b university of ;”g////; . —
L : e % niversity Medical Center Groningen
773 groningen g”,//

University of Groningen

Seasonal, latitudinal, and secular variations in the abundance and isotopic ratios of
atmospheric carbon dioxide

Mook, Willem G.; Koopmans, Marjan; Carter, Alane F.; Keeling, Charles D.

Published in:
Journal of geophysical research-Oceans and atmospheres

DOI:
10.1029/JC088iC15p10915

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
1983

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):

Mook, W. G., Koopmans, M., Carter, A. F., & Keeling, C. D. (1983). Seasonal, latitudinal, and secular
variations in the abundance and isotopic ratios of atmospheric carbon dioxide: 1. Results from land
stations. Journal of geophysical research-Oceans and atmospheres, 88(NC15), 915-933.
https://doi.org/10.1029/JC088iC15p10915

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.


https://doi.org/10.1029/JC088iC15p10915
https://research.rug.nl/en/publications/54a9a03f-d271-47dc-af76-0b710c268468
https://doi.org/10.1029/JC088iC15p10915

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 88, NO. C15, PAGES 10,915-10,933, DECEMBER 20, 1983

Seasonal, Latitudinal, and Secular Variations in the Abundance

and Isotopic Ratios of Atmospheric Carbon Dioxide
1. Results From Land Stations

WILLEM G. MoOK AND MARJAN KOOPMANS

Isotope Physics Laboratory, University of Groningen

ALANE F. CARTER AND CHARLES D. KEELING

Scripps Institution of Oceanography

Between March 1977 and February 1982, 517 samples of air were collected in 5 1 glass flasks at four
stations in the northern hemisphere near the Pacific ocean and at the South Pole. First, the CO,
concentration of each sample was determined by nondispersive infrared gas analysis, and then the
13C/12C and '*Q/'°0 ratios of the cryogenic extracted CO, were determined with a triple collector mass
spectrometer. For each station the secular trend and seasonal variation in !3C/'2C ratio have been
established as a function of CO, concentration. The seasonally adjusted !3C/*2C ratio is found to have
decreased at a rate of about 0.02%. per ppm increase in the seasonally adjusted CO, concentration and
to vary with latitude as expected if CO, is being released by fossil fuel combustion in the northern
hemisphere and from ocean water near the equator. At the three northernmost stations (La Jolla,
California, at 33°N and two Hawaiian stations near 19°N) the !3C/!2C ratio of the CO, added to and
withdrawn from the atmosphere during one annual cycle is circa —29%. with respect to standard PDB,
as expected from the exchange of atmospheric CO, with the carbon of terrestrial plants. Near the
equator at Fanning Island (4°N) the similarly computed '3C/!2C ratio is —21%o, while at the South Pole
it is about — 13%.. This suggests that the seasonal variation in the southern hemisphere and tropics is

partially a result of oceanic CO, exchange.

INTRODUCTION

The carbon of fossil fuels is depleted in !3C with respect to
atmospheric CO, [Tans, 1981]. Therefore, an increase in con-
centration of atmospheric CO, brought about by fuel com-
bustion will be accompanied by a year to year decrease in
13C/12C ratio of the CO,. Isotopic exchange with the oceans
reduces the rate of this isotopic shift with concentration to
about one third of what would occur if all fossil fuel CO,
remained airborne [Keeling et al., 1980]. A precise knowledge
of the actual shift may add to our understanding of the global
carbon cycle, because the activity of the land biosphere also
affects atmospheric CO,, but with a different isotopic shift for
a given change in atmospheric CO, concentration. The possi-
ble isotopic shifts are slight, however, and only very precise
measurements over a decade or more will permit a discrimi-
nation to be made between long-term oceanic and biospheric
effects [Keeling et al., 1980]. The present study extends our
previous measurements [Keeling et al., 1979] to 4 years in
both hemispheres and thus long enough to indicate the feasi-
bility of obtaining precise long-term records but still too short
to provide definitive answers.

Detection of the year to year shift in the '3C/*2C ratio of
atmospheric CO, is complicated by seasonal variations which
accompany the uptake and release of CO, by terrestrial veg-
etation and soils during photosynthesis and respiration. Since
the amplitude and phase of the seasonal variation in CO,
concentration have been found to be nearly constant in time
wherever we have made isotopic measurements, we postulate
that the '3C/!2C ratios at these locations also vary seasonally
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to nearly the same extent each year. At each station discussed
here the record is long enough to establish the average iso-
topic seasonal cycle quite precisely. Assuming that this typical
cycle was repeated during each year of record at each station,
we have used an iterative procedure to separate the seasonal
component of the observed trend in !3C/*2C ratio from the
long-term trend attributed to fossil fuel combustion.

We report here the results of sampling air at La Jolla, Cali-
fornia (32.9°N, 117.3°W); Mauna Loa Observatory, Hawaii
(19.5°N, 155.6°W); Cape Kumukahi, Hawaii (19.5°N,
154.8°W); Fanning Island (3.9°N, 159.3°W); and at the South
Pole. Additional data were obtained from samples collected
on ships between 20°N and 17°S on the First Global Geo-
physical Experiment (FGGE), during A.D. 1979 and 1980.
These will be reported in a separate paper. [Keeling et al.,
1983]. Also, descriptions of the sites will be separately report-
ed in articles dealing with the full records of CO, con-
centration at each station.

EXPERIMENTAL DETAILS

Typically, two or three samples of air are collected at each
location twice per month. The air is sucked into previously
evacuated 5 | flasks closed off with high vacuum Apiezon
greased stopcocks. After collection, the samples are returned
to the Scripps Institution of Oceanography where each flask is
analyzed twice for the CO, concentration using an infrared
analyzer according to procedures described by Keeling et al.
[1968]. Samples collected at La Jolla, however, are only ana-
lyzed once because a large number of samples assures a negli-
gible mean error from analysis. The CO, remaining in each
flask after infrared analysis is extracted by pumping the re-
sidual air through a large spherical liquid nitrogen trap at a
pressure of 1-10 mm of mercury. The condensate is freed from
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Fig. 1.

4'3 and 6'® of isotopic standards in use during the project. Typically, several standards were analyzed together

with the samples of one shipment, here designated by analysis group number. Arrows indicate mean values of standards
analyzed over a period of at least 10 years. (@) The mean values for standards 1, 2, 3, and 6 are derived from analyses from
A.D. 1963-1969 inclusive. Standard 4 was established during the present study; the mean value (not shown) is for A.D.
1981-1982. Standard 5 was established during the 14c intercomparison in A.D. 1972; the mean value is —10.40 %o.
Standards 1, 3, and 4 are laboratory materials and 2 and 6 are NBS 20 and oxalic acid I, respectively, obtained from the
U.S. National Bureau of Standards; standard 5 is ANU sucrose obtained from H. Polach. (b)) Standard 1 (plotted as
squares) is V-SMOW, of which '® is equal to 0 %o by definition. Standards 2 and 6 are laboratory water standards, of
which '8 is given relative to V-SMOW. 5'8 values of other standards are given relative to PDB-CO,. Standards 3, 4, 5,
and 7 are the same as those mentioned under Figure 1a as 4, 2, 1, and 3, respectively. Although NBS20 (nr. 4) is a primary
standard, the 6'® value has changed significantly during the last 15 years and has no longer the original value of —4.14 %.

water vapor by [ractional sublimation at dry ice temperature,
and the resulting gas is transferred to a sample tube for ship-
ment to the Isotopic Physics Laboratory in Groningen. The
apparatus and procedures for extraction of CO, follow closely
those used by Keeling [1958, 1961] in an earlier study of the
isotopic composition of atmospheric CO,. In the case of the
samples collected at the South Pole, the contents of two flasks
are extracted together because too little gas remains in a single
flask for mass spectrometric analysis. Otherwise, individual
flask samples are extracted.

Two types of stopcocks have been used as closures for the

small isotopic sample tubes used to ship samples to Gron-
ingen. At the beginning of the study, pyrex glass vials closed
off with a 4-mm bore ground glass stopcock were used. These
were lubricated in the normal fashion with Apiezon-N high
vacuum grease. Later on, these were replaced with vials
having high vacuum O-ring stopcocks with a 9-mm orifice
(manufactured by Louwers Hapert B.V., The Netherlands).
The O-rings are very slightly greased with Apiezon-N. The
vacuum properties ol the newer vials are comparable to those
having glass stopcocks, with the additional advantages of a
low pumping resistance and ease in opening and closing. Ac-
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TABLE 1. Air Samples Collected at La Jolla

Isotopic Average Average Average

Analysis Co, Standard co, Carbon Standard Oxygen Standard

Group Number Concentration, Deviation, Trend, 13/12, Deviation, 18/16, Deviation,

Number  of Analysis ppm ppm ppm %o %o %o %o

Date
April 1, 1978 1 11 339.11 0.17 335.52 —793 0.02 —0.04 0.19
June 27, 1978 2,3 11 334.94 0.17 33578 -1.71 0.04 +0.15 0.10
June 27, 1978 3 1 335.00* — — —8.09* — —0.64* —
Aug. 22, 1978 4 4 331.37 0.13 336.08 ~745 0.05 —0.24 0.18
Sept. 7, 1978 4 9 329.39 0.06 336.25 —-7.34 0.06 —1.01 0.14
Sept. 7, 1978 4 1 329.52* — — —7.15* — —0.39* —
Sept. 7, 1978 4 1 329.43* — — —7.11* — —0.73* —
Sept. 7, 1978 4 1 329.34* — — —7.92% — —2.29% —
Now. 1, 1978 5 11 33550 0.13 336.63 -1 0.04 -057 0.19
Jan. 17, 1979 6 12 340.81 0.14 337.02 —7.98 0.06 —-020 0.17
Jan. 25, 1979 6 3 338.65 0.10 337.02 —-790 0.02 —0.46 0.11
Jan. 25, 1979 6 1 — — — —7.89¢ — —0.23¢ —
Jan. 25, 1979 6 1 — — — —7.88% — —021% —
Feb. 23, 1979 7,9 10 339.12 0.09 337.20 —8.05 0.06 -0.79 0.16
Feb. 23, 1979 7 1 339.05* — — —8.37F — —2.05* —
April 17, 1979 8,9 10 341.18 0.08 337.56 —8.15 0.04 —-1.02 0.21
Aug. 29, 1979 13, 14 10 33295 0.04 338.38 -1.59 0.05 —0.381 0.08
Nov. 19, 1979 16 10 339.45 0.10 338.84 —8.04 0.04 —1.11 0.06
Nov. 19, 1979 16 1 339.43* — — —8.23* — —1.11* —
March 12, 1980 21,22 6 340.84 0.10 339.11 -799 0.09 —0.70 0.16
Aug. 12, 1980 25 12 33394 0.18 339.61 —7.58 0.09 —-1.04 0.12
Oct. 15, 1980 31 6 337.61 0.04 339.95 -17.76 0.02 —1.44 0.12
Dec. 5, 1980 31, 32 6 340.45 0.04 340.33 —7.89 0.02 —1.38 0.07
Jan. 30, 1981 32 11 342.42 0.05 340.53 —8.05 0.06 —1.36 0.23
Feb. 26, 1981 32,34 11 343.87 0.05 340.71 —8.09 0.02 —-1.20 0.09
May 20, 1981 34, 36 12 344.47 0.07 341.08 —8.11 0.03 —0.89 0.14
July 1, 1981 38 6 339.94 0.06 341.24 —-782 0.03 —0.76 0.11
Aug. 31, 1981 40 12 336.21 0.08 341.30 —7.64 0.02 —0.89 0.12
Sept. 24, 1981 42 4 337.79 0.04 341.36 —17.61 0.08 —1.12 0.11
Oct. 5, 1981 42 6 338.10 0.13 341.42 —7.67 0.06 -1.16 0.08
Nov. 6, 1981 47 6 339.54 0.00 341.50 —7.82 0.02 —1.05 0.03
Dec. 21, 1981 56 5 34224 0.02 341.62 —-798 0.03 —1.10 0.10
Average 0.09 0.04 0.12

*Individual analyses rejected Irom data averaged for that day.
tSpecial storage test: no concentration analyses performed.

cording to our experience in handling !*C samples in Gron-
ingen, the chances of contamination and memory effect are
smaller with O-ring stopcocks owing to the much smaller
amount of grease.

Tests with pure CO, indicated no changes in '3C/!2C ratio
in samples stored in the O-ring sample tubes for 1 year. This
result is consistent with our earlier experience with glass stop-
cock sample tubes, which also showed no isotopic changes on
storage. The CO, gas, stored in sample tubes, was shipped in
groups of 20-40 tubes to the Groningen Laboratory. The
shipments were numbered consecutively. The storage time be-
tween extraction and isotopic analysis usually was between 1
and 3 months, but occasionally was as short as 20 days or as
long as 63 months.

The mass spectrometric analyses were carried out in the
Groningen laboratory by using a VG micromass 903 spec-
trometer. Corrections for the abundance of !’O have been
applied by using procedures described by Mook and Grootes
[1973]. Usually all samples in a given shipmerit were analyzed
in a batch. We designate these groups of analyses by “isotopic
analysis group numbers” corresponding to the shipment num-
bers.

In many cases the samples were also analyzed for N,O on
separate aliquots withdrawn from the flasks before extraction
of the CO,. These analyses, carried out by gas chroma-

tography, using a methanizer and flame ionization detection, are
reported by Weiss [1981].

CORRECTION FOR N,0

As discussed by Craig and Keeling [1963], if liquid N, is
used to extract atmospheric CO, cryogenically, the presence
of N,O in an air sample interferes with the mass spectrometric
analysis of the extracted CO,, since the N,O is not separated
from the CO, and has the same isotopic masses (44, 45, 46) as
CO,. For a mole fraction of nitrous oxide of 300 ppb of dry
air, which is typical at remote stations [Weiss, 1981], one
obtains a correction of about +0.32%. We applied this
number in our previous publication to obtain the '3C/!2C
ratio of atmospheric CO, [Keeling et al., 1979]. More recent-
ly, Mook and Van der Hoek [1983] have shown that the mass
spectrometer used at Groningen is less sensitive for N,O than
for CO,. At equal inlet pressures the mass 44 ion beam inten-
sity of N,O" is about 73% of that of CO,*. Consequently,
the expected N,O correction is only about +0.225%o.

To verify this prediction, we determined the shift in !3C/*2C
ratio when the N,O is removed quantitatively from our sam-
ples by circulation over hot copper pellets at 700°C. The ob-
served average correction based on results from 247 samples is
+0.18 + 0.06%0.
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TABLE 2. Air Samples Collected at the Mauna Loa Observatory

Isotopic
Number of Analysis CO, Co, Carbon Oxygen
Sampling Combined Group Concentration, Trend, 13/12, 18/16,
Date Samples Number ppm ppm %o %o
June 30, 1978 2 4 337.09* 335.12* —7.62* 0.65*
July 14, 1978 2 4 336.49* 335.22* —7.58*% 0.58*
July 28, 1978 2 4 335.72* 335.22* —747* 0.67*
Aug. 11, 1978 2 4 334.34* 33533+ —741* 0.71*
Sept. 1, 1978 2 4 333.14* 33543+ —711* 0.83*
Sept. 15, 1978 2 4 332.10* 335.43* —741* 0.19*
Nov. 16, 1979 2 18 33587+ 337.25* —7.98* —-2.11*
Nov. 30, 1979 2 18 335.87* 337.25* —17.89* —1.61*
Dec. 14, 1979 2 18 337.01* 337.42* —8.10* —1.83*
Feb. 15, 1980 2 20 339.21 337.76 —798 —1.69
Feb. 29, 1980 2 20 33948 337.76 —17.86 —1.94
March 14, 1980 2 20 340.05 33791 —8.01 —203
March 28, 1980 2 21 340.77 33791 —-790 —1.44
April 18, 1980 2 21 340.31 338.06 —7.88 —1.21
May 2, 1980 2 21 341.72 338.19 —791 —1.05
May 16, 1980 2 22 341.43 338.19 —793 —1.44
May 30, 1980 2 22 341.13 338.19 —796 —-1.09
June 27, 1980 2 26 340.20 338.32 —798 -0.38
July 18, 1980 2 26 338.22 338.44 —7.69 —0.30
Aug. 1, 1980 2 26 338.14 338.56 —7.65 —0.34
Aug. 11, 1980 2 26 338.10 338.56 —-1.59 —0.06
Sept. 5, 1980 2 26 33741 338.67 -1.70 —0.06
Sept. 19, 1980 2 26 335.54 338.67 —7.56 —043
Oct. 3, 1980 2 26 33571 338.77 —17.51 -0.25
Oct. 17, 1980 2 28 336.33 338.77 -1.171 —1.05
Oct. 31, 1980 2 28 337.14 338.77 —7.70 —0.81
Nov. 14, 1980 2 28 337.31 338.87 —7.64 -0.27
Nov. 28, 1980 2 28 337.87 33887 —7.64 —0.82
Dec. 19, 1980 2 28 339.23 338.97 -1.175 —0.69
Jan. 9, 1981 2 28 339.39 339.06 -1.72 —-0.70
Jan. 23, 1981 2 36 339.93 339.06 -119 —1.09
Feb. 6, 1981 2 36 341.42 339.15 —782 —1.55
Feb. 20, 1981 2 36 339.47 339.15 -1.70 —095
April 17, 1981 2 38 343.61 339.30 —794 —-0.74
May 15, 1981 2 38 343.16 339.36 —8.03 —091
May 29, 1981 2 40 342.75 339.36 —8.00 -042
June 12, 1981 2 40 342.73 33941 —-797 —0.66
June 26, 1981 2 40 341.57 339.41 -792 -0.33
July 17, 1981 2 42 338.20* 339.46* —7.50* —0.06*
Aug. 14, 1981 2 42 338.83 339.51 -711 —0.39
Aug. 21, 1981 2 42 336.16* 339.51* —17.30* —0.52*
Aug. 28, 1981 2 47 337.66 339.51 —7.59 —0.58
Sept. 4, 1981 2 47 337.04 339.57 —7.54 —0.66
Sept. 11, 1981 2 47 337.15 339.57 —7.63 —0.76
Sept. 18, 1981 2 47 337.11 339.57 -159 —0.52
Sept. 25, 1981 2 47 336.67 339.57 —17.58 —0.65
Oct. 2, 1981 2 47 336.57* 339.62* —7.98* —1.46*
Oct. 30, 1981 2 51 33747 339.62 —-1.57 —0.63
Nov. 6, 1981 2 51 337.79 339.69 —17.63 -0.73
Dec. 4, 1981 2 56 339.40 339.76 172 —0.67
Dec. 18, 1981 2 56 339.74 339.76 -7.74 —0.60
Dec. 28, 1981 2 56 340.44 339.76 —7.78 —0.92
Jan. 8, 1982 2 56 339.76 339.82 -1.70 —-0.44
Jan. 29, 1982 2 56 341.18 339.82 —1781 -0.52
Feb. 5, 1982 2 56 341.45 339.88 —1785 —0.58
Feb. 12, 1982 2 56 341.22 339.88 179 —0.24
*Rejected.

Because the ratio between the N,O and CO, concentration
is nearly constant in our samples, we propose a correction of
+0.225% for all '3C/12C ratios in the present study. A corre-
sponding correction of approximately +0.50% is predicted
for 180/'°0 ratios [Mook and Van der Hock, 1983]. We do
not, however, apply these corrections in the analysis of the
data below except in summary form in a final table.

IsoToPIC CALIBRATIONS

Because the isotopic effects reported here are small and
mainly detectable only after several years of observations, a
stable long-term calibration of the mass spectrometer is essen-
tial. We have used a set of primary and laboratory isotopic
standards, with a range of 20%., to calibrate the mass spec-
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TABLE 3. Air Samples Collected at Cape Kumukahi

Isotopic
Number of Analysis CO, co, Carbon Oxygen
Sampling Combined Group Concentration, Trend, 13/12, 18/186,
Date Samples Number ppm ppm %o %o

Feb. 4, 1980 2 20 340.08 338.65 —17.87 —1.17
March 3, 1980 2 21 340.78* 338.72* —8.54* —2.16*
March 20, 1980 2 21 340.38 338.72 —8.00 —-092
March 31, 1980 2 21 340.50 338.72 —8.01 —093
April 14, 1980 2 21 342.34 338.80 —8.00 -1.03
April 28, 1980 2 22 343.19 338.80 —8.18 —0.86
May 12, 1980 2 22 34268 338.89 —8.23 —143
May 27, 1980 2 22 342.86 338.89 —8.07 —0383
June 16, 1980 3 25 34145 338.99 —799 —0.30
June 16, 1980 3 26 341.46 338.99 —8.08 —-0.37
June 30, 1980 2 26 341.04 338.99 —8.04 —0.31
June 30, 1980 2 29 340.62 338.99 —71.87 —-042
June 30, 1980 2 29 340.75 338.99 —793 —0.50
July 3, 1980 2 29 340.27 339.10 —-792 —0.62
July 3, 1980 2 29 339.81 339.10 —-791 —0.61
July 3, 1980 2 29 34042 339.10 —7.96 —0.86
July 3, 1980 2 31 340.06 339.10 -7.92 —0.59
July 3, 1980 2 31 339.96 339.10 —7.86 —0.86
July 3, 1980 2 31 339.99 339.10 —794 —0.59
July 3, 1980 2 31 339.34 339.10 —7.88 -0.72
July 14, 1980 2 26 - 340.18 339.10 —-1.73 —-0.22
July 23, 1980 3 31 337.24 339.10 7.7 -0.26
July 23, 1980 3 31 337.32 339.10 -77 -0.52
July 23, 1980 3 31 337.09 339.10 —7.68 —0.55
July 23, 1980 3 31 337.22 339.10 —7.69 —0.56
Aug. 18, 1980 2 26 336.30 339.23 —17.61 —041
Sept. 2, 1980 2 26 334.36 339.39 —749 —0.56
Sept. 16, 1980 2 26 335.13 339.39 —749 —0.53
Sept. 29, 1980 2 26 335.80 339.39 —-1.57 —0.65
Oct. 14, 1980 2 28 336.07 339.55 —7.63 —-1.79
Nov. 3, 1980 2 28 339.03 339.69 —784 —1.74
Dec. 2, 1980 2 28 33845 339.81 =171 —1.06
Jan. 5, 1981 2 28 339.32 339.92 =177 —0.65
Jan. 19, 1981 2 29 342.29 339.92 -792 -0.86
Feb. 2, 1981 2 29 340.87 339.99 —783 —043
Feb. 17, 1981 2 29 340.53 339.99 —7.85 —0.82
March 3, 1981 2 34 342.13 340.04 —-794 —0.69
March 16, 1981 2 34 34291 340.04 —8.05 —0.86
March 30, 1981 2 34 343.18 340.04 —796 —0.66
April 13, 1981 2 38 342.81 340.05 —795 —0.65
April 27, 1981 2 38 342.52 340.05 —7.88 —-0.57
May 12, 1981 2 38 343.94 340.05 -197 —0.52
May 26, 1981 1 40 343.65 340.05 —8.09 —0.66
June 16, 1981 1 40 341.96 340.08 —-8.12 —0.98
June 29, 1981 2 40 341.85 340.08 —796 -047
July 13, 1981 2 42 338.28 340.15 —7.65 —0.67
Aug. 4, 1981 2 42 336.93 340.26 —17.51 —111
Aug. 10, 1981 2 42 337.24 340.26 —7.54 —0.69
Aug. 17, 1981 2 42 338.53 340.26 —7.58 —0.06
Aug. 24, 1981 2 42 337.22 340.26 —7.50 -0.33
Aug. 31, 1981 2 42 33581 340.26 —7.45 -0.39
Sept. 8, 1981 2 47 33599 340.40 —17.63 -0.79
Sept. 15, 1981 2 47 337.11 34040 —-7.76 -0.77
Sept. 21, 1981 2 47 336.60 340.40 —7.72 —0.62
Sept. 28, 1981 2 47 336.00 34040 —7.62 —0.83
Oct. 6, 1981 2 47 336.18 340.54 —7.59 —0.90
Oct. 13, 1981 2 47 337.34 340.54 —7.68 —-1.04
Oct. 19, 1981 2 51 338.73 340.54 —7.78 —-1.53
Oct. 26, 1981 2 51 337.90 340.54 —-17.63 —-1.07
Nov. 2, 1981 2 51 337.81 340.67 —7.69 —1.21
Nov. 9, 1981 2 51 33843 340.67 —7.74 —-1.20
Nov. 16, 1981 1 51 338.58 340.67 —7.69 —0.89
Dec. 1, 1981 1 54 339.83 340.80 —7.84 -0.97
Dec. 14, 1981 1 54 338.65 340.80 —-7.70 —0.51
Dec. 29, 1981 2 56 341.67 340.80 —-799 —098
Jan. 26, 1982 2 56 342.67 340.93 —8.01 —0385
Feb. 9, 1982 2 56 341.77 341.07 -793 —0.46

*Rejected.
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TABLE 4. Air Samples Collected at Fanning Island

Isotopic
Number of Analysis CO, CO, Carbon Oxygen
Sampling Combined Group Concentration, Trend, 13/12, 18/16,
Date Samples Number ppm ppm %o %o
Aug. 2, 1977 2 2 334.43 334.67 -17.67 0.36
Aug. 17, 1977 2 2 334.18 334.67 —~7.62 0.05
Sept. 5, 1977 2 2 334.04 334.74 —17.59 0.29
Sept. 22, 1977 2 2 333.75 334.74 —17.61 0.14
Oct. 3, 1977 2 2 333.17 334.82 —~1.54 0.64
Oct. 19, 1977 2 2 333.01 334.82 ~7.62 045
Nov. 15, 1977 2 2 333.51 334.90 —17.59 —0.04
Dec. 5, 1977 2 2 333.15 335.00 —-1.57 —0.84
Dec. 15, 1977 2 2 334.00 335.00 -7.60 0.05
March 14, 1978 2 2 336.07 33536 —7.66 0.35
April 5, 1978 2 4 337.68 33549 —-7.67 0.15
April 13, 1978 2 4 337.35* 335.49* —7.98* —0.39*
April 18, 1978 2 4 336.21 33549 —17.69 0.52
May 2, 1978 2 4 337.63 335.62 -17.73 045
May 17, 1978 2 4 336.23 335.62 —7.65 0.39
June 6, 1978 2 18 336.66 335.74 ~7.64 —0.68
June 21, 1978 2 18 336.23 335.74 —7.64 —-0.85
July 7, 1978 2 16 336.75 335.87 -1.77 —-04
July 18, 1978 2 18 336.41 335.87 ~7.64 —1.08
Aug. 16, 1978 2 18 335.84 33598 —1.73 —1.80
Sept. 4, 1978 3 10 33542 336.08 —7.66 0.09
Sept. 18, 1978 2 16 33542 336.08 -1.72 —-021
Oct. 5, 1978 2 10 334.84 336.17 -17.67 0.19
Oct. 17, 1978 2 18 336.54 336.17 -1.79 —1.34
Nov. 7, 1978 2 7 334.03 336.25 —7.64 -0.29
Nov. 16, 1978 2 7 335.13 336.25 —17.63 -0.34
Dec. 6, 1978 2 7 335.14 336.33 —17.66 -0.29
Feb. 5, 1979 2 10 336.84 336.52 -17.75 —0.18
Feb. 18, 1979 2 10 337.37 336.52 -781 —-0.23
March 6, 1979 3 13 337.45 336.63 -71.71 —0.45
March 21, 1979 3 13 337.32 336.63 -17.69 —-024
April 5, 1979 2 10 338.19 336.77 —7.82 -044
April 23, 1979 3 10 337.81 336.77 —7.82 —042
May 3, 1979 3 13 339.05 336.92 -1.175 -0.37
May 21, 1979 3 13 339.08 33692 —17.88 -0.57
June 6, 1979 3 16 338.10 337.09 —7.84 —0.56
June 19, 1979 3 16 338.07 337.09 —7.80 -0.76
July 9, 1979 2 16 336.56 337.25 -1.72 -0.71
July 18, 1979 2 18 337.55 337.25 -1.71 —-2.75
Aug. 9, 1979 2 18 336.80 33741 —17.65 —1.18
Aug. 21, 1979 2 18 336.61 337.41 7171 -0381
Sept. 4, 1979 2 18 336.88 337.59 -7.69 -0.26
Sept. 19, 1979 2 18 335.88 337.59 —7.68 —-0.75
Oct. 5, 1979 2 18 336.81 337.76 —-1.74 —-0.40
Oct. 16, 1979 2 18 336.52 337.76 -7.70 —0.69
Nov. 8, 1979 2 18 336.49 33795 —17.61 —0383
Nov. 16, 1979 2 18 336.78 33795 1719 -0.79
Dec. 4, 1979 1 38 337.84 338.13 -1.76 —-0.95
Dec. 20, 1979 2 38 337.52 338.13 7171 —1.11
Jan. 10, 1980 2 25 338.27 338.31 —-7.74 —0.30
Feb. 7, 1980 3 25 338.84 33849 —7.84 -0.31
Feb. 25, 1980 3 25 338.79 338.49 —-17.80 —0.08
March 5, 1980 2 25 338.93 338.66 -1.76 -0.14
March 25, 1980 2 25 340.34 338.66 -790 —0.28
April 9, 1980 2 38 342.06 338.85 -17.90 —-0.89
April 17, 1980 1 38 34383 338.85 —793 —-0.99
June 5, 1980 2 25 340.42 339.18 —7.88 —-024
June 16, 1980 2 25 339.82 339.18 —7.85 -031
Aug. 20, 1980 2 28 339.42 339.46 -1.77 —-0.34
Sept. 4, 1980 2 28 338.20 339.58 -7.71 -0.17
Sept. 17, 1980 2 28 339.22 339.58 —17.78 —-0.24
Oct. 3, 1980 2 28 338.19 339.69 -1.70 -0.32
Oct. 18, 1980 1 28 338.56 339.69 172 -0.77
Nov. 17, 1980 2 28 33897 339.78 —-7.73 —0.25
Dec. 5, 1980 1 28 338.74 339.87 —7.69 —0.48
Dec. 16, 1980 3 29 339.07 339.87 -7.62 —043
Jan. 2, 1981 2 29 339.54 33994 -7 —0.58
Jan. 19, 1981 1 29 340.00 33994 —17.78 -0.80
Feb. 3, 1981 3 29 339.86 340.02 —7.67 -0.32
Feb. 18, 1981 3 38 340.81 340.02 —-7.74 -0.59
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TABLE 4. (continued)
Isotopic
Number of Analysis CO, CO, Carbon Oxygen
Sampling Combined Group Concentration,  Trend, 13/12, 18/16,
Date Samples Number ppm ppm %c %oc
March 4, 1981 2 38 341.66 340.08 —787 —0.86
March 19, 1981 1 38 342.57 340.08 —7.87 —-093
April 7, 1981 2 38 34191 340.14 -1.74 —048
April 18, 1981 2 38 342.70 340.14 —17.88 —0.65
June 16, 1981 2 51 34351 340.25 —7.94 —-1.03
July 1, 1981 2 51 341.03 340.29 —17.80 —-093
July 15, 1981 2 51 340.62 340.29 —17.78 —-0.72
Aug. 4, 1981 2 51 339.63 340.33 ~1.77 ~0.51
Aug. 18, 1981 2 51 33991 340.33 -71.78 -0.24
Sept. 2, 1981 2 51 340.33 340.37 =179 -0.29
Sept. 18, 1981 2 51 339.31 34037 =117 —-027
Oct. 2, 1981 2 51 338.80 340.42 -1.70 -0.35
Oct. 16, 1981 2 56 338.88 340.42 -1.72 —046
Nov. 3, 1981 2 56 339.10 34047 -1.75 -0.72
Dec. 14, 1981 1 54 340.52 340.52 —-7.73 —-0.24
Jan. 4, 1982 2 54 34097 340.57 -179 -0.12
Jan. 15, 1982 2 54 340.36 340.57 -1.72 +0.02
Feb. 5, 1982 2 54 341.47 340.62 —-17.81 —0.08
*Rejected.

trometer from day to day. Some of these standards have been
in use since A.D. 1965. Several additional standards were in-
troduced during this study to increase our control of the iso-
topic ratios near the values of atmospheric CO,.

Since our first report on atmospheric CO, [Keeling et al.,
1979] we have reassessed our data, with the result that the
13C/*2C ratio of our earliest data have been reduced by
0.10%.. The long-term standard record (Figure 1) shows that
the accuracy of our calibration is better than +0.05%. Re-
peated runs of the same sample reveals a precision of single
analyses of approximately +0.05%0 for *3C/'2C and +0.10%0
for 20Q/!0.

Some problems were encountered with the !3C/'2C data
after an almost 6 month shutdown of the mass spectrometer
early in A.D. 1980. The CO, samples first analyzed after this
shutdown showed a consistent 0.15%. increase in '3C/'3C
ratio. This coincided with a +0.05%. correction after removal
of N,O instead of the +0.18%. routinely observed. (Separate
N,O analyses of the original air samples gave concentrations
in the normal range.) Although we have no conclusive evi-
dence about the true cause of the isotopic shift, the 13C/12C
values of isotopic analysis group numbers 18 and 19 were
corrected by —0.15%.. On the basis of analyses of the FGGE
air samples, which constitute a large homogeneous set of data
obtained during this time period, it appears that the isotopic
shift only gradually decreased. Accordingly, analysis group
numbers 20-22 have been given a —0.10% correction and
group number 23 a —0.05%. correction.

DESCRIPTION OF THE DATA

In Tables 1-5 are summarized the CO, concentration and
isotopic ratios of all of the air samples collected at the five
stations under investigation, a total of 517 samples. Atmo-
spheric CO, concentrations are expressed as the mixing ratio
in dry air in parts per million by volume (ppm). Following
standard practice we express '*C/!'2C ratios as the per mil
variation from the standard PDB [Mook and Grootes, 1973].
We designate these differential ratios by the symbol 6!3. The
corresponding ‘#0Q/'%0 ratios we designate by 8!8 relative to
CO, prepared from PDB with 100% orthophosphoric acid at

25°C. For four stations where single isotopic samples were
obtained on a given day, all isotopic data are reported. In
instances in which the air from two or more flasks was com-
bined to obtain a single isotopic CO, sample, only the average
CO, concentration is reported, although it was measured sep-
arately for each flask. For La Jolla where up to 12 samples
were collected at one time, averages and standard deviation
are reported for each day for both concentration data and
isotopic ratios. From these replicate data we have established
the combined statistical error associated with sampling, CO,
extraction, and analysis. The standard deviation, averaged for
24 sampling days, is 0.09 ppm for CO, concentration, 0.04%.
for 613,and 0.12%.for 518,

Data marked in Tables 1-5 by asterisks have been omitted
from further consideration on the basis of large departures in
6'3 from expectation, determined by inspection. Six of these
rejected samples, listed individually in Table 1, were easily
identified, because they were in sets of replicate samples col-
lected over a short time at La Jolla, under meteorological
conditions such that the CO, should have been of constant
isotopic composition as was the case for the CO, con-
centration. At the other four stations an additional 15 samples
were rejected: 12 for Mauna Loa and one each for the other
stations. Several of these rejected samples had abnormal §!8
values as was the case with four of the La Jolla rejected sam-
ples.

At Mauna Loa, regular twice monthly sampling began in
February 1980. Prior to then, nine samples were collected in
an irregular schedule during mid-1978 and late 1979. These
prior data are inconsistent with contemporary data of the
other four stations and with the later Mauna Loa data and
therefore were removed from further consideration as a group.
It is clear that the Mauna Loa isotopic data, from which
altogether 12 samples have thus been rejected, are more ques-
tionable than data of the other stations. This shortcoming
should be kept in mind when comparing the Mauna Loa data
with results for the other stations.

Tables 1-5 also list seasonally adjusted CO, concentrations
at time of sampling (under the heading “CO, trend”) as dis-
cussed below in the section on trend analysis.
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TABLE 5. Air Samples Collected at the South Pole

Isotopic
Number of Analysis CO, CO, Carbon Oxygen
Sampling Combined Group Concentration, Trend, 13/12, 18/16,
Date Samples Number ppm ppm %o %o
March 15, 1977 3 1 330.69 331.29 —7.62 0.63
April 1, 1977 3 1 331.05 331.43 —7.67 092
July 15, 1977 3 1 331.86 331.88 —17.56 0.65
Aug, 1, 1977 3 1 332.07 332.04 —17.54 0.77
Sept. 15, 1977 3 1 332.77 33220 —17.67 0.85
Oct. 3, 1977 3 1 332.80 332.35 —7.58 0.90
Oct. 14, 1977 3 2 33293 332.35 —17.70 0.86
Nov. 1, 1977 3 2 333.17 33251 —-7.78 0.89
Nov. 15, 1977 3 2 333.16 332.51 -1.73 1.01
Dec. 2, 1977 3 2 333.19 332.65 —7.69 0.79
Dec. 18, 1977 3 2 33292 332.65 —7.87 0.27
Jan. 3, 1978 3 2 332.54 332.80 -17.76 0.84
Jan. 16, 1978 3 2 332.78 332.80 —7.68 1.14
Feb. 1, 1978 2 2 332.38 332.95 —17.68 0.90
June 17, 1978 3 7 333.21 333.49 -7173 0.12
July 1, 1978 2 7 333.43 333.61 —7.65 0.18
July 16, 1978 3 7 333.58 333.61 —7.64 0.16
Aug. 1, 1978 3 7 333.91 333.71 -1.77 0.05
Aug. 15, 1978 3 7 334.01 333.71 —17.67 0.10
Sept. 1, 1978 3 7 334.46 333.79 -7.1 0.27
Sept. 16, 1978 3 7 334.46 333.79 -7.71 0.16
Oct. 1, 1978 3 7 334.94 333.85 -7.70 0.10
Oct. 15, 1978 3 7 334.56 333.85 —-7.74 0.30
Nov. 3, 1978 3 8 33440 33391 —7.66 —-0.07
Nov. 15, 1978 3 9 334.36 33391 -7.73 0.54
Dec. 1, 1978 3 8 334.22 33397 —7.66 0.02
Dec. 16, 1978 2 8 333.96 333.97 —-7.68 -0.35
Jan. 1, 1979 3 8 33398 334.04 —1.76 —0.89
Jan. 15, 1979 3 8 333.69 334.04 —769 0.19
Feb. 1, 1979 3 18 333.86 334.13 -7.74 —0.25
Feb. 15, 1979 3 19 333.75 334.13 -1.73 —-0.51
March 1, 1979 3 19 33343 334.23 -1.75 -0.71
March 15, 1979 3 19 333.70 33423 -17 —1.20
April 2, 1979 3 19 333.84 334.36 —7.68 —0.62
April 16, 1979 3 19 333.94 334.36 -7.69 —041
May 2, 1979 2 19 33391 334.50 —17.67 —143
May 15, 1979 3 19 334.16 334.50 -172 —0.60
June 15, 1979 2 20 33420 334.66 —17.81 —0.64
July 1, 1979 3 20 334.68 33483 —7.68 -0.09
July 15, 1979 2 20 334.93 334.83 -7.78 —L15
Aug. 1, 1979 3 20 33522 335.00 —17.68 0.02
Aug. 15, 1979 2 20 335.51 335.00 -7.82 —0.55
Sept. 1, 1979 3 20 33549 335.17 —17.65 -0.10
Oct. 1, 1979 2 20 33579 33534 —785 -0.72
Oct. 15, 1979 2 20 335.69 335.34 —7.80 —-0.26
Nov. 3, 1979 3 20 336.06 334.51 —17.69 -0.03
Nov. 15, 1979 2 20 336.20 33551 —-17.87 —0.52
Dec. 1, 1979 3 20 335.84 335.69 -1.75 -0.33
Dec. 15, 1979 3 20 335.717 335.69 =17 -0.29
Jan. 1, 1980 3 20 33591 335.88 -1.72 -0.15
Jan. 15, 1980 2 20 335.77 335.88 -1.77 —0.09
Feb. 1, 1980 3 20 335.52 336.07 —7.65 0.13
Feb. 15, 1980 2 20 335.57 336.07 -1.77 —0.49
March 1, 1980 2 26 335.87 336.26 =177 —0.05
March 15, 1980 1 26 335.90 336.26 —17.87 0.02
April 1, 1980 1 26 336.02 336.46 —1785 0.03
April 15, 1980 3 27 33595 336.46 -1.70 0.19
May 1, 1980 3 27 336.10 336.64 —7.69 0.23
May 15, 1980 1 27 336.81 336.64 ~1.74 0.25
June 1, 1980 1 27 336.69 336.82 -782 -0.20
June 15, 1980 3 27 336.75 336.82 —7.68 0.40
July 1, 1980 3 27 337.13 336.98 —17.81 0.13
July 15, 1980 3 27 337.27 336.98 =175 0.19
Aug. 1, 1980 3 27 337.14 337.11 -1.77 0.29
Aug. 15, 1980 3 27 337.61 337.11 =173 0.32
Sept. 1, 1980 2 27 337.59 337.23 —-1.74 0.18
Sept. 15, 1980 3 27 337.73 337.23 -173 040
Oct. 1, 1980 2 27 337.60 337.33 -1.75 0.14
Oct. 15, 1980 3 27 337.83* 337.33* —743* 1.09*
Nov. 7, 1980 2 27 337.88 33742 —7.63 0.62
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TABLE 5. (continued)
Isotopic
Number of Analysis CO, CO, Carbon Oxygen
Sampling Combined Group Concentration,  Trend, 13/12, 18/16,
Date Samples Number ppm ppm Yoc Y%c
Nov. 16, 1980 2 27 337.78 337.42 —1.78 0.40
Dec. 3, 1980 3 27 337.83 33750 —-1.75 0.57
Dec. 15, 1980 3 31 338.03 337.50 -1.717 -0.02
Jan. 1, 1981 3 31 337.74 337.57 —-7.78 0.28
Jan. 15, 1981 2 31 337.61 337.57 —-1.78 —-030
Jan. 15, 1981 3 31 337.65 3371.57 -1.77 0.07
March 1, 1981 3 51 33698 337.71 -1.77 0.36
March 15, 1981 2 51 337.26 337.71 -17.62 0.38
April 1, 1981 3 51 337.10 337.78 —1.175 0.33
April 15, 1981 3 51 337.21 337.78 -17.78 0.26
May 3, 1981 2 54 337.21 337.86 —7.69 0.50
May 15, 1981 3 54 337.37 337.86 —1.76 0.22
June 1, 1981 2 54 337.79 33794 -17.78 043
June 16, 1981 3 54 337.79 33794 -1.77 0.25
July 1, 1981 3 54 338.02 338.00 —17.78 0.34
July 16, 1981 3 54 338.06 338.00 -1.77 -0.31
Aug. 2, 1981 3 54 338.22 338.07 -17.79 0.28
Aug. 16, 1981 3 54 33841 338.07 -17.70 048
Sept. 2, 1981 3 54 338.46 338.13 -1.72 0.10
Sept. 15, 1981 3 54 33843 338.13 -1.76 0.21
Oct. 1, 1981 3 54 338.85 338.18 -7.80 042
Oct. 16, 1981 2 54 338.78 338.18 —17.75 0.51
Nov. 3, 1981 3 54 338.51 338.23 —-1.76 0.12
Nov. 29, 1981 2 54 338.58 338.23 -77 046
Dec. 13, 1981 3 56 338.58 338.28 -177 —0.52
Dec. 27, 1981 3 56 338.49 338.28 —1.76 0.36
*Rejected.

The concentration and ' data of Tables 1-5 are plotted in
Figure 2-6 as a function of time. Linear trends are also shown
to aid in comparison with plots of seasonally adjusted data,
discussed below. The characteristic seasonal variation in CO,
concentration is seen to be reflected in the 63 data at the four
northern hemisphere stations. At the South Pole, no seasonal
variation in 83 is evident, but a long-term trend toward more
negative '3 is discernable. A long-term trend in '3 is also
vaguely apparent in the locus of points at two other stations
having long records (La Jolla and Fanning Island).

Replicate sampling at La Jolla (see Table 1) indicates that
oxygen isotopic data in per mil scatter 3 times as much as the
carbon data. This larger scatter is partly due to the per-
formance of the mass spectrometer but may also be a result of
isotopic exchange with water absorbed on the walls of the 5 1
flasks during storage as air samples or isotopic exchange
during or after extraction. On one occasion, during conditions
of fairly low relative humidity (65%), two samples of air were
extracted within 42 and 47 min of sampling to test the possi-
bility of exchange during storage (January 25, 1979, see Table
1). The 5'? values are both within 0.02%. of the average of air
samples stored in 5 1 glass flasks for 18 days, but the §'%
values are 0.23 and 0.25% less negative, suggestive of a shift
during storage of the air before extraction. It is therefore likely
that the 68 analyses, as listed in Tables 1-5, are influenced by
both random and systematic errors of the order of 0.20%.
related to sampling and storage procedures.

Furthermore, mass spectrometric analyses during the first
months of the project, from July 1978 to May 1979, yield
systematically more positive 6'® values at all stations than
later on, although no procedure of sampling or analysis was
knowingly changed near May 1, 1979. Also, isotopic analyses
from June to December 1980, after the mass spectrometer had

been repaired, are systematically more negative. We have,
therefore, further considered only the mass spectrometric
analyses of '%Q/'°0Q obtained after A.D. 1979, excluding
analyses with isotopic group numbers 18-23.

The 6!® data for 1981 are the most consistent. These data
suggest a small seasonal variation at the three northernmost
stations with least negative values in the summer, similar to
the variation reported by Keeling [1961] but of lower ampli-
tude (Figure 7). Fanning Island and the South Pole show no
seasonal trend. The average value of all five stations (approxi-
mately 0.0%o after correction for N,0) is as expected if the
major process controlling '80/*°0O ratios is equilibration with
ocean water [Bottinga and Craig, 1969] but the seasonal and
latitudinal variations suggest that additional mechanisms also
operate.

METHODOLOGY OF TREND ANALYSIS

The overall time dependence of the *3C/!2C ratio of atmo-
spheric CO,, as we mentioned in the introduction, is a super-
position of two different features. (1). A short-term seasonal
variation, already observed by Keeling [1958, 1961], is found
in the northern hemisphere and is evidently caused primarily
by variations in the metabolic activity of terrestrial plants.
This activity produces a maximum. CO, concentration in
April or May and a minimum in August, September, or Oc-
tober. A shift to higher 3C/'2C ratios (less negative 5'3) ac-
companies the decrease in concentration, since land plants
preferentially remove '2CQO, from the ambient air, with an
isotopic fractionation factor of circa 0.982 [Keeling, 1973, p.
302]. In the southern hemisphere a smaller seasonal variation
in CO, concentration occurs with the extremes about 6
months out of phase with the northern hemisphere. Until now
no southern hemisphere seasonal variation in '3C/!2C has
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Fig. 2. Time plots of the CO, concentration, Cco,, and isotopic ratio, 813, obtained from air samples collected at the
Scripps Institution of Oceanography, La Jolla (SIO); Mauna Loa Observatory, Hawaii (MLO); Cape Kumukahi, Hawaii
(KUM); Fanning Island (FAN); and the South Pole (SPO). Each point is for an individual sampling day. The linear trends
in 6! and C, are straight line approximations of long-term trends as discussed in the caption of Figure 10. Short lines
connect the SIO data points to show more clearly the seasonal variations in Cco, and 4'3. Numbers on the top border
refer to months beginning with January 1977. The &'? values are not corrected for interference from N,O. (A single point
is shown, for both 8" and Cco,, for January 1979 at SIO as a weighted average, by mistake.)

been reported. (2) A long-term variation or secular trend has
occurred in recent years presumably owing to the use of fossil
fuels and possibly also to changes in the global biospheric
carbon budget. This nonseasonal trend, as estimated by Keel-
ing et al. [1979], is so small that it is seen principally as a
linear shift with time (see Figures 2—6).

We now consider two features of these time variations. With
respect to the seasonal variation, we compare the observed
isotopic shift with that predicted on the assumption that it is
caused by land plant activity. To characterize the observed
shift we compute the isotopic ratio of the CO, which appears
to have been added to or subtracted from the atmosphere at
each station during the course of 1 year. To arrive at the best
statistical average for each station, we combine data for all
years of each record, first removing the influence of the secular
shift. With respect to this secular shift, the records are all too
short to expect to see any distinct details of its time rate of
change. The increase in CO, concentration is clearly not
linear in time, however, and the rate at which the isotopic

ratio changes per unit change in CO, concentration is likely
to vary less with time than the trend in the isotopic ratio. We
therefore investigate this quotient over the period of record for
each station. At all stations except the South Pole the secular
trend can be discerned only if the data are first adjusted to
remove the local seasonal cycle. Since, conversely, we need to
know the secular trend to determine the seasonal cycle, we are
obliged to consider both features simultaneously. To keep the
mathematics simple, we have used a procedure of iteration.

The detailed procedure was as follows. First, we made an
analysis of the entire CO, concentration record for each sta-
tion by simultaneously fitting four harmonics and a nodal
spline to the original observations according to procedures to
be reported elsewhere [Bacastow et al., 1983] From these we
tabulated seasonally adjusted CO, concentrations at the time
of isotopic sampling as listed in Tables 1-5. (We denote these
values by the symbol Cgrg(t), where “STR” indicates “spline
trend.”) Then we obtained a linear time trend in CO, con-
centration, Cyg(t), by a least square fit to the smoothed sea-



T T T T T T T L} T T T
L MLO |
B 1%
.
-8.0} . . E
3 . .
L]
.
. -
L . ® -1
. L]
. L]
L]
-1.8F . A i
.
- . o8 .a . .. E
. .
. .o
18 . . -, i
L
i . .
L o 4
//
1
.
- L4 -
.
+340
4335
L . 4
. 1 . 1 X 1 . i . 1 . 1
1978 19680 1982
Fig. 3. Same as for Figure 2.
12 24 36 48 60 72
T T T T T T T T T T
L y KUM |
6" (% :
.
- . L] T
.
. .
-8.0| 3, o 1
. . e
“ .t .
L . . 4
.
: g
-7.8 1
. ..
. .
L N '. . i
. ..
-1.6F ¢ . E
. .
.
- [] 4
.
.
L i
: -
-1340
433s
)_ -
) l ) I . I . I . L . 1

1978 1980 1982

Fig. 4. Same as for Figure 2.



10,926 MOOK ET AL.: VARIATIONS OF ATMOSPHERIC CO, AND ITS ISOTOPES

12 24 36 48 60 72
T T T T T T T T T T T T
FAN
- 613 { Yoo ) B
-8.0} 4
. .
=
Jaas
4340
C 41335
co,PPml |
1 1 " 1 1 1 1

1978 1980

Fig. 5. Same as for Figure 2.

1982

sonally adjusted data, Cgpe(t). We express the linear time trend  beginning of A.D. 1977. Removing this linear trend from the

by the equation

detrended data set

Cor()=a+ bt 1))

where t denotes time, a and b are constants determined by the
fit, and “LTR” indicates “linear trend.” We set t = 0 for the

Comlt) = C(t) — bt — 1)
t=(to + t,)/2
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Fig. 7. Time plots of §'® during A.D. 1981 for the same stations
as in Figures 2—6. Data are not corrected for interference from N,O.

where t, and ¢, refer to the first and last month of the data set,
respectively, and ¢ denotes the midpoint date.

We adopted the same procedure to obtain detrended §'3
values, except that in this case we fit a straight line to the
original data rather than to smoothed seasonally adjusted
values. We express the linear time trend by the equation

o) =p+aqt 3

where p and g are constants determined by the fit. To remove
this linear trend from the original 6! data we computed

Opme"3(6) = 6%() — qt — 1) C)]

We next estimated the isotopic composition, §,'3 (I indi-
cates “intercept”), of the CO, which appears to be added or
subtracted from the air locally to produce the seasonal vari-

ation. To find §,!® we assumed isotopic additivity, that is,
Comdprr'® = Codo'* + 6;*(Cpr — Co) 8]

where subscript O specifies an arbitrary reference pair of
values, and factors subscripted DTR are time dependent. Solv-
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Fig. 8. Relation between &' and CO, concentration with the
linear time trends removed (variables designated dpyR!? and Cpyy,
respectively, in the text) for the same stations as in Figures 2—6. The
lines are calculated according to equation (5). The §'3 values are not
corrected for interference from N,O.

(6)

where M denotes a constant equal to Cy(5,"2 — 5,!%) and we
indicate by (t) as in (4) that Sy and Cpry are time depen-
dent. We determined §,! and M by the method of least
squares. Then from the estimates of &'® so obtained, we calcu-
lated seasonally adjusted 5'* values, denoted g,'%, by cor-
recting the observed '3 data for the corresponding deviation
of CO, concentration, C, from the spline trend, Cgrg(t). We
again assumed additivity in the product of concentration and
8'3 value

dpme ' 3(€) = 6, + M/Cpr(t)

Co' = Cerpdsa'® + (C — Csrp)d; 2 4]

where all quantities except 8,2 are functions of the time. Solv-
ing for g, '3, we obtained

13 13
ing (5) for Sprr'3 we obtained the following linear relation Ssa 3 =013 + [0, — 07 M[Csr — €] 8)
between isotopic ratio and the reciprocal of concentration: Cstr
TABLE 6. Coefficients of Equations (1), (3), and (5)
Equation (1) Equation (3) Equation (5)
Standard Standard
Station and Number of a, b, p, 9 Error, 513, M, Error,
Sampling Period Samples ppm ppm y~! %o %o y ! %o %o ppm %o %o
La Jolla, 204 333.56 1.684 -7738 —0.041 0.063 —28.96 7148 0.055
April 1978 to Dec. 1981 (0.04) (0.010) (1.13) (381)
Mauna Loa Observatory 44 334.85 1.006 —-17.819 +0.018 0.056 -29.16 7260 0.058
Feb. 1980 to Feb. 1982 (0.06) (0.013) (1.40) 474)
Cape Kumukahi 66 335.06 1.150 —7.782 —0.013 0.072 —3031 7637 0.073
Feb. 1980 to Feb. 1982 (0.06) (0.015) 117 (398)
Fanning Island 87 333.61 1.490 —17.642 —0.031 0.050 —2134 4598 0.050
Aug. 1977 to Feb. 1982 (0.01) (0.004) (1.29) 4395)
South Pole 95 331.10 1.547 —7.670 —0.021 0.058 —12.72 1674 0.058
March 1977 to Dec. 1981 (0.01) (0.005) (4.08) (1367)

Numbers in parentheses are standard errors of the parameter listed immediately above. In equations (1) and (3) t = 0 at the beginning of

A.D. 1977.
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Fig. 9. Same as for Figure 2.

These seasonally adjusted values were now again fit to a linear
function of time, resulting in a new linear trend in 63 of the
form of (3).

©®

where p’ and ¢’ are new constants determined by the new fit.
Steps (4), (6), (8), and (9) were now repeated, substituting for g
in (4) ¢' from (9). The calculated parameters converge rapidly,
so that three successive iterations were usually sufficient. For
the shorter isotopic records at Mauna Loa and Cape Kumu-
kahi we ran six iterations to assure convergence.

oY) =p +q1

RESULTS OF TREND ANALYSIS

The coefficients obtained from the above described analysis
are listed in Table 6. Plots of the carbon isotopic ratio versus
CO, concentration after removing the long-term trend (Sppg '3
and Cpqg, respectively) are shown in Figures 8 and 9. Monthly
averages of the seasonally adjusted data, dg,'® and Cgrg, are
plotted in Figures 10-14. Spline fits of g, '3 are shown to
reveal possible nonlinearity in the isotopic trends. The plotted
concentrations are averages of Cgg for the time of each iso-
topic sample. As noted above, they were obtained from a
spline fit of all available concentration data (often for a longer
period than the isotopic record).

The seasonal variation in dp;e'? at any given location cor-
relates closely with the detrended CO, concentration, Cprg.
Indeed, the standard errors of estimate based on (5) (see Table
6) are so close to the analysis error found from replicate analy-
ses of La Jolla samples (0.04%., see Table 1) that the only
important seasonal parameter to be deduced from the data is
the inferred isotopic ratio of the CO, added to and withdrawn
from the atmosphere during the seasonal cycle.

This quantity, denoted by 6,2 in (5), shows a systematic
variation with latitude. For the three northernmost stations,
lying between 19° and 31°N, the value of §,'3 is between —28
and —31% at the confidence level defined by the standard
errors. Fanning Island data imply a less negative value of
—21 4+ 1%o, while the South Pole data imply a still less nega-
tive value of —12 1+ 4%.. The seasonal variation in CO, con-
centration at the South Pole is so small that 5,1 is poorly
determined. Nevertheless, §,'* is found to be so much less
negative there than elsewhere that the difference is significant.

From analyses of the global CO, transport [Pearman and
Hyson, 1981; Fung et al., 1983; Keeling and Heimann, 1983] it
seems likely that the seasonal variation in CO, concentration
at the South Pole reflects air-sea exchange as well as terrestrial
biospheric activity. Recent estimates of the isotopic frac-

C MM " S
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Fig. 10. Time plots of the CO, concentration and 5'* with the seasonal variations removed (designated Cg; and
Osa '3, respectively in the text) for the same stations as in Figures 2-6. The dashed lines are spline fits of the monthly
averages of Jg, '3, shown as large squares. The CO, trend is shown by a succession of monthly averages of Cgg, denoted
by small squares. The straight lines are linear fits to the monthly averages of Cgpy and 8, !2. These lines are also plotted in

Figures 2—6 to aid in a comparison of the two sets of plots.
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tionation factors for air-sea exchange of CO, [Siegenthaler
and Miinnich, 1981] indicate that very little fractionation is
associated with changes in atmospheric CO, arising from air-
sea exchange. In contrast, land plants fractionate carbon to
the extent that their carbon has a '3 value typically in the
range —22 to —30%. [Degens, 1969, p. 313]. The seasonal
variation in §'3 at the three northernmost stations is thus apt
to be almost entirely owing to land plant activity. The implied
fractionation, expressed as the per mil difference of 6,'3 from
the annual mean of 613 (—7.8% in A.D. 1981) is 22%. For
Fanning Island the difference is only 63% as great (13%.) and
for the South Pole 23% as great (4%.). On the assumption that
air-sea exchange produces negligible fractionation, it would be
possible to determine the fraction of the atmospheric CO,

1980

Same as for Figure 10.

seasonal variation owing to land plants and air-sea exchange
if we knew the phasing of the two oscillations. The phasing,
however, is complicated because of the admixture of northern
and southern hemisphere components to the seasonal signal
and time lags induced by atmospheric mixing. Also, the sea-
sonal variation is characterized by at least two harmonics (6
and 12 months) which have different phase relations. It is thus
premature to attempt to resolve the two processes with our
isotopic data which do not, by themselves, indicate phasing.
The topic will be taken up again, however, in connection with
the FGGE data which also show less negative 4,13 from north
to south over the Pacific ocean [Keeling et al., 1983].

The seasonally adjusted CO, concentrations for the South
Pole, Fanning Island, and La Jolla are seen to rise more
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6" %0 o op. 2
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Fig. 12. Same as for Figure 10.
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slowly after mid-1980 than in the preceding 2 years. This is a
reflection of the tendency for the CO, concentration to corre-
late with a large scale meteorological feature called the South-
ern Oscillation [Bacastow, 1976, 1979]. A similar slower rise
took place at Cape Kumukahi and Mauna Loa Observatory.
Associated with this apparent slowing down in the secular
increase in CO, concentration since mid-1980 is a lesser shift
in 8!3 with concentration than found for A.D. 1977-1979 and
also a lesser shift than found by Keeling et al. [1979] between
data obtained in A.D. 1955 and 1956 and the earliest of the
data reported in our new study (A.D. 1977 and 1978). For La
Jolla and Fanning Island from A.D. 1978 to 1982 (see Table 7)
the shifts in §!° with concentration are —0.024 + 0.006 and
—0.021 + 0.003% ppm ™!, respectively. For the South Pole
the isotopic shift per ppm is still smaller: —0.014 + 0.003%.

24

ppm ™. In comparison, the northern hemisphere average esti-
mated by Keeling et al. [1979] was 0.031 + 0.008% ppm ™! for
AD. 1956-1978. (The isotopic shift originally reported as
0.55%0 has been increased to 0.65% to be consistent with our
newer calibration of the data for A.D. 1977 and 1978.) The
new records reported here are all too short, however, to es-
tablish reliably any changes in the long-term global average
isotopic shift associated with fossil fuel CO,.

IDENTIFYING SOURCES AND SINKS OF ATMOSPHERIC CO,

Since fossil fuel is estimated to have an average '3 value of
—27.3% in A.D. 1980 [Tans, 1981] and is thus distinctly
more negative in 413 than CO, related to the air-sea exchange
(accepting the mechanism of Siegenthaler and Miinnich [1981]
as correct) 13C/'2C data should be useful separately to identi-
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14. Same as for Figure 10.
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TABLE 7. Change in 83 Relative to Change in Concentration of Atmespheric CQ,
Record
Length, Ady 3, AC, 1z, Ady1r '3 /AC 15,
Station year %oy ! ppm y %o ppm ~!
La Jolla 37 —0.041 + 0.010 1.684 —0.024 + 0.006
Mauna Loa Observatory 20 +0.018 + 0013 1.006 +0.018 + 0.013
Cape Kumukahi 20 —0.013 £ 0.015 1.150 —0.11 £ 0.013
Fanning Island 4.5 —0.031 + 0.004 1.490 —0.021 + 0.003
South Pole 4.7 —0.021 + 0.005 1.547 —0.014 + 0.003

fy oceanic exchange and fossil fuel combustion as causes of the
north-south gradient in atmospheric CO,. Wherever a vari-
ation in CO, concentration is not accompanied by a shift in
8'® as large as predicted by transfer of fossil fuel or plant
carbon (which on average is practically indistinguishable in
6'3 from fossil fuel), oceanic exchange is likely to be influ-
encing the CO, distribution. A comparison of the mean-
annual north-south profiles of atmospheric CO, concentration
and é'? (Figure 15) shows that 43 varies but slightly from the
South Pole to the latitude of Hawaii. On the other hand, the
6'2 for La Jolla (33°N) is distinctly more negative than for the
South Pole as expected from the predominance of fossil fuel
combustion in the northern hemisphere. Thus it appears likely
that both oceanic CO, exchange and fossil fuel CO, help
produce the north-south profile in CO, concentration, with
oceanic exchange predominating in the equatorial region.

Let us consider the data more closely. In Table 8 we list the
seasonally adjusted CO, concentration and 6!3 values, al-
ready shown plotted as north-south profiles in Figure 15. To
obtain the CO, concentration for January 1, 1980, we accept-
ed values of Cgpy given directly by spline fits for each station
as the best available estimates. (The straight line approxi-
mations to Cgrg, given by (1), closely approximate, but do not
coincide, with these values.) We then computed 6, 3 by (3) to
obtain corresponding isotopic values for the same date. Again,
rather than to accept the straight line estimate we made a
slight refinement: we assumed that the relation between &g, 13
and Cgy given by combining (1) and (3) was more likely to be
valid than the direct estimates based solely on (3) (ie., we

eliminated ¢ between (1) and (3) and solved the resulting ex-
pression for g, ' in terms of the January 1, 1980, values of
Csr)- The refinement shifted the isotopic values by, at most,
0.006%o.

The seasonally adjusted CO, concentration at La Jolla on
January 1, 1980 (338.97 ppm) was 3.19 ppm higher than for
the South Pole (335.78 ppm) whereas the seasonally adjusted
isotopic ratio, dg,'* was 0.136% more negative. These two
shifts indicate that '3 for the net amount of carbon trans-
ferred to the atmosphere to produce the higher concentration
in the north was about —22%. This result implies that the
CO, to produce this higher concentration was coming largely
from land plants or from fossil fuel rather than from the
oceans. In contrast, between the South Pole and Fanning
Island (4°N) the concentration increased northward by 2.44
ppm while 6'? decreased by only 0.004%.. This implies a 5! of
the transferred carbon of —8%. characteristic of an oceanic
source producing the northward increase in CO,. The corre-
sponding 3'® between the South Pole and Mauna Loa is
—15%0 suggesting a mixture of oceanic and fossil fuel (or
plant) carbon as the cause of the gradient. The three station
pairs together suggest an oceanic source in the tropics and a
fossil fuel (or plant) source further north.

This result is of special interest in clarifying the importance
of the land biosphere to the recent perturbation of the carbon
cycle; it implies that the terrestrial biosphere contributes little
or no CO, to the flux which produced the peak in atmospher-
ic CO, near the equator in the central Pacific ocean. If the
isotopic data of Table 8 reflect zonal averages, they further
imply an absence of any large net source of atmospheric CO,
from deforestation in the tropics in A.D. 1980. Isotopic data,

9 [T f [ I I T_] on the other hand, do not allow an estimate of what part of
813 9-510 the source in the northern hemisphere is from plants since
(%o) . / _| fossil fuel carbon conlfuses the picture.
8- MLO. Cape Kumukahi furnishes additional isotopic data near
> : “KUM 20°N, but the data appear to be biased. The CO, con-
-77—SP0 FAN —| centration there is consistently higher than at the nearby
c 339 —
P(:’ol\z + TABLE 8. Seasonally Adjusted CO, Concentration and '3 for
338|— — January 1, 1980
Adjusted
337 _
Station Csm™ 0503t Csr Ssat?
%61, 7 Lalolla 33897 —7.870
[ | I l | l L | | Mauna Loa Observatory  337.51 —7.771
90°s 60 40 20 EQ. 20 40 60 90N  Cape Kumukahi 33853 —7.821 337.51F —17.753
LATITUDE Fanning Island 33822 —7.738
Fig. 15. North-south seasonally adjusted distributions of CO, South Pole 335718 -17.734

concentration and 6'® for January 1, 1980. The smooth curves are
drawn freely between the points. The diamond symbols denote values
for Cape Kumukahi before adjustment to the CO, concentration of
Mauna Loa Observatory.

*CO, concentration from spline trend.
+6'3 from equation (3).
}Assumed to be the same as at Mauna Loa Observatory. See text.
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TABLE 9. Summary of Isotopic Data for January 1, 1980

Seasonally
Adjusted Seasonally o3 of Annual
Co, Adjusted Seasonal Mean -
Concentration, 613, Component, o8,
Station Latitude pPpm %o %o %o
La Jolla 329°N 339.0 —7.64 —28.7 -0.60
Mauna Loa Observatory 19.5°N 3375 —17.55 —289 —0.09
Cape Kumukahi 19.5°N 3385 —17.60 -30.1 —0.23
Fanning Island 40°N 338.2 —-17.51 -21.1 +0.02
South Pole 90.0°S 335.8 —-1751 —125 +0.71

Data for CO, concentration and §'2 are from Tables 6 and 8; 63 values are raised 0.225% and §'® by

0.50%o to correct for presence of N,O.

Mauna Loa Observatory. The difference in g, '3 is —0.050%..
The corresponding difference predicted for a fossil fuel or land
plant carbon source is —0.059%., and for an oceanic source it
is close to zero. The isotopic data thus suggest that CO, from
plants or fossil fuel causes the concentration difference. As-
suming this, we have computed the period average of g, '3
which would have been observed at Cape Kumukahi if the
CO, concentration there had been the same as at Mauna Loa
Observatory. Specifically, we assumed that the concentration
is elevated because of added CO, having 6'3 equal to ;' for
Cape Kumukahi as listed in Table 6 (—30.31%.). The correct-
ed value of 85,2 is listed in Table 8 and plotted in Figure 15.
Consistent with our hypothesis, this corrected value is close
(within 0.02%0) to the &g, '3, value for Mauna Loa Observa-
tory.

Shipboard samples collected on the FGGE expedition also
suggest that the samples collected at Cape Kumukabhi are con-
taminated, but to a lesser extent since the shipboard data,
referred to January 1, 1980, are 0.20 ppm higher than the
corresponding concentrations for Mauna Loa Observatory.
Also, the FGGE data suggest that the concentration data for
Fanning Island are on average too high by 0.54 ppm. Since
these FGGE expedition data offer considerable additional in-
formation to establish the north-south trend in atmospheric
CO,, we defer further discussion of this topic until the FGGE
data can be closely examined in another article. We also defer
a reassessment of the secular change in &'3 since A.D. 1956
which was computed by Keeling et al. [1979] without regard
for any latitudinal gradient.

CONCLUDING REMARKS

From 4 years of records of the !3C/!2C ratio of atmospheric
CO, at La Jolla, Fanning Island, and the South Pole, it is
evident that our sampling and analysis methods are adequate
to document changes in isotopic ratio associated with long-
term trends in the global carbon cycle, for example with the
combustion of fossil fuels. From the analyses of samples col-
lected twice per month at these three stations, and at two
additional stations wi*h shorter records, we have detected
variations in isotopic ratio to a precision approaching 0.01%o.
We find small variations in seasonally adjusted isotopic ratios
both with respect to year to year variations and a north-south
trend.

We are not yet certain of the magnitude of the correction to
be applied for interference from N,O in the samples of CO,
extracted from air, and therefore we have carried out our
analysis of the data without applying a correction. To facili-
tate the use of these data for other studies, however, especially
where fractionation with respect to other chemical phases may

be under consideration, we have prepared a summary in Table
9 with an N,O correction applied. The 5'* data are abstracted
from Tables 6 and 8. The 3'® values were determined by first
averaging the individual analyses of A.D. 1980-1982 (Tables
1-5) for each month of each year (usually a pair of values),
then from these calculating unweighted monthly means based
on all 3 years, and finally averaging these to obtain an arinual
mean for each station, ignoring months without data. We esti-
mate that the precision in the 613 data presented in Table 9 is
of the order of 0.02%., the accuracy of the order of 0.10%., not
taking into account any systematic errors associated with the
N,O correction. The precision and accuracy of the CO, con-
centration data are approximately 0.1 and 0.2 ppm, respec-
tively. The reliability of the 612 data is not well established but
probably of the order of 0.5%o.
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