, we conducted a number of condensation nu-
clei (radius 0.01 micrometers) soundings from the
clean air facility at South Pole Station. While the data
have not been completely analyzed, a short sounding
conducted in 1978, provides data typical of lower alti-
tudes at South Pole (figure 4). The condensation nuclei
(cN) layers are associated with both the inversion at 3.1
kilometers, and with the isothermal layer between 3.8
and 4.2 kilometers. The non-layer concentrations of 200
to 300 CM-3 are typical and generally higher than those
measured at the surface ( 100 CM-3). Such observations
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Figure 4. Results of short condensation nuclei (CN) sound-
ing at South Pole Station.

will be important in understanding the clear-sky ice crys-
tal precipitation phenomenon.

This work has been supported in part by National
Science Foundation grant DPP 77-21202 and by De-
partment of Commerce grant 04-6-002-44019. Messrs
Hofmann, Kjome, Olson, and Winkler performed the
fieldwork at McMurdo and South Pole stations between
8 January and 2 February 1979.

Winter ice crystals at South Pole
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We are studying the formation mechanism of atmos-
pheric ice crystals at the South Pole, the origins of mois-
ture and condensation—freezing nuclei, and their con-
tribution to the mass balance of the antarctic ice cover.

On about 300 days of each year, atmospheric ice crys-
tals can be observed at the South Pole. Previous studies

have discussed ice crystals during the austral summer
(Kuhn, 1968; Hogan, 1975; Ohtake, 1976; Ohtake,
1978; Kikuchi and Hogan, 1976). Our work here con-
cerns crystals during the austral winter. We collected ice
crystals on 59 days between 11 June and 23 August 1977
at air temperatures between —39.4° and —71.4* C.

We sampled precipitating ice crystals on slide glass
plates coated with silicone oil, kerosene, or formvar so-
lution and photographed them at low temperatures.

The ice crystals we collected were quite different from
the typical snow crystals classified by Magono and Lee
(1966). We have classified them into six categories ac-
cording to shape:

1. Assembled bullet ice crystals. This type of ice crystal is
the most common and also the largest (about 1 milli-
meter or larger) of all observed at the South Pole in
winter and summer. Consequently, these crystals are the
major contributor to snow accumulation throughout the
year. (A photograph of these crystals appears in Ohtake,
1978.)

The assembled bullet crystals were associated with in-
cursions of moist upper air (about the 500-millibar level)
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at temperatures between —40° and —55° C and often
coincided with cirrus or cirrostratus cloud layers at cloud
heights of 1,000 to 3,000 meters.

2. Combined ice crystals in the form of side planes, bullets,
and columns (Ohtake, 1978). These crystals were ob-
served with moist upper air (about the 670-millibar level)
at temperatures between —35° and —45° C and were
found in association with altostratus or altocumulus
cloud layers at 300 to 1,000 meters in a broken or over-
cast sky. They were about 1 millimeter in size but play
a smaller part in the antarctic mass balance because of
their infrequent occurrence.

The conditions under which both this type and the
preceding type of crystals precipitate appear to be the
same at the South Pole in both winter and summer.
When both high and low cloud layers were found to
have a high moisture content, both types occurred si-
multaneously.

3. Thin hexagonal plate crystals and columns smaller than
0.2 millimeter. These crystals were mostly observed under
clear skies with a slight wind of 2 to 5 meters per second
from the grid north (Ohtake, 1978). In summer, such
crystals were observed in either stratus fractus clouds or

0.1mm

Figure 1. Triangle Ice crystal that fell at 2325 Greenwich
mean time, 21 July 1977, at a temperature of —64.3° C.

clear skies, but in winter they seemed to fall only from
clear skies (although the darkness made such observa-
tions difficult).

4, 5. Pencil and triangular-shaped crystals. Both these
types of ice crystal formed near the surface under clear
skies, with northeasterly winds of 1 to 6 meters per sec-
ond and temperatures of - 50° C or below (figures 1 and
2). Both probably are formed by homogeneous nuclea-
tion at temperatures below —40° C.

The pencil crystals had well-defined basal planes (c)
and very long prismatic faces (a): the maximum ratio of
c/a axes was 200. Simizu (1963) found similar crystals at
Byrd Station in 1961, but the ratios were smaller.

6. Block and polyhedral ice crystals. These crystals (about
20 micrometers in size) were observed under clear skies
with northerly winds of 5 meters per second and tem-
peratures of approximately —58° C (figure 3). The pol-
yhedrons were mostly 20-faceted, occuring with many
thin plates at sizes of about 20 micrometers. Their
shapes and formation conditions are similar to those of
Fairbanks' ice fog crystals (Ohtake, 1971) and, accord-
ingly, the crystals must have formed in humidities above
water saturation (Gonda and Yamazaki, 1978) under
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Figure 3. Block and polyhedral ice crystals observed at 0750
Greenwich mean time, 28 July 1977, at a temperature of

—57.8° C.
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Figure 4. Columnar Ice crystals with complex inner struc-
FIgure 2. Pencil ice crystal sampled at 0910 Greenwich mean	tures, sampled at 0805 Greenwich mean time, 12 July 1977,

time, 20 July 1977, at a temperature of —67.2° C.	 at a temperature of —53.9° C.
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clear skies and at low surface temperatures. Many col-
umnar crystals had complex inner structures that often
were asymmetric (figure 4). Nonuniform growth con-
ditions under the extremely low temperatures probably
account for the complex shapes.

Electron microscopic examinations of pencil and tri-
angle-shaped ice crystals revealed no detectable nucleus,
which confirms that these crystals were formed by ho-
mogeneous nucleation. On the other hand, the bullet
crystals, presumably formed in high clouds, had several
nuclei.

An upslope wind from the grid north was again con-
firmed as the favored wind for the formation of ice crys-
tals at South Pole Station.

This research has been supported by National Science
Foundation grant DPP 76-23114.
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Geophysical monitoring for
climatic change (GMcc)
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From November 1977 to November 1978, theGeo-
physical Monitoring for Climatic Change (GMcc) pro-
gram continued operations at Amundsen-Scott (South
Pole) Station, one of the program's four baseline sta-
tions. The purpose of the program is to measure trace
constituents of the atmosphere relevant to the study of
climatic change and the anthropogenic impact on such
change. South Pole operations in 1977-78 consisted of
taking continuous measurements of such parameters as
carbon dioxide, surface ozone, meteorology, solar radia-
tion, and aerosols, as well as maintaining other discrete
programs and cooperating in other research efforts.

Continuous measurement activities included the fol-
lowing:

1. Carbon dioxide. An infrared analyzer was used to
continuously measure the atmospheric concentration of
carbon dioxide (CO2). Twice monthly flask air samples
were taken through theanalyzer sampling line for com-
parison. Statistical analysis of the continuous data showed
that a weekly sampling could give representative data on
the CO2 trend at the South Pole. Consequently, in No-
vember 1978, the continuous CO 2 analyzer was shut

down and a weekly hand-aspirated flask sampling rou-
tine commenced. Continuous measurement of CO 2 is
anticipated to resume in 1979 ' when the conversion of
standard gases from CO2-in-N 2 to CO2-in-air is com-
pleted.

During 1978, the annual mean South Pole CO2 con-
centration was approximately 1.1 parts per million
(ppm) greater than the annual mean for 1977. At
GMCC's Mauna Loa baseline station, the annual mean
increase detected was about 1.5 ppm. These changes are
part of the long-term increase observed worldwide. The
seasonal variation in concentration, marked by an early
winter minimum and early summer maximum (Keeling
et al., 1976), is very evident in figure 1.
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Figure 1. GMCC South Pole provisional monthly mean car-
bon dioxide (CO2) concentrations. Data either analyzed on,
or corrected to, Boulder/GMcc lira 202 continuous analyser,
and expressed in Scripps 1959 adjusted manometric index

scale.
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