
Table 2. Average annual wind speeds for Amundsen-Scott South
Pole Station

Table 3. Monthly average winter air temperature at Amundsen-
Scott South Pole Station as a function of wind direction, based
on July, August and September temperature and wind for the

years: 1958, and 1982-1988Wind speed
Year	 (in meters per second)

Wind direction

1982	 4.5
1983	 3.9
1984	 5.0
1985	 5.9
1986	 6.0
1987	 5.3
1988	 5.4

Long-term average	 5.3

ducing the length of the record needed to estimate trend. Wind
speed and direction are two examples. Perhaps there are vari-
ables, such as cloudiness, or atmospheric temperature or wind
sounding information that would be useful for that purpose.

Finally, I would mention that subsurface snow temperature
measurements to a depth of 12 meters were obtained in 1958 at
South Pole Station by M. Giovinetto and me and were docu-
mented by Giovinetto (1960) and Hanson and Rubin (1962). Sub-
sequent snow temperature measurements were obtained with
the same equipment in 1959 and 1961 (Hanson and Rubin 1962).

In 1958, the 12-meter depth snow temperature at the South
Pole Station was -50.9 °C, the importance of which is that it
serves as a baseline for future snow temperature measure-
ments and assessment of trend. Clearly, it would be important,
for the global warming problem, to begin obtaining 12-meter
depth snow temperatures at the South Pole Station to provide
snow-based estimates of trend in support of those obtained
from atmospheric measurements.

N	NNE NE ENE	E ESE-NNW

Number of
observations	4	11	 none
Temperature in
degrees Celsius —57.6 —58.1 —62.5 —65.7 —61.8	_a

a Nonoccurrence.
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The relationship
between atmospheric methane

and global climate
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The natural cycle of atmospheric methane is driven by emis-
sions from the world's wetlands, lakes, tundra, wild rumi-
nants, and many smaller sources. Methane is removed from
the atmosphere mostly by reacting with tropospheric hydroxyl
(OH) radicals, although aerated soils also remove some meth-
ane. Over the past century or two, human activities have added
significantly to the global emissions from sources such as cattle
and other ruminants, rice fields, landfills, and the production
of oil and natural gas. Consequently, the atmospheric concen-

tration of methane has increased from about 600 parts per
billion by volume a few hundred years ago to nearly 1,700
parts per billion by volume at present (see Khalil and Ras-
mussen 1989, 1990). The effect of human activities on the global
methane cycle is a very recent phenomenon that has caused
the concentration of methane to be two to five times higher
than at any time during the last 160,000 years. Over the last
160,000 years, the concentrations of methane have varied sys-
tematically with global temperatures. The concentrations were
around 350 parts per billion by volume during glacial periods
and 600-650 parts per billion by volume during interglacial
times. Methane concentrations during ice ages were first re-
ported by Stauffer et al. (1988) based on analyses of polar ice
cores and by Raynaud et al. (1988) based on a few measure-
ments from the Vostok ice core (Antarctica). A decrease of
methane during the little ice age, just a few centuries ago, was
reported by Khalil and Rasmussen (1989) from ice cores of both
polar regions. More recently, Chappellaz et al. (1990) have
reported a detailed analysis of the Vostok core in which meth-
ane closely parallels the Earth's temperature. These studies
have clearly established that the concentration of atmospheric
methane is closely related to the global climate. In this article,
we report a synthesis of recent work on the relationship be-
tween global climate and the methane cycle.
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Figure 1. Temperature and the concentration of methane. Data were corrected for the interhemispheric gradient during interglacial periods
and during the little ice age but not during the major ice ages. The times represented by the three studies are very different. During the
most recent times (past 2,000 years) atmospheric concentrations were somewhat higher than at earlier times as explained in detail in Khalil
and Rasmussen (1989). (ppbv denotes parts per billion by volume. CH 4 denotes methane.)

The results from the earlier work are shown in figure 1 taken
from Khalil and Rasmussen (1989). The detailed results from
the Vostok core based on the work of Chappellaz et al. (1990)
are shown in figure 2. In figure 2, the change of methane is
fairly uniform over the entire range of temperatures from the
cold of an ice age to the warm interglacial periods such as the
present. Methane concentrations change by about 48±7 parts
per billion by volume per degree Celsius (or 8 percent per
degree Celsius) according to our analysis of the three studies
in figure 1 and at a rate of change of concentration per degree
change of temperature (dC/dT) of 23 ± 2 parts per billion by
volume per degree Celsius (or 1/C dC/dT = 4.8 ± 0.4 percent
per degree Celsius) according to the data in figure 2 (± values
are 90 percent confidence limits). All the studies agree on the
concentrations of methane during pre-industrial times, ice ages,
and modern times. The apparent discrepancy of the change
of methane with changing global temperature is due almost
entirely to the different temperature records used in the two
analyses. For figure 1, we used the temperature record from
Watts (1982). The temperature record for figure 2 is from the
analysis of the Vostok core itself. These estimates of dC/dT
characterize the net effect of global climatic change on the
natural methane cycle. If the Earth warms up in the future,

natural emissions will increase, perhaps at the rates calculated
above (4-8 percent per degree Celsius).

Two problems of current interest are to explain the dra-
matically low concentrations of methane during ice ages and
to determine the role of the methane cycle in climate change.
The concentration of methane can decline during the ice ages
either if the emissions decrease or if methane is removed more
rapidly (increase in OH) or if both these processes occur si-
multaneously.

It is easy to see that the emissions of methane are likely to
decline during ice ages or sustained cold periods. Emissions
of methane from most sources such as wetlands and lakes
decrease with decreasing temperatures. Moreover, popula-
tions of wild ruminants may also decline during ice ages, and
some wetlands may be frozen throughout the year, thus pro-
ducing no methane. It is highly improbable that any source
would emit more methane during ice ages than during warmer
times. The net result would be much lower global emission
rates. We believe that this is a major cause of the low methane
concentrations during ice ages.

The change of the removal rate of methane during ice ages
is more complex than the change of emissions. Since OH is
produced by the action of sunlight, tropospheric ozone, and
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Figure 2. A. The connection between climate and atmospheric
methane based on the Vostok core (from Chappellaz et al. 1990).
Concentration data were averaged over each degree of tempera-
ture. For example, the first point from the left is the average con-
centration of methane for all times when the temperature was between
-9 and -10 °C below average. The error bars are 90 percent con-
fidence limits of the mean concentrations. Both the methane con-
centrations and the estimated temperature are taken from the Vostok
core as reported by Chappellaz et al. (1990). The line is a polynomial
C (parts per billion by volume) = 579.2 + 25.7T + 0.843T2 - 0.08118T 3

-0.02345T4 -0.000857T5 where T is in °C as shown in the figure.
B. The rate of change of methane with temperature. This graph
represents a test of linearity of the response shown in A. The rate
of change of methane with temperature was computed over suc-
cessive 4-degree ranges using a linear regression model and plot-
ted In the middle of the appropriate temperature range (the error
bars are 90 percent confidence limits). For example, the first point
on the left is the rate of change of methane with temperature be-
tween -10 and -6 °C, the second point is the rate of change
between -9 and -5°C, and soon. The horizontal line is the average
response. (ppbv denotes parts per billion by volume.)

water vapor (03 + hv - 0('D)+ 02, followed by O( 1 D) + H20
OH + OH), the production rate must decline during ice ages.

Both ozone and water vapor would be much lower during an
ice age compared to warmer times. On the other hand, the
removal of OH would also be much slower than during warmer
periods since it is removed by reactions with carbon monoxide
and methane. Considering the known sources of carbon mon-
oxide, it is likely that the production of carbon monoxide would
be significantly lower during ice ages compared to warmer
times. On balance, OH may be either higher or lower during
ice ages compared to warmer times depending on whether the
production or removal of OH is most affected by the ice age
atmospheric chemistry. Calculations suggest that on balance
OH would be higher during an ice age (McElroy 1989; Pinto
and Khalil in press). The magnitude of the change may not be
large because the effect of an ice age on the production rate is
offset by the effect on the destruction rate, causing OH levels
to be stabilized over widely varying climatic conditions (Khalil
and Rasmussen 1989; Pinto and Khalil in press).

These explanations suggest that climatic changes drive the
natural methane cycle resulting in concentrations that oscillate
between 350 and 600 parts per billion by volume. Such fluc-
tuations may perhaps cause a minor positive climatic feedback;
however, the concentrations of methane are so low that the
effect may be of no consequence.

This work was supported in part National Science Foun-
dation grant DPP 88-20632. Additional support was provided
by the Biospherics Research Corporation and the Andarz Co.
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