
heights. The table also shows the F-12 and N 20 data from flight
9 flown later in the season on 28 December 1983. The synoptic
conditions during this period were such that the station was
under the influence of air-mass transport from the Weddell Sea
region. This influence created a strong surface-layer gradient
for both F-12 and N 20 and then generally increasing con-
centrations above the 20-meter level. In the former profile, flight
4, lower-level gradients were not well defined while above
about 20 meters F-12 concentrations tended to decrease; N20
showed no clear trend with increasing height. In terms of con-
centrations, the average values for both F-12 and N 20 were
higher for flight 9 with the Weddell Sea air mass transport than
for flight 4 with flow from the antarctic plateau. However, it is

too early in our study of these data to determine whether this is
a consistent pattern for the 1983-1984 observations.

The analysis of the South Pole profiles is proceeding. Using a
computer file of the individual samples a variety of statistical
procedures will be used to examine the data. Averages, correla-
tions, and identifiable patterns will be sought and subjected to
statistical significance testing.

The field program at the South Pole was carried out by Fred
Menzia and Matthew Loizeaux with assistance early in the
season from Elmer Robinson. Special thanks are due to the
National Oceanic and Atmospheric Administration/Global
Monitoring for Climate Change staff and their assistance to our
laboratory operations in the clean air facility.

Variability of methane and carbon
monoxide at the South Pole

M. A. K. KHALIL and
R. A. RASMUSSEN

Department of Chemical, Biological, and Environmental Sciences
Oregon Graduate Center
Beaverton, Oregon 97006

It is apparent that the global atmospheric concentration of
methane is increasing steadily, and now there is reason to
believe that the levels of carbon monoxide may also be rising in
the northern hemisphere (Rasmussen and Khalil 1981; Khalil
and Rasmussen 1984). If methane builds up to sufficiently high
concentrations in the atmosphere, it may add to the warming of
the Earth (the greenhouse effect) and affect climate, it may
increase ozone in the troposphere; and it may protect the strato-
spheric ozone layer from destruction by man-made chlorine-
containng compounds such as the fluorocarbons (Rasmussen
and Khalil 1982). By a series of chemical reactions starting with
hydroxyl radicals, much of the methane in the troposphere is
converted to carbon monoxide. Therefore, the increase of meth-
ane can also add increasing amounts of carbon monoxide into
the atmosphere. Increasing levels of carbon monoxide (and
methane) may in turn deplete hydroxyl radicals in the tro-

posphere, disturbing the cycles and removing dozens of natural
and anthropogenic trace gases. Since the atmospheric lifetime
of carbon monoxide is relatively short, much of the enormous
anthropogenic emissions in the northern hemisphere do not
reach the South Pole. The atmospheric reactions of methane
may therefore provide most of the carbon monoxide observed
in Antarctica. The global atmospheric lifetime of methane is
about 8 years, which means that distant anthropogenic sources
have a large effect on the trend observed deep in the southern
hemisphere. In this paper we will discuss the trends and sea-
sonal cycles of methane and carbon monoxide observed at the
South Pole.

During austral summer 1983-1984, we obtained three air sam-
ples from the South Pole every 2 days. The observed con-
centrations of carbon monoxide and methane (in figure 1) show
a part of the natural seasonal cycle. The line in the figure for
methane is obtained from a mass balance model described in
detail by Khalil and Rasmussen (1983). The model consists of
four latitudinally separated regions and includes the effects of
transport and chemistry of trace gases in the atmosphere. The
seasonal variations of methane result from the estimated cycle
of hydroxyl radicals (Logan et al. 1981). The production of
hydroxyl radicals requires sunlight, which is most abundant
during the austral summer. The increasing levels of hydroxyl
radicals in the summer drive down the concentrations of meth-
ane and probably the concentrations of carbon monoxide. The
cycles of carbon monoxide and methane at the South Pole are
closely related by the production and destruction of these gases
leading to a high correlation between the observed con-

The increase of methane and carbon monoxide at the South Pole

bC (in parts per billion
C0a	 r 	 by volume per year)d	 13c (in percentage per year)

Standard	Nonparametric	Standard	Nonparametric

Methane	 1483
Carbon monoxide	 39

	

0.997	17.4(±1.4)	 17(±1.5)	 1.2(±0.1)	 1.2(±0.1)

	

0.84	 2.1(±2.2)	 1.8(0.5,4)	5.1(±5.4)	 5.5(1,10)

a C0 is the concentration in the base year (1979 for methane, 1980 for carbon monoxide) estimated from linear least squares analysis.
b r is the correlation coefficient between concentration and time.
C b and 13 are rates of increase, and the ± values are 90 percent confidence limits.
d 1 part per billion by volume means 1 molecule of gas per billion molecules of air.
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Figure 1. Seasonal variation of carbon monoxide (CO) and methane
(CH,) at the South Pole. The data show parts of seasonal cycles
driven by the natural seasonal variations of hydroxyl radicals that
remove carbon monoxide and methane from the atmosphere. The
line in the figure for methane is from the model described by Khalil
and Rasmussen (1982) and reflects the expected variation of meth-
ane caused by the cycle of hydroxyl radicals. ("ppbv" denotes parts
per billion by volume.)

centrations (r = 0.86, r> 0 at a < 0.05; Snedecor and Cochran
1972).

On a longer time scale the concentration of methane is seen to
be increasing steadily at the South Pole, although the rate of
increase varies somewhat from year to year; the concentration of

carbon monoxide also may be going up, but the evidence is only
marginally statistically significant. In figure 2 the monthly con-
centrations of methane and carbon monoxide are shown. The
concentrations of methane and carbon monoxide at comparable
seasons are respectively about 8 percent and 50 percent less at
the South Pole than at mid-northern latitudes (Oregon: 45°N).
We analyzed these data to estimate the trends by both non-
parametric and standard statistical methods. The results are
summarized in the table (Snedecor and Cochran 1972; Hol-
lander and Wolfe 1973).

On average at the South Pole, methane increased at about 1.2
percent per year over 5 years. After 2 more years of measure-
ments, this average rate continues to be exactly the same as we
reported earlier (Khalil and Rasmussen 1983), although the
uncertainty of the average rate has become even less. These
increases may be caused mostly by increasing emissions (Khalil
and Rasmussen 1983). The increase of methane at the South
Pole appears to be a little slower than at mid-northern latitudes;
this may be caused by differences in the rates of increase of
emissions (or changes of hydroxyl radicals) between the two
hemispheres.

The average trend of carbon monoxide at the South Pole turns
out to be about 5 percent per year, but statistically we cannot
place much confidence in this estimate since even at best the
approximate 90 percent confidence limits are between 1 percent
and 10 percent per year. The entire case for the increase of
carbon monoxide at the South Pole is only marginally signifi-
cant (a = 0.05). Increases of about 1 percent per year can be
explained by the increase of methane provided that methane
contributes most of the carbon monoxide observed at the South
Pole. A faster increase cannot be easily explained on the basis of
anthropogenic causes. At present there are enormous uncer-
tainties in evaluating the trend of carbon monoxide, especially
at the South Pole, since data are sparse and concentrations are
low, variable, and subject to various experimental uncertainties.

This work was supported in part by a grant from the National
Science Foundation (DPP 81-08684). Additional assistance was
obtained through Biosphenc Research Corp. and the Andarz
Co. We thank National Oceanic and Atmospheric Administra-
tion/Global Monitoring for Climate Change for collecting air
samples.
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Figure 2. The Increasing trends of methane (CH 4) and carbon monoxide (CO) at the South Pole. Measurements were taken every January. The
vertical bars represent 90 percent confidence limits of the average monthly concentrations of methane. The increase of methane Is about 1.2
percent per year, although it may vary from year to year. The concentrations of carbon monoxide also appear to be increasing, but the rate Is
variable, uncertain, and only marginally statistically significant. ("ppbv" denotes parts per billion by volume.)

206	 ANTARCTIC JOURNA




