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Many trace gases are increasing in the earth's atmosphere
because of increasing population and global per capita consump-
tion. The stable gases believed to be the most significant in
causing future global warming or ozone depletion are carbon
dioxide, methane, nitrous oxide, trichlorofluoromethane, and
trichiorodifluoromethane (CO 2, CH41N20, CC13F, and CCI3F2). In
addition, there are many more gases that have similar effects.
While each of these minor gases may not effect the environment
significantly, a large number of such gases together may be quite
significant and rival or exceed the environmental effects from the
main gases mentioned above. Of particular interest at present are
chlorine- and bromine-containing gases that can deplete the
ozone layer more effectively than most other gases.

To understand the global balance of environmentally signifi-
cant trace gases we have been taking samples at carefully chosen
locations all over the world. These locations consist of sites in the
polar regions (Barrow, Alaska, and the South Pole), middle
latitudes (Cape Meares, Oregon, and Cape Grim, Tasmania), and
tropical regions (Hawaii and Samoa) of each hemisphere.

Systematic flask sampling at the South Pole poses logistical
and scientific problems that greatly reduce the accuracy and
precision of measurements of many trace gases and make it
practically impossible to obtain accurate measurements of some
trace gases, such as carbon tetrachloride and methyl chloroform
(CC!4 and CH3CC13). In 1988 we began work to see whether
Palmer Station (6446'S 6405' W) would be representative of the
southern polar regions, as South Pole has been for the past. At
Palmer it is much easier to obtain year-round samples and even
to set up instruments for direct measurements. During the three
and a half years since 1988 we have obtained weekly flask
samples from Palmer Station and the South Pole. This paper is
about the results of the Palmer experiment.

Average concentrations of chlorine and bromine gases in Antarctica:
In table 1 we show the seasonally averaged concentrations of 13
trace gases at Palmer Station and the South Pole. These gases are
nitrous oxide (N20) dichlorodifluormethane (CC1 2F2, F-12),
trichiorotrifluoroethane (CC1 3F, F-li), trichloroethane (C2C13F3,
F-113), trichloromethane (C2H3C1 3 ) dichlorofluoromethane
(CHC1 2F, F-22), Chloromethane or methylchloride (CH 3Q)'

bromotrifluoromethane (CBrF3, a halon fire extinguishing com-
pound), bromochlorodifluoromethane (CBrC1F2, also a fire extin-
guishing compound), bromomethane or methylbromide (CH 3 Br),
dibromomethane (CH 2Br2), methane (CH,,), carbon monoxide
(CO), and hydrogen (H2). Carbon monoxide, hydrogen, nitrous
oxide, and chioromethane (CO. H 2, N20, and CH3C1) have both
natural and anthropogenic sources while the rest of the chlorine-
and bromine- containing gases are entirely man-made. Although
we based all the calculations on monthly averages to save space,
we have reported only seasonally averaged concentrations in
table 1.

Differences between South Pole and Palmer: We calculated the
average differences of the trace gas concentrations at the South
Pole and Palmer by two methods. We took the difference and
percent difference of concentrations at the two sites for each
month as follows:
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(A) The seasonal variations (top) of methane at the South Pole (900
S) and Palmer (64.50 S). (B) The seasonal cycles (bottom) of carbon
monoxide (CO) and hydrogen (H 2). The opposite phase of carbon
monoxide (CO) and hydrogen (H 2) is apparent. Cycles for carbon
monoxide (CO) and hydrogen (H2) are smoothed by taking six-point
weighted running averages (weights = 0.222 for points 1 and 6,0.333
for points 2 and 4, and 0.444 for point 3). This weighting scheme
preserves the original shape while sharpening the image of the
cycle. For clarity, in both figures the cycle is repeated twice.
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Table 1: Seasonal averages of concentrations at Palmer Station and the South Pole.

N20	F-12	F-il	F-113	CH3CCI3	H2	F-22	I CHCI	CH4	Co

Palmer Station

F
W
Sp
Su
F
W
Sp
Su
F
W
Sp
Su
F
W

1988
1989
1989
1989
1989
1990
1990
1990
1990
1991
1991
1991
1991
1992

308.3
308.2
309.5
308.5
309.1
308.8
308.8
309.3
308.5
309.6
310.4
310.6
311.2
310.9

425.9
428.6
432.2
444.3
446.1
449.3
454.8
460.8
462.4
465.0
471.1
478.8
486.7
489.9

245.7
246.6
248.4
254.9
254.0
256.1
259.2
260.6
262.4
262.9
264.7
266.8
271.3
272.5

39.0
39.8
41.4
43.6
43.5
44.1
45.5
46.8
47.7
48.3
49.5
51.1
52.3
51.9

130.0
127.6
131.1
135.5
133.6
132.5
135.0
138.7
138.9
136.4
139.3
141.9
145.0
148.6

South Pole

520.6
522.7
524.0
507.0
507.0
516.5
515.9
507.6
505.9
509.4
512.7
506.6
508.1
517.4

104.1
105.5
105.2
109.3
111.2
114.2
115.7
116.8
120.4
122.7
122.8
126.8
130.9
134.2

609.9
580.3
611.2
600.1
594.1
567.3
616.0
622.8
626.5
622.2
588.8
590.2
569.3
564.7

1664.0
1651.0
1653.5
1674.3
1675.2
1656.3
1658.3
1678.1
1686.7
1670.5
1673.3
1689.4
1699.8
1691.0

61.6
39.9
38.9
48.8
45.4
29.9
36.0
46.0
43.4
32.7
32.9
45.8
54.2
44.1

1988	308.6	424.5	244.1	38.1
1989	308.7	427.4	247.8	39.6
1989	310.2	440.2	250.3	40.6
1989	310.7	443.1	252.3	42.5
1989	310.7	448.1	255.5	43.6
1990	310.2	453.6	258.3	44.8
1990	310.2	455.2	258.6	45.2
1990	310.4	460.2	260.8	45.2
1990	310.7	464.9	261.8	47.0
1991	310.8	470.3	265.3	49.1
1991	311.2	473.3	263.0	48.5
1991	311.3	480.1	265.8	49.6
1991	312.3	483.7	268.1	51.7
1992	312.2	482.6	269.6	52.5

(1) LCi(t) = [CiS '(t) - Ci(t)]

(2) %Cii (t) = ([Cis'(t)/CiI'(t) - 1)100%

In these equations Ci(t) is the monthly averaged concentration of
gas i during the month t where t = 1 t N spanning our data. For
most gases there were (N = ) 41 months of data. The superscript
"P" is for concentrations at Palmer and "SP" for the South Pole.
From these monthly estimates of the differences between concen-
trations we calculated the average differences over the length of
the experiment. These differences and 90 percent confidence
limits are reported in table 2 (Snedecor and Cochran 1980).

For the halocarbons the differences are very small and of no
practical consequence even when statistically significant. The
differences of carbon monoxide, hydrogen, and chioromethane
(CO. H2, and CH3C1) concentrations at the two sites are larger than
for other gases. The causes of these differences are not known and
may be related to sampling artifacts at the South Pole.

Cycles: Among the gases reported here, carbon monoxide,
methane, hydrogen, and methyl chloroform (CO. CH 4, H2,
CH3CC13) have substantial seasonal variations at the antarctic
sites (and elsewhere). We compared the seasonal variations at the
two sites to see if there were any differences. The average seasonal
cycles are calculated based on the following model:

(3) C(t)=a+bt+ö(t)+c(t)

Here C(t) is the time series of concentrations, a +bt represents the
linear trend, (t) are the seasonal cycles that repeat every 12

months, and E(t) are random fluctuations. The methods for
calculating the seasonal cycles in equation (3) are described by
Khalil and Rasmussen (1990).

In figure la we show the average seasonal cycle of methane at
the two sites. The similarities are remarkable. The seasonal cycles
of carbon monoxide and hydrogen (CO and are shown in
figure lb. At the South Pole the data were not precise enough to
calculate the seasonal cycles of carbon monoxide (CO) over the
period of this experiment. The cycles of hydrogen (II2) are very
similar at the two sites. It is also apparent that the seasonal
variations of carbon monoxide (CO) and hydrogen (H 2) are
opposite (when carbon monoxide (CO) is high, hydrogen (H 2) is
low and vice versa.) This effect results from the unusual nature of
the hydrogen cycle, as we reported earlier (Khalil and Rasmussen
1990.) The cycle of carbon monoxide (CO) is in phase with the
cycles of methane (CH4) and methyl chloroform (CH3CC13).

Trends: The atmospheric trends of the gases at both the South
Pole and Palmer were calculated using a linear model where the
concentrations C = a + bt + E(t) (a and b are constants and t is time).
The results are given in table 2. For gases that have seasonal
cycles, we first subtracted the cycles before calculating the trends.
The trends for all gases appear to be the same at the two sites.

We also calculated the trends of the differences of concentra-
tions at the two sites by the following equation:

(4) AC1(t) = a+  3t

where Ci(t) is as in equation 1. If the trend of a gas is different
at the two sites, then beta will not be zero. The results are shown

127.1	509.9	102.6	603.5	1667.2	66.4
130.9	524.1	104.1	560.9	1651.7	30.1

	

521.0	106.7	542.2	1647.7	25.2
142.8	512.6	108.8	559.5	1670.0	37.0
138.3	514.6	112.7	580.4	1677.7	31.4
139.8	516.0	114.7	560.3	1659.4	32.7
132.4	515.0	114.7	524.5	1657.6	29.6
125.6	502.8	119.5	566.7	1678.6	27.9
134.8	505.0	120.9	573.2	1684.2	42.1
138.9	517.5	122.8	576.0	1669.4	34.6
150.4	517.7	124.7	515.3	1668.1	30.5
147.2	506.7	127.3	562.4	1685.1	33.5
143.8	504.9	129.5	575.5	1699.0	45.9
143.3	514.0	131.5	565.2	1691.5	37.7
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Table 2: Trends and concentrations of trace gases at the South Pole and Palmer Station (9/1988-1/1992)

	

Differences	 Trends: Palmer	 Trends: S.P	 Difference
AC	 %AC	 a	b	 a	b	6b	b

N20	1.1	0.2	0.4	0.1	307	0.8	0.2	308	0.9	0.2	-0.1	0.2
F-12	-0.2	1.1	0.0	0.2	409	19.5	0.9	412	18.7	0.9	0.8	1.2
F-il	-0.8	0.6	-0.3	0.2	239	8.1	0.4	241	7.4	0.4	0.6	0.6F-113	0.8	0.3	-1.7	0.6	36	4.2	0.4	35	4.2	0.2	-0.1	0.3
CH3CCI3	1.4	2.0	-0.3	0.2	125	4.7	0.39	126	4.9	1.8	0.3	2
F-22	-0.4	0.5	-0.3	0.4	95	9.0	0.4	95	9.1	0.4	-0.1	0.5
CH3CI	-36	ii	-6	2	 611	-5	6	570	-4	4	-1.0	10
CBrF3	 2.3	0.4	0.2
CBrCIF2	 2.1	0.5	0.3
CH3Br	 8.8	0.0	0.8
CH2Br2	 2.3	- -
CH4	-2.2	1.8	-0.1	0.1	1645	11.0	0.9	1646	10.2	0.7	0.7	1.1
Co	-7.2	2.5	-15	6	 46	- -	 37	 -0.1	2H2	-8.9	2.5	-20	6	 55	- -	 45	 0.3	2

Units: Concentrations and differences of trace gas concentrations are in parts per billion (ppbv) for N 20, CO, H 2 , and CH4 , and in parts per trillion
(pptv) for the other gases. Trends are in ppbv/yr or pptv/yr as appropriate. Uncertainties: All ± values are 90% confidence limits, expressed as Ax
where x = A, %A or b.
Parameters: AC is concentration at Palmer minus the concentration at the South Pole. The difference in concentrations during each month is
averaged to calculate AC. %A is the percent difference of concentrations relative to Palmer measurements. The trends are calculated by the linear
model C = a + bt. Here "a" represents the concentration at the base time (1/1 988) and b represents the rate of increase in ppbv/yr or pptv/yr as
appropriate. The column under "difference" represents the trend of the difference of concentrations between Palmer Station and the South Pole.
When it is not statistically greater than zero, it means that the trends at the two locations are the same. - - represent cases when there are insuffi-
cient data to estimate the parameter.

in the last two columns of table 2. Beta is not significantly different
from zero.

We conclude that, based on the comparisons, for all practical
purposes the concentrations of long-lived trace gases are the
same at Palmer Station as at the South Pole.
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Chlorofluorocarbons (CFCs) 11 and 12 represent in combina-
tion about 50 percent of the total abundance of organic chlorine in
the atmosphere (Prather and Watson 1990). After their useful
function in refrigeration, air conditioning, and the production of
aerosols and foams (Gamlen et al. 1986), the CFCs are released
into the troposphere where they are relatively stable. The CFCs
are subsequently transported into the stratosphere where ultra-
violet radiation from the sun breaks the CFC molecules down and
the released chlorine catalytically destroyes stratosphere ozone
(Molina and Rowland 1974). The discovery of the antarctic ozone
hole by Farman et al. (1985) led to increased international efforts
to reduce CFC emissions, including the Montreal Protocol to
Reduce Substances that Deplete the Ozone Layer (United Na-
tions Environment Programme 1987). It is useful therefore to
monitor the accumulation rates of the CFCs at the South Pole,
because it is the ground base station farthest removed from
industrial countries of the northern hemisphere where 95 percent
are the CFCs are released (Gamlen et al. 1986).

Scientists from the Climate Monitoring and Diagnostics Labo-
ratory (CMDL) within the National Oceanic and Atmospheric
Administration (NOAA) have been measuring the atmospheric
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