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

C1+O3 — CIO +O2	(1)

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

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

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

The extremely weak rotational radiation from chlorine mon-
oxide (the molecule is present with a mixing ratio of order 1
part in 101 at an altitude around 20 kilometers), makes it nec-
essary to perform long integrations of the received signal to
obtain good signal/noise ratios. Chlorine chemistry in the strat-
osphere is dominated by photolysis of various species, and
thus the amount of chlorine monoxide varies strongly during
a 24-hour period. Our observations were made around the
clock and averaged together into 2-hour time blocks, using
stratospheric dawn and sunset as reference times, to obtain a

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

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

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

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

O+ CIO -Cl+O2	(2)

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

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

followed by photolysis or thermal decompositon of the chlor-
ine monoxide dimer to eventually release two chlorine atoms
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Figure 2. Diurnally changing profiles for the mixing ratio of chlorine
monoxide recovered from the data of figure 1. Letters refer to the
same time bins as used in figure 1. The maximum daytime mixing
ratio Is approximately 1.6 parts per billion by volume for chlorine
monoxide, occuring at an altitude of approximately 19.5 kilometers.

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

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

References

Barrett, J.W., P.M. Solomon, R.L. de Zafra, M. Jaramillo, L. Emmons,
and A. Parrish. 1988. Formation of the Antarctic ozone hole by the
CIO dimer mechanism. Nature, 336, 455-458.

de Zafra, R.L., M. Jaramillo, A. Parrish, P. Solomon, and J. Barrett.
1987. High concentrations of chlorine monoxide at low altitudes in
the Antarctic spring stratosphere, I: Diurnal variation. Nature, 328,
408-411.

de Zafra, R.L., M. Jaramillo, J . Barrett, L.K. Emmons, P.M. Solomon,
and A. Parrish. In press. New observations of a large concentration
of CIO in the springtime lower stratosphere over Antarctica. Journal
of Geophysical Research.

Hofmann. D., J.W. Harder, J.M. Rosen, J.V. Hereford, and J.R. Car-
penter. In press. Ozone profile measurements at McMurdo Station
Antarctica during the spring of 1987. Journal of Geophysical Research.

Molina, L.T., and M.J. Molina. 1987. Production of C1202 from the
self reaction of the CIO molecule. Journal of Physical Chemistry, 91,
433-436.

Molina, M., and F.S. Rowland. 1974. Stratospheric sink for chloro-
fluorocarbons: Chlorine-atom catalyzed destruction of ozone. Na-
ture, 249, 810.

Solomon, P.M., B. Connor, R.L. de Zafra, A. Parrish, J . Barrett, and
M. Jaramillo. 1987. High concentrations of chlorine monoxide at low
altitudes in the Antarctic spring stratosphere, II: Secular variation.
Nature, 328, 411-413.

Solomon, S., G.H. Mount, R.W. Sanders, and A.L. Schmeltekopf.
1987. Visible spectroscopy at McMurdo Station Antarctica, 2. Ob-
servations of OC1O. Journal of Geophysical Research, 92, 8,329-8,338.

1988 REVIEW	 161




