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Figure 3. Monthly mean surface ozone values at South Pole (solid curve), and secular trends for February and July months (dashed lines), which
are times of minima and maxima respectively in the surface ozone annual cycle. ("NB" denotes "nanobar.")
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There is now nearly two and a half times more gaseous
chlorine in the atmosphere from human activities than there
was a decade ago. The concentration of anthropogenic chlorine
is now nearly four times more than natural levels both at the
South Pole and at mid-northern latitudes. These trends reflect
global conditions, because the chlorine gases from an-
thropogenic activities are long-lived and spread throughout the

Earth's atmosphere. It is feared that these manmade chlorine
gases may deplete the stratospheric ozone layer (World Mete-
orological Organization 1986). The recent discovery about di-
minishing levels of stratospheric ozone at the South Pole has
added to these concerns. Here we will document the observed
increase of manmade chlorine-containing trace gases in the
Pacific northwest and at the South Pole where we have taken
systematic measurements for more than a decade (Rasmussen,
Khalil, and Dalluge 1980; Rasmussen and Khalil 1982, 1986).

Most of the methylchloride (CH 3C1) is of natural origin, pri-
marily from the oceans, although some of it may come from
biomass burning. At the South Pole, other mostly natural chlo-
rine-containing gases are chloroform (CHC1 3) and di-
chloromethane (CH 2Cl 2), which are present in low con-
centrations. These gases have short atmospheric lifetimes
compared to the manmade chlorofluorocarbons and chlori-
nated hydrocarbons. Methylchloride has  lifetime of about 1.5
years, whereas chloroform and dichloromethane have lifetimes
of about half a year. The principal long-lived anthropogenic
chlorine-containing species are trichlorofluoromethane (CCI3F,
also called F-Il), dichlorodifluoromethane (CCl 2F2 , F-12), chlo-
rodifluoromethane (CHCIF 2, F-22), carbon tetrachloride (CC,),
methylchloroform (CH 3CC1 3), and trichlorotrifluoroethane
(C2CIIF3, F-113). The shortest lived of these is probably meth-
ylchloroform with a lifetime of about 6 years; next is F-22 with a
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lifetime of about 20 years. The remaining compounds have
lifetimes between 50 and 100 years.

We have chosen two indices to describe the trends of gaseous
chlorine:
• Equation 1: Total chlorine a Cl	C(as Cl) =
• Equation 2: Total chlorine gas = C(as gas) = C 1 where C i is

the concentration and n, are the number of chlorine atoms in a
molecule of the i-th trace gas. The units of concentration are
parts per trillion by volume. Total chlorine as Cl reflects the
total number of atoms of chlorine for every trillion molecules
of air. Total chlorine as gas reflects the total number of mole-
cules of chlorine-containing gases per trillion molecules of air.
Chlorinated gases act on the ozone layer by first releasing one

or more chlorine atoms by photodissociation caused by energet-
ic photons found in the stratosphere; then the chlorine atom
enters into a catalytic cycle of chemical reactions by which it
destroys many ozone molecules before being removed. The
factors that affect the action of chlorinated trace gases on the
stratospheric ozone layer include the concentration in the upper
troposphere, removal processes in the stratosphere that com-
pete with photodissociation, the number of chlorine atoms that
can be removed from the molecule, and the altitude at which
photodissociation occurs to release chlorine atoms. Our indices,
though they reflect the overall effect of human activities on the
global cycle of chlorine, account only for the concentration of
total chlorine.

Figure 1 shows the trends of gaseous chlorine at the South
Pole and the Pacific northwest. Anthropogenic chlorine gases
are more concentrated in the Northern Hemisphere where they
are released. The difference has remained nearly constant at
about 330 ± 16 parts per trillion by volume of chlorine or 120 ± 6
parts per trillion volume as chlorine-containing gases (± = 90
percent confidence limits). In January of 1975, when we began
to take measurements, the concentration of natural chlorine-
containing gases exceeded the anthropogenic gases; by 1978
anthropogenic gases were at about the same concentration as
natural species and since then anthropogenic chlorine-con-
taining gases have exceeded the concentration of natural spe-
cies. In terms of the concentrations as total chlorine, an-
thropogenic gases have exceeded natural concentrations since
before 1975. The last panel of figure 1 shows the increase of the
ratio of anthropogenic to natural chlorine. The ratio is defined as
R (as Cl) = C. (as Cl)/C (as Cl) and R (as gas) = C a (as gas)/C (as
gas) where the subscripts "a" and "n" stand for anthropogenic
and natural. The ratio has increased steadily over the last de-
cade; however, in both hemispheres the rate of increase in parts
per trillion by volume per year has been nearly the same.

In figure 2 we have shown the concentrations of the various
natural and manmade trace gases in January of 1975 and 1987 as
the percentage of chlorine contributed by each gas. In both
hemispheres the increased role of anthropogenic chlorine-con-
taining gases is evident in the present atmosphere.

The estimated rates of increase are summarized in the table,
which shows that for more than a decade the concentration of
anthropogenic chlorine grew at about 6.5 to 7 percent per year at
the South Pole and at 5.4 to 5.9 percent per year in the Pacific
northwest. We found that the concentrations of natural chlo-
rine-containing gases did not change appreciably over the last
decade.

This work was supported in part by National Science Founda-
tion grant DPP 81-08684, the Biospherics Research Corp., and
the Andarz Co. We thank the National Oceanic and At-
mospheric Administration's Geophysical Monitoring for Cli-
mate Change for collecting samples for us.
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Figure 1. The trends of natural and anthropogenic gaseous chlorine
at the South Pole and in the Pacific northwest. The steady increase
of manmade chlorine-containing trace gases is evident. In panel (a)
measured concentrations of chlorine-containing gases are used to
calculate the concentration of total chlorine (as Cl) each January
between 1975 and 1987. The concentrations reflect the number of
chlorine atoms per trillion molecules of air (pptv). In panel (b) the
same measurements as in panel (a) are used to calculate the con-
centrations as number of molecules of chlorine-containing gases
per trillion molecules of air. The last panel (c) shows the ratio of
anthropogenic to natural chlorine. In the panel legends "s p" de-
notes "South Pole," "PNW" and "NW" denote "Pacific northwest," "N

"denotes "natural," and "A" denotes "anthropogenic." In the last
panel "Cl" denotes concentrations expressed as number of chlorine
atoms per trillion molecules of air and "gas" denotes number of
molecules of chlorine-containing gases per trillion molecules of air.
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CCI4 21.4%
F-il 14.4%

F-22 1.8%
F-12 18.4%

South Pole Chlorine	 Pacific Northwest Chlorine
1987	 1987

CCI4 19.0%

F-il 16.4%

F-22 2.5%
F-12 18.2%

F-22 5.5%

F-il 20.9%
F-12 24.2%

F-22 5.7%

F-li 20.2%

F-12 22.8%

South Pole Chlorine
1975

CH3CI 32.0%
CH2Cl22.7%

CH3CCI3 6.0%
F-113 1.0%

CHCI3 2.2%

Pacific Northwest Chlorine
1975

CH2Cl2 2.7%	 CH3CI 28.0%
CH3CCI3 9.6%

F-113 1.4%

-_.- CHCI3 2.1%
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Figure 2. The concentrations of chlorine-containing trace gases at the South Pole and the Pacific northwest during January of 1975 and
January 1987. The contribution of each gas is shown as the percentage of chlorine it contributed (as chlorine atoms). The anthropogenic
contribution has grown significantly over the last decade.

Trends of anthropogenic chlorine containing trace gases at the South Pole and the Pacific northwest between January 1975 and January
1987

Total chlorine as Cl-atoms	 Total chlorine as gas

A	 B	 A	 B

South Pole
Concentration:	 1205 pptv	 117±6 pptv/yra	430 pptv	 47±2 pptv/yr
Ratio:	 1.77	 0.18±0.01 1/yr	 0.69	 0.079±0.005 1/yr

Pacific northwest
Concentration:	 1517 pptv	 120±5 pptv/yr	 547 pptv	 47±2 pptv/yr
Ratio:	 2.14	 0.16±0.01 1/yr	 0.85	 0.069±0.006 1/yr

a The ± values are 90 percent confidence limits. Trends are based on the model C = A + Bt. A is the calculated initial concentration or ratio in January
1975. Total chlorine as Cl-atoms refers to calculated chlorine concentration using equation 1 as number of chlorine atoms per trillion molecules of air and
total chlorine as gas refers to the calculated total concentration of chlorine gases according to equation 2 as molecules of chlorine-containing trace gases
per trillion molecules of air. "Ratio" is the ratio of anthropogenic to natural chlorine and had no dimensional units. ("pptv" denotes 'parts per trillion by
volume.")
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Correlating ice crystal
types with halo types

WALTER TAPE
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Halos are caused by the refraction or reflection of sunlight by
ice crystals in the atmosphere. Conditions in the antarctic inte-
rior are especially favorable for the formation of the well-formed
ice crystals necessary for fine halos. While ornate or poorly
formed crystals do occur at times, the crystals responsible for
elaborate halo displays tend to be simple hexagonal prisms,
ranging in shape from platelike to columnar (figure 1).

Plate crystals may tend to fall with their (principal) axes
vertical and to produce a characteristic group of halos. Colum-
nar crystals sometimes tend to fall with their axes horizontal
and then give rise to a second group of halos. In addition, the

Figure 1. Ice crystals collected as they fell at the South Pole on 16
January 1986. The large columnar crystal at the upper right is about
0.2 millimeter long.
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Figure 2. Ice crystals collected as they fell at the South Pole on 16
February 1986. The crystals were collected iii hexane liquid, and
they grouped together when the sample was moved. The longest
crystal is almost 0.4 millimeter long.
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