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Abstract--Fifty samples of rural air collected near the Pacific coast. of North America have been anelysed 
for carbon dioxide reporting, in addition to concentration in air, the isotopic abundancea of Cla and 
018. A correlation observed for all samples between C 13 isotope abundance and concentration in air 
can be explained by assuming an initial composition for atmospheric carbon dioxide of 0.031 volume 
per cent in air, C!‘S/CY ratio -1.0 per mil., to which is added carbon dioxide of plant origin with a ratio 
of approximately -23 per mil. Minimum concentrations and associated carbon isotope ratios at 
different stations show very little variation (0.0307-0.0316 per cent, -6.7 to -7.4 per mil) and are 
believed to be representative of Pacific maritime air. Oxygen isotope abundances are approximately the 
same as for carbon dioxide in chemical equilibrium with average ocean water, but individual samples 
show variations which generally do not correlate with changes in concentration in air and are as yet 
unexplained. 

INTRODUCTION 

CARBON dioxide in the atmosphere has been studied for more than a hundred 
years. Nineteenth century measurements showed its concentration to vary, 
especially over continental areas. Causes for variation were not always understood, 
but the activity of plants explained the diurnal periodicity often observed for 
rural air, and the burning of fuel accounted for the high values of urban air reported 
(LUNDEGARDH, 1924, Chapter 1). New data in this century have confirmed these 
general features of continental air (HUTCHINSON, 1953), and more extensive 
measurements over the open ocean have established smaller but still significant 
variations for ocean air (BUCH, 1939, 1948). No accurate measurements have been 
reported for air far enough above the earth’s surface to be completely removed from 
local influences. For this reason the often quoted figure of 0.03 per cent for the 
mean concentration of atmospheric carbon dioxide is only a rough approximation. 

Several investigators have measured the abundance of the Cl3 isotope of 
atmospheric carbon dioxide and have shown that the carbon is appreciably 
lighter (lower C13/C12 ratio) than that of the bicarbonate of natural waters or that 
of the carbonate of marine sediments. The first isotope measurements (MURPHY 

and NIER, 1941) are probably somewhat in error because of an isotopic effect 
attending the absorption of the carbon dioxide in hydroxide solution, but the 
recent measurements of CRAIG (1953) employing carbon dioxide condensed from 
air at liquid nitrogen temperature are believed to be correct. The present study 
was undertaken to determine what relationships might exist between variations 
in concentration and variations in the isotopic ratios of carbon dioxide in the 
atmosphere. To investigate the problem systematically, CRAIG’S extraction 

method was modified to shorten the time required to process individual samples, 
oxygen isotope measurements were instituted, and a manometer was constructed 
to mea,sure accurately the quantity of carbon dioxide for each sample. 

* Present address: Scripps Institution of Oceanography, University of California, La Jolla, California. 
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ilir samples were collected in evacuated five litre flasks under circumstances where local 
human influences were not likely to aEect the air being sampled. Simultaneously with collection, 
the temperature and, where possible, humidity, wind, and barometric pressure, were recorded. 
The flasks were returned to the laboratory where the carbon dioxide was extracted and prepared 
for mass spectrometer analysis. Sample flasks were attached to a vacuum line, the sample 
pressure and temperature measured under laboratory conditions, and the sample pumped 
through a large spherical liquid nitrogen trap at reduced pressure. The condensate was freed 
from water-vapour by fractional distillation at dry ice temperature and the resulting gas, which 
could be verified by mass spectrometric analysis to be pure carbon dioxide, was condensed 
in a constant, volume manometer constructed aft,er a design of GERIVIANN (1914), where the 
quantity was measured. The purified gas was analysed in a modified double collector mass 
spectrometer as described by &%2~TxNEY et cd. (1950) 

Isotope l~eas~lrements are expressed per mil by t.he function: 

S= 
i 

R sample 
~ - 1 103 
hmdard i 

where R is the absolute rat,io of the abundance of two isotopes being compared. Differences 
in carbon-13 abundance between sample and standard are reported in terms of the relative 
carbon isotope ratio, &Y3, for which R = C1s016016/C12016016, differences in oxygen-18 
abundance in terms of 60** for which R = C~201e01a/C1201601~. The 6 values were calculated 
from the experimental mass ratios 46/44 and 45/44 of sample and standard carbon dioxide gas 
by a method explained in detail by CRAIG (1957). The standard carbon dioxide gas to which 
analyses are referred is prepared from a particular sample of calcium carbonate obtained from 
a belemnite of the Pee Dee formation (Chicago standard “PDB-1”) which has been previously 
employed as a primary standard by CRAIG (1953, 19571, EPSTEIN and XAYEDA (1953), and 
JEFFERY (1955). 

Carbon dioxide concentrations are reported as parts per million (p.p.m.) of original air by 
volume (l&,,), water-vapour concentrations as volume per cent of original air (kIEeo)_ Carbon 
dioxide concentrations in parts per million of dry air are also reported for samples for which 
humidity data are available. 

Isotope ratios are considered to be accurate to 10.20x, although analyses frequently 
agree within $0.05~&. Carbon dioxide concentrations are considered to be accurate to 
& 1.0 p.p.m. 

ANALYSIS OF DATA 

The results of sampling at rural stations in Washington and California are 

presented in Table 1. Diurnal graphs of concentration and isotopic abundance 
for each station have been prepared to illustrate the data (Figs. l-6). These data 

exhibit two salient features: minimum eoncentratiolls are nearly the same at al] 
stations (Fig. 7); variations in the carbon isotope ratio are proportiona to the 

reciprocal of molar concentration, i.e. 

NY3 = I(C13) + M(l[pcoz). (1) 
The smooth curves in Figs. 8 and 9 represent this relationship with coefficients I(C13) 
and M calculated from the experimental data by the method of least-squares 
(WORTHING, 1943) separating the California and Washington data. 

Values of I(Cl3) and the average experimental deviation of KY from the least 
square relationship, separating the data of each station, are presented in Table 2, 

together with observed minimum concentrations and associated isotope ratios 
at each station. The average deviation of KY3 is nearly within experimental error 
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for carbon. Values of I(Ol8) based on a relationship for oxygen analogous to 
equation (1) have been calculated for these stations by the method of least squares 
and appear in Table 2. The average experimental deviation of 6018 is nearly the 
same as for SCi3 at two stations but is considerably greater at the other (Olympic 
rain forest). For California stations no proportionality with concentration is 
apparent at all, but for the Inyo mountain station a correlation may exist between 
the oxygen isotope ratio and barometric pressure (Fig. 3). 

DISCUSSION 

Rural air samples were all collected from the layer of air close to the ground, 
and, except for Inyo Mountain and ocean beach samples, were collected under 
circumstances where the metabolic activity of plants might be expected to influence 
the carbon dioxide composition of the air. This is so because plants exchange 
carbon dioxide with the atmosphere by means of respiration and assimilation 
and also because carbon dioxide is evolved from the ground through decay of 
organic material in the soil and respiration of plant roots. Air was sampled at 
least three metres from any living plants to be out of range of extremely local 
carbon dioxide gradients. In three cases (coastal redwoods, Sierra Nevada forest, 
Olympic rain forest) a bridge over a small stream afforded a good location, conven- 
iently removed from low lying plants but at the same elevation as ground level air 
in the vicinity of the stream. In another instance (Washington grassland) the 
roof of a low shed beside a railroad track was used; at Hart’s Pass (Cascade mountain 
crest) the middle of a dry gravel road. At all these five stations the data suggested 
minimum carbon dioxide concentrations in the afternoon and maximum concen- 
trations in the late evening or early morning hours. Similar alternations have 
almost always been noted in the carbon dioxide content of air over land. Numerous 
observations going back to the early nineteenth century indicate the generality 
of this effect (LUNDEG~RDH, 1924), and with little doubt, it may be attributed 
to the metabolic activity of terrestrial plants and the respiration of the soil. 

The pronounced regularity with which the carbon isotope ratio follows changes 
in carbon dioxide concentration suggests a simple cause for mutual variation in 
these quantities. When to air is added carbon dioxide differing in carbon isotopic 
abundance by a constant amount from the carbon dioxide initially present in 
the air, changes in the carbon isotope ratio of the total atmospheric carbon dioxide 
will be proportional to the reciprocal of molar concentration. If equation (1) is 
used to describe this relationship, the carbon isotope ratio of the carbon dioxide 
which brings about the change in concentration will be equal to the term, I(C13). 
Computed values of this term vary, for different stations, from -21 to -25x,,, 
a range in isotope ratio which agrees well with the range found generally for the 
carbon of terrestrial plants (WICKMAN, 1952; CRAIG, 1953). Thus the relationship 
between carbon isotope ratio and molar concentration observed for the carbon 
dioxide of rural air is explained if carbon dioxide is added to or subtracted from 
the atmosphere by plants or their decay products. 

On the other hand, the uniform concentration and carbon isotope ratio of 
afternoon air samples cannot be primarily a result of biological activity. In a 
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restricted air supply but under average conditions of light, temperature and 
mineral fertilization, plants are able to reduce the concentration of carbon dioxide 
to significantly lower values than have ever been observed under natural conditions 
(EGLE and SCHENK, 1%X?), and until the minimum concentration is reached 
where plant assimilation and respiration of carbon dioxide just balance, there 
is no known biological regulatory process which will predict the same concentration 
of carbon dioxide for such widely varied plant environments as are represented 
in the present data. The observed uniformity must therefore be a result of some 
rather general meteorological circumstance which operated at the times when these 
samples were collected. Such a recurring characteristic composition strongly implies 
that all local influences of vegetation have been wiped out at these times by mixing 
of ground level air with air from above or beyond the zone of vegetation influence, 
and that this mixed air over these rather widely separated stations during several 
months of the year, at least, was conspicuously constant in carbon dioxide com- 
position. At several locations samples were deliberately taken under circumstances 
where vegetation would have no influence on the air even near the ground. The 
data for the Olympic beach station represents air blowing briskly off the Pacific 
Ocean. In the Inyo Mountains and Sierra Nevada (Lake Tenaya and Tioga Pass) 
air was collected above almost completely barren ground and always in a good 
wind. The concentrations and carbon isotope ratios at these stations agree very 
closely with those of forest and grassland stations at times of minimum concen- 
tration (Table 2). The concentrations are consistent with those of maritime polar 
air collected north of Iceland with a range ‘309-317 p.p.m. (BUCH, 1948) and, 
quite probably, the data represent a carbon dioxide composition characteristic 
of the maritime polar air which is nearly always present over the Pacific coast 
of North America (PETTERSEN, 1940, p. 165). 

Oxygen isotope ratios agree approximately with carbon dioxide in equilibrium 
with mean ocean water at 25”C, for which 6018 = -O*l%,) (EPSTEIN and MAYEDA, 
1953, as corrected by CRAIG, 1957). Samples associated with minimum concen- 
trations range from + 1.3 to -0*2x,,, forest and grassland samples from +a*9 
to -1.9%,. 

Most of the individual values do not appear to correlate with any measured 
meteorological or chemical quantity, but an interesting relationship is suggested 
by the data for the Inyo Mountains. During the period before the passage of a 
pressure wave, indicated by maximum barometric pressure near 18.00 on 8 July, 
the oxygen isotope ratio changed noticeably, reflecting the change in barometric 
pressure, while the carbon isotope ratio and carbon dioxide concentration were 
constant within the precision of measurement. The slight rise in concentration 
after the maximum pressure was reached was reflected in the carbon isotope ratio, 
but appeared to have only a small influence on the oxygen isotope ratio which 
continued to follow the barometric pressure. The effect, if real, must be explained 
by a process which affects only the oxygen isotope ratio. The isotopic equilibrium 
of the oxygen of carbon dioxide with the oxygen of ocean water is such a process. 
Since the equilibrium fractionation between phases is temperature dependent 
with a coefficient of approximately -0*2 per thousand per degree centigrade 
(UREY, 1947), a correlation with barometric pressure could be the result of partial 
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mixing of air from different air masses which were equilibrated with water of 
differing oxygen isotopic composition or at different temperatures. 
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