
disturbed, and probably plays an important role in the develop-
ment of the antarctic ozone hole.

Several outstanding questions remain in the study of the
antarctic ozone phenomenon, and the issue is far from being
fully resolved at this writing. Further work on the role and
chemistry of polar stratospheric clouds is badly needed, as are
earlier measurements during the antarctic winter so that the
temporal development of the hole can be studied in detail.
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Observation of stratospheric trace
gases related to ozone depletion in

the antarctic spring
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During the first National Ozone Expedition (NOZE 1), which
ran from 21 August to early November 1986 at McMurdo Sta-
tion, we made frequent measurements of chlorine monoxide
(CIO), ozone (03), nitrous oxide (N 2O), and occasional measure-
ments of hydrogen cyanide. Observations were made with a
ground-based millimeters wave spectrometer capable of detect-
ing and measuring the pressure broadened rotational emission
lines of these molecules in the 260-280 gigahertz frequency
range (Parrish et al. 1988). The spectral bandpass and resolution
of the instrument is sufficient to recover altitude distributions
over a range of approximately 20-55 kilometers and to detect
emission from as low as approximately 13-15 kilometers.

NOZE I was organized to give the first systematic look at a
number of factors potentially involved with the seasonally oc-
curring antarctic ozone hole (Farman, Gardiner, and Shanklin
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** Present address: Science and Technology Corporation, Hampton, Virginia

1985). Of primary concern were several stratospheric trace gases
known to be involved in regulating the formation and destruc-
tion of ozone in the normal stratosphere. Chemical theories
attempting to explain the formation of the ozone hole have, as a
common denominator, the prediction of far more CIO at low
altitudes than is normally found there. The details of the chemi-
cal interactions involved vary from theory to theory (McElroy,
et al. 1986; S. Solomon, et al. 1986; Rodriquez, Ko, and Sze 1986;
Crutzen and Arnold 1986; Molina and Molina 1987), but all
predict a large excess of CIO in the same altitude range and
geographical region where ozone is undergoing significant
depletion.

Measurements of chlorine monoxide. The observation of excess
CIO at low altitudes in Antarctica would be a clear sign of a
primary role played by chlorine chemistry in the formation of
the ozone hole and would at least diminish the importance of
other theories relying on dynamics (e.g., Tung 1986; Mahlman
and Fels 1986), sunspot cycles (Callis and Natarajan 1986), etc.
(The ultimate source of most stratospheric chlorine is now the
photolysis of chlorofluorocarbons produced for a variety of
commercial purposes.) Our measurements at McMurdo have
revealed just such an excess of low-altitude CIO, amounting to
approximately 100 times more than normally found at an at-
titude of 20 kilometers. The altitude range within which the
greatest depletion of ozone takes place-14-18 kilometers—is
too low to allow details of the vertical distribution of detected
CIO to be recovered with the instrument used during NOZE I,

but its presence is unmistakable in the data collected. CIO in the
normal stratosphere has a strong diurnal variation, with great-
est amounts in the daytime, and a strong decrease at night (P.M.
Solomon et al. 1984, and references therein). A strong diurnal
variation is also predicted from the chemistry postulated for the
low-altitude component involved in the ozone hole, and this is
clearly seen in our data (figure 1). In addition to the diurnal
variation, it would be expected that the amount of low-altitude
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Figure 1. Diurnal change in CIO emission line strength at 278.63
gigahertz. Data from 1-22 September has been averaged into 2-hour
time blocks, with stratospheric dawn and sunset as daily reference
times.a = -2toO hours before dawn, b = O-2 hours after dawn, c =
2-4 hours after dawn... . i = 0-2 hours after sunset, j = 2-4 hours
after sunset. e = the midday block starting 6 hours after strat-
ospheric sunrise and ending 6 hours before sunset. The abscissa is
in channel number, with 1 megahertz per channel. The ordinate is in
Rayleigh-Jeans black-body equivalent emission temperature, with
an offset of :50 milli-Kelvin between data displays. (From de Zafra et
al. 1987.)

00 would show a secular change as ozone depletion pro-
gresses through the antarctic spring. This expectation is also
verified by our data (figure 2), which show a fairly constant
amount of mid-day, low-altitude CIO during the first 3 weeks of
September, then a rather rapid decline to undetectable amounts
by early October. Figure 2 also indicates a strong correlation
between low-altitude CIO and temperature at approximately 18
kilometers altitude. Since the presence of polar stratospheric
clouds is also strongly correlated with temperature, this fur-
nishes indirect support for the idea that polar stratospheric
clouds are intimately connected with seasonal ozone depletion
in Antarctica through heterogeneous chemical reactions occur-
ring on cloud particle surfaces (e.g., S. Solomon et al. 1986;
McElroy et al. 1986; Crutzen and Arnold 1986).

Measurements of nitrous oxide. Observations of N 20 were be-
gun on 12 September 1986 and made approximately every third
day through the remainder of September, and on a daily basis
during much of October. N20 is a quite stable trace gas in the
atmosphere with a lifetime of well over 100 years, and is par-
ticularly suited to determining global stratospheric circulation
patterns. Its sources are considered to be biogenic and confined
largely to the tropics and lower latitudes. Destruction is mainly
through photolysis or reaction with 0( 1 D), both taking place in
the stratosphere. Previous stratospheric measurements of N20
in Antarctica had been made via a series of direct grab-sampling

balloon measurements (Schmeltekopf et al. 1977; Goldan et al.
1980) each January from 1976 to 1979. These measurements
showed a highly consistent vertical profile for mixing ratio up to
the balloon limit of approximately 30 kilometers from year to
year, and were in general accord with expected summer ant-
arctic mixing ratios.

In contrast, our results show a much smaller mixing ratio for
stratospheric N20, roughly an order of magnitude below those
of the mid-summer balloon measurements at approximately 30
kilometers, with the difference diminishing toward lower al-
titudes. This was the average situation during the period 12
September to 27 October, with the exception of a 2-day occur-
rence, 23-24 September, when a significant increase in N 20 was
seen in a layer between 3040 kilometers. Meteorological stud-
ies of this occurrence indicate that an intrusion of air from well
outside the antarctic region happened over McMurdo in this
altitude range. This air should have carried with it a "normal"
component of N20 about equal to that detected. The continued
low mixing ratios of N 2O above the 20-25-kilometer altitude
range for the remainder of our observations strongly imply that
the geographical region of N 20 depletion extends well into the
edges of the winter polar vortex region, with "normal" summer
values returning only after the break-up of the winter vortex
pattern in early November.

Our N20 measurements should be of significance for model-
ing studies attempting to relate the antarctic ozone hole to
chemical and/or dynamical effects. Previous modeling efforts
have had very limited data to compare with at high southern
latitudes, and none that we know of to indicate the amount of
chemical/dynamical depletion of N 2O which takes place from
mid-summer to the following spring over Antarctica.
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Figure 2. Long-term change in CIO daytime signal as seen in aver-
ages over roughly 1-week intervals. The broad line wings indicative
of CIO at low altitudes (below approximately 22 kilometers) have
nearly vanished by the end of September. Data depicted here have
been smoothed by a 5 megahertz weighted averaging process to
reduce local noise, relative to figure 1. (From Solomon et al. 1987.)
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Figure 3. Contour plot of ozone mixing ratio over McMurdo Station
as a function of time and altitude. Contours are marked in parts per
million by volume. Dashed contours represent intervals when data
was not taken. Shaded area below 20 kilometers comes from balloon
measurements of Hofmann et al. (1987). (From Connor et al. 1987.)
("km" denotes "kilometer:')

Ozone measurements. We also made frequent ozone measure-
ments between 1 September and 29 October, (at least every
third day in September and daily in October). Our observations
provide the first measurements of ozone mixing ratio profiles
above 30 kilometers in the antarctic spring that we are aware of
and provide a reasonably detailed and accurate (approximately
±10 percent) view of the behavior of middle and upper strat-
ospheric ozone during the formation of the ozone hole and its
circulation over McMurdo Station (see figure 3). Rapid varia-
tions of up to a factor of two were found to take place in the
ozone mixing ratio to at least 40 kilometers altitude, but these
seem to be entirely associated with the position of McMurdo
Station relative to the antarctic vortex and the dynamics of the
ozone hole. Analysis of our data for the 2-month period of
observations shows no discernible decline in the average ozone
mixing ratio above 30 kilometers. On the other hand, in the
approximately 25-kilometer range a small but statistically sig-
nificant (approximately 15 ± 6 percent) downtrend is seen. This
is in conflict with balloon-borne ozonesonde measurements
made during the same period by the University of Wyoming
group at McMurdo Station (Hofmann et al. 1987) who saw no
significant change at this altitude. The cause of this discrepancy
in results has not yet been established.

Details of the work reported here, with the exception of N20,
can be found in de Zafra et al. 1987; Solomon et al. 1987; Parrish
et al. 1988; and Connor et at. 1987).
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