
in 1978, although this cannot be shown statistically at this
time. The 1979 "Antarctic" data points are based on WINFLY

data from near Christchurch, New Zealand, since prior
study has shown essentially no concentration gradient
south from New Zealand.

The 1979 WINFLY sampling program (30 August-5 Sep-
tember 1979) was led by Elmer Robinson, with assistance

from Fred Menzia (wsu) and the support and cooperation
of Alan Mason, University of Miami. Robert Watkins,
wsu, carried out the sampling program on board the
FRS Bransfield and at Palmer Station (3 November-20 De-
cember 1979).

This research was supported by National Science Foun-
dation grant DPP 78-16614.
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Between 1975 and 1980 during January, we measured
trace gases in the troposphere over Antarctica and col-
lected information on the atmospheric concentrations of
CC13F (F-li), CC12F2 (F-12), CH3CC1 3 (methyl chloroform),
CC14 (carbon tetrachloride), and N20 (nitrous oxide). The
data record extends over 6 years and constitutes a unique
set of measurements to quantify the increases of the atmos-
pheric burdens of these trace gases. The gases CC1 3F (F- 11),
CC12F2 (F-12), and CH3CC13 are manmade and have been
shown to pose dangers to the future global environment if
they succeed in depleting the stratospheric ozone layer or
enhancing the Earth's greenhouse effect (National Acad-
emy of Sciences 1979). In this paper we report the results of
trace gas measurements in 1979 and 1980, present evidence
that the rate of increase in the atmospheric burdens of F- 11
and F-12 may be slowing, and estimate the lifetime of
CH3CC13 and lower lifetime limits of F-il and F-12.

While measurements were being made in Antarctica,
similar measurements were made in remote, clean locations
of the U.S. Pacific Northwest (at about 45°N). Taken to-
gether, these data constitute the only long-term record of
atmospheric measurements of these trace gases in both
hemispheres, and were obtained by using the same inter-
nally consistent calibration standards throughout the
study. Results of these measurements between 1975 and
1978 were reported by Rasmussen (1978). To this record we
add the results of measurements made in January 1979 and
January 1980 (table 1). In January 1980, CHC1F 2 (F-fl),
C2F3C13 (F- 113), CH30, SF6, CO (carbon monoxide),
CH4 (methane), C2H2 (acetylene), C2H4 (ethylene), and
C2H6 (ethane) also were measured; their concentrations are
reported in table 1.

Using the data reported in table 1 and by Rasmussen
(1978), we estimated the exponential rates of increase (de-
noted fl) of F-li, F-12, CH 3CC13, CC14, and N20 in the
atmosphere (table 2). F-li, F-12, and CH 3CC13 have in-
creased dramatically, but evidence of CCI.. and N20 in-
creases are still preliminary. The time span over which N20
data are available is still too short to attribute the small
calculated increases of 0.1 percent to 0.5 percent per year to
an increase in the atmospheric burden of N20 when it may
simply be an experimental artifact. We did notice, however,
that the increases of F-li and F-12 have slowed (figure 1).
Rates of increase of F-li and F-12 concentrations during
overlapping 3-year periods were plotted. Thus, fi (table 2)
is a composite of faster growth in past years and a slower
growth in recent times. The interhemispheric North:South
(N/S) ratio of F-li and F-12 also seems smaller in recent
years. Both the decline in the N/S ratio and the slowdown
in the atmospheric growth rate of F-li and F- 12 agree with
the global emissions histories of F-li and F-12 there
was a rapid increase in F-il and F-12 global emissions up
to 1975, followed by almost constant yearly emissions at the
1975 rate.

Finally, we used these data to estimate the atmospheric
lifetime of CH3CC13. The locations of the two sites are such
that a hemispherically averaged (2-box) mass-balance the-
ory is most naturally applicable. The final results of this
research are summarized in figure 2. On the basis of these
results we conclude that a global lifetime of 8 to 9 years
most accurately describes the observed time series of 6 years
of measurements of CH3CC13 at the South Pole and at
Pacific Northwest locations (details are given in the refer-
ences; Khalil 1979).

The theoretical calculations shown in figure 2 are based
on the coupled equations: (d/dt)E = S(t) - (i/r)E -
i /r,, - ) and (d/dt)E5	7-(l/ ,r,% + 1	-
where t,, and t, are the average predicted concentrations of
CH3CC13 in the Northern and Southern Hemispheres, r,
and T, are the lifetimes in the two hemispheres, and Tr is an
effective interhemispheric transport time. S(t) is the global
emissions per year at time t. These equations are solved
starting at 1975, and we assumed that 7/r5 was approxi-
mately 2 and TT equalled 1.2 years. Almost the same results
follow if we take r,, r5 but increase r- to about 1.4 years.
r is the average weighted global lifetime. The release data
(Sn) are taken from Neely and Plonka (1978) and Neely and
Farber (personal communication). After t,, and t. were ob-
tained from the mass-balance equations, the numbers were
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corrected for the decline in mixing ratio above the tropo-
pause and the general shape of the latitudinal profile of the
mixing ratio (i.e., typically high concentrations for latitudes
above about 30°N, a decline in concentration through the
Intertropical Convergence Zone, and lowest concentrations
beyond about 30°S).

Although the best suited lifetime is 8.5 years, the range
from 7 years to 11 years is consistent with the measure-
ments. If the measurements were systematically too high
(absolute accuracy) by 15 percent, then a lifetime of 7 years
would be indicated. Lifetimes less than 7 years do not re-
produce the observed rate of increase of CH 3CC13 (fi), which

is based on a ratio of concentrations and is therefore less
sensitive to errors in absolute accuracy (r times of less than
7 years yield rates of increase below the 90 percent
confidence limit of the observed rate). Failure to reproduce
the observed rate of increase in the graph for r = 5 years
is shown in figure 2. Thus, our data support a lifetime of
CH3CC13 of 8.5 years, with a possible range of 7 years to 11
years.
When similar techniques are applied to F-li and F-12, we

obtain lifetimes of 50 years and >70 years respectively.
These calculations are too sensitive to inaccuracies in meas-
urements, emissions data, and the simplified model to be

Table 1. Measurement of trace gases in Antarctica and the Pacific Northwest during 1919 and 1980

	

Antarctica	 Pacific Northwest
Gas	 concentration	 concentration	 North:South ratiob

	

(pptvr
	

(pptv)

1979

F-12
	

260
	

300
	

1.15
F-il
	 154	 173	 1.12

CCI.	 135	 140	 1.04
CH3CCI3	 95

	
135
	

1.42
N20 (ppbv)c	 332

	
332
	

1.00

1980

F-i2
	

284
	

322
	 1.13

F-il	 166
	 188	 1.13

CCL.	 138	 153
	 1.11

CH3CC13	 102
	 156

	
1.53

N20 (ppbv)
	

335
	

335
	

1.00

Other trace gases measured in 1980

F-22
	

38
	 54

	
1.40

F-1 13
	

11
	 17

	
1.55

CH3CI
	

590
	

630
	 1.07

SF,	 0.39
	 0.57	 1.46

CO (ppbv)
	

50	 150
	

3.00
CH. (ppbv)
	

1510
	 1650

	
1.09

C2H2	 <20
	

600
C2H4	 50

	 200
	 4.00

C2H,	 280
	

1200
	 4.29

parts per trillion by volume.
b ratio of column 2 concentrations over column 1 concentrations.

parts per billion by volume.

Table 2. Av.ragp rates of increase of 1460, F-il, F-12, 0116CC6 and CCI. (1975410)

South Pole	 Pacific Northwest	 Global
Gas	 (% per 	 (% per yr)	 (% per yr)

F-12	 9	 (8,11)	 9	 (7,10)	 9	 (7,11)
F-li	 12	 (9,13)	 8	 (7,9)	 10	 (7,11)
CH3CCI3	14.1	(11,15)	 10.7	(9,12)	 12.8	(11,13)
CCI,	 2.7	(0.9,3.6)	 3	 (1,6)	 2.7	(1.6,4.5)
N,O	 0.4	(0.3,0.9)	 0.4	 (0,0.6)	 0.4	(0.1,0.5)

Is a non-parametric Theil estimate of average yearly increase based on the model (1/c) (dc/do = , where c is concentration
and 4 a constant.

b These ranges are the approximate 90 percent confidence limits for the rate of increase.
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used with certainty. It is more certain that lifetimes of less
than 20 years will not be consistent with our data on F-il
and F-12.

Our antarctic program has provided an ideal location for
the measurements of trace gases in the Southern Hemi-
sphere. The site is far removed from major industrial activ-
ity, and the availability of scientific support facilities makes
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Figure 1. Evidence for the decline in the rates of growth of
trace gases CCI,F (F-il) and CCl21F2 (F-12). Graphs represent
average rates of growth of F-li and F-12 during overlapping
3-year periods from 1975 to 1980. SP = South Pole; PNW =
Pacific Northwest.
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Figure 2. CH,CCIS measurements and the results of a mass-
balance calculation indicating an atmospheric lifetime of 8.5
years.

it unique in the Southern Hemisphere. The data on F- 11,
F-12, and CH3CC13 obtained thus far have shown remark-
able internal consistency, agree with independent estimates
of global emissions, and have already been used in several
theoretical studies reported in the environmental literature.
We hope these studies will lead to a better understanding
of the effects of human activities on the Earth's atmosphere
and environment.

This research was supported by the National Science
Foundation grant DPP 77-23468A01.

References

Khalil, M. A. K. 1979. Topics in the behaviour of atmospheric trace
gases. Unpublished doctoral dissertation. Oregon Graduate
Center.

National Academy of Sciences. 1979. Stratospheric ozone depletion by
halocarbons: Chemistry and transport. Washington, D.C.

Neely, W. B., and Plonka, J. H. 1978. Estimation of time averaged
hydroxyl radicals concentrations in the troposphere. Environ-
mental Science and Technology, 12, 317-321.

Neely, W. B., and Farber, H. 1979. Personal communication. Emis-
sions, 1977: 0.98 billion lbs.; 1978: 1.1 billion lbs.

Rasmussen, R. A. 1978. Halocarbon and N 20 analysis in Antarctica.
Antarctic Journal of the United States, 13(4), 191-193.

1980 REVIEW	 179




