CHAPTER 4
Data for Carbon Cycle Model Testing

In order to have a common data set available for testing and validation of carbon
cycle models the most relevant data for these purposes have been brought together
in this chapter. It is recommended that these data are used rather than earlier compi-
lations in order to permit as close a comparison between different models as possible.
As more data become available these will naturally also be used, but the present data
set might serve as a starting point for a more careful comparison than has been the
case before.

Atmospheric Carbon Dioxide Concentration and
the Observed Airborne Fraction.

R.B. Bacastow and C.D. KeeLiNG

The increase per year in carbon dioxide concentration in the atmosphere is one of
the important observations in understanding the global carbon cycle. In a discipline
where firm numbers are not easy to come by, it is probably also one of the better
determined observations.

The average increase per year, together with data on production of fossil fuel CO,,
permits calculation of the observed airborne fraction. If a linear model of the reser-
voirs involved in the carbon cycle is at steady state when an exponential fossil fuel
input is started, the airborne fraction approaches a constant after a time of several
exponential time constants (Bacastow and Keeling, 1979). The airborne fractionis a
useful concept because it will remain constant as long as the model remains linear
and the input exponential.

However, the biosphere, during the last century, may have been a large source of
CO; to the atmosphere. If so, the observed airborne fraction will be less than the air-
borne fraction that should be associated with models without a biota source during
the last century (see Bacastow and Keeling, chapter 5).
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MAUNA LOA AND SOUTH POLE DATA

Monthly averages of the concentration of atmospheric CO, at Mauna Loa Obser-
vatory (figure 1) have been obtained from a continuously operated infrared gas ana-
lyzer at 3397 meters above sea level on the shoulder of Mauna Loa on the island of
Hawaii. The analyzer has been operated in collaboration with the United States
National Oceanic and Atmospheric Administration (NOAA). Tabulated values of
the CO, concentration (Table 1) are in mole fraction, relative to dry air, and are cor-
rected for reference gas system drift, use of nitrogen standards to measure air, and
infrared analyzer nonlinearity (1974 manometric calibration). The best value to use
for reference system drift, after 1974, will not be known until the calibration is re-
peated; this could introduce a systematic error, approximately the same at all sta-
tions, of a few tenths ppm by 1978. This error would be proportional to time after
1974.

We are presently studying the 20 year record for systematic errors such as, for
example, arise from contamination of air intake lines. Some problems have been dis-
covered, but we do not expect the monthly averages to be changed more than a few
tenths ppm as a result of this study.

Similar data for the South Pole have been obtained principally from 5 liter evac-
uated flasks, three of which, in recent years, were filled twice monthly by NOA A per-
sonnel and returned to Scripps Institution for analysis. The tabulated values (table 4)
are also in mole fraction with the same corrections as for Mauna Loa. However, the
twice monthly data has all been adjusted to the 15th of each month. These data sets,
and the manometric calibration of the standard gases, are discussed in a series of
publications by Keeling and coworkers (Keeling er al., 1976a and 1976b).

The data for both Mauna Loa and the South Pole have been fit to a trend, repre-
sented by a spline (figures 2 and 4, tables 2 and 5) and an average seasonal effect, cal-
culated by averaging the differences between the data and the spline trend for each
month of the year (tables 3 and 6). Since the starting point of the fitting procedure for
the Mauna Loa data is monthly averages, the seasonal effect (table 3) is not quite as
large in amplitude as if all daily averages were adjusted to the 15th of the month, as
was done for the South Pole data. However, the trends are not significantly effected
by this difference in analysis.

OBSERVED AIRBORNE FRACTION

We define the observed airborne fraction to be the observed CO, increase at a
particular station divided by the increase which would have occurred if the atmo-
sphere were well mixed and if all the carbon in fossil fuel produced during the period
of the observed CO, increase were converted to CO, and this CO, stayed in the
atmosphere. Consequently, the observed airborne fraction depends on the location
and period of observation.



Atmospheric Carbon Dioxide Concentration 105

3401

332

wsl- LYY

312

T
*
1 L]

1 1 1 1 1 1 1 1 1
1958 1960 1962 1964 1966 1968 1970 \rz 1974 1976 1978

YEAR

Figure 1: Concentration of atmospheric CO, at Mauna Loa Observatory, Hawaii, 19.5°N,
155.6°W. Dots indicate monthly averages based on continuous measurements.
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Figure 2: Concentration of atmospheric CO; at Mauna Loa Observatory, Hawaii, with sea-
sonal effect removed. Dots are seasonally adjusted monthly averages. The smooth curve is a
spline fit to the dots.
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Figure 3: Concentration of atmospheric CO; at the South Pole. Dots indicate averages of flask
measurements adjusted to the 15th of each month.
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Figure 4: Concentration of atmospheric CO, at the South Pole with seasonal effect removed.
Dots are seasonally adjusted points from Figure 3. The smooth curve is a spline fit to the dots.
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The CO, increase each year, however, is not uniform; it is much larger in some
years than in other years (Machta, Hansen and Keeling, 1977). Some aspect of the
Southern Oscillation appears to be responsible for part of this variation (Bacastow,
1976). However, other factors, such as perhaps volcanic explosions, also apparently
influence the data (Bacastow, 1979). As the record grows longer, the effect on the
observed airborne fraction of these irregularities is reduced. To some extent, one
may lessen the influence of the Southern Oscillation by calculating the airborne frac-
tion between approximately equivalent phases of the Southern Oscillation.

The observed airborne fractions between Jan. 1, 1959, and Jan. 1, 1978, are 0.548 at
Mauna Loa and 0.505 at the South Pole (table 7). Both these dates are approximately
one year after minima in a Southern Oscillation index (Bacastow, et al., 1980).

The carbon production from fossil fuel during this period is as compiled by Rotty
(this volume). If a correction is made for apparently erroneous values for coal pro-
duction in China during 1958, 59, and 60, as was done by Keeling (1973) and called
the “Trend A” correction, total carbon production during these years is reduced by
38,79, and 132 million metric tons, respectively. The observed airborne fractions are
then negligibly changed (table 7).

The difference between the observed airborne fractions at Mauna Loa and the
South Pole is consistent with a model in which most of the fossil fuel is consumed in
the Northern Hemisphere and there is a delay in mixing between hemispheres
(Bacastow and Keeling, this volume).

See authors additional note on page 112.
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Table 1. Monthly average concentration of atmospheric CO, at Mauna Loa Observatory, Hawaii, mole fraction (ppm).

JAN FEB MAR  APR MAY  JUN JUL AUG  SEP OCT NOV  DEC
1958 31633 31759 31793 31592 31515 314.02 313.64 31471
1959 31562 31659 31694 317.77 31829 31824 31667 31496 31412 313.58 315.14 315.77
1960 31662 317.16 31790 31921 32002 319.74 31815 31600 31423 31407 31504 316.19
1961 31697 31774 318.63 31943 32047 319.71 31878 316.84 315.16 31556 316.14 317.13
1962 31806 31859 319.74 320.63 321.21 32083 31955 317.75 31627 31562 316.84 317.70
1963 318.80 319.08 320.15 32149 32225 321.50 319.67 317.61 31625 31617 31701 31836
1964 319.37 322.19 32049 31848 317.13  317.02 317.84 318.78
1965 31955 32065 321.15 32231 32235 32219 321.53 3193 31799 317.70 319.15  319.27
1966 32022 32123 32213 32330 32357 32329 32236 31971 317.89 31754 31936  320.51
1967 321.60 32203 32250 32400 32446 32346 32219 32057 31891 318.81 32024  321.59
1968 322.15 32273 323.50 32452 325.11 32506 32362 321.55 319.89 319.80 32073  322.25
1969 32373 32453 32562 32658 32724 32653 32563 323.28 32221 321.67 32261 324.07
1976 32491 32581 32685 32807 32797 32777 32644 32492 32349 32350 32434 32539
1971 32646 32693 327.56 32823 32951 329.04 327.87 32600 32406 32420 32548 326.62
1972 327.30 32820 328.50 33022 330.58 32948 32856 32677 32539 32572 32697 328.09
1973 329.16 330.02 33095 33195 332.85 33258 33130 329.64 328.12 327.67 328.69 329.05
1974 32982 33113 33194 333.16 33351 33267 33164 32979 327.86 327.90 32879 330.13
1975 33074 331.16 331.88 333.14 33376 333.74 33206 33026 328.85 328.57 329.60 330.84
1976 33177 33277 33346 33464 33498 33461 33319 33125 32944 329.15 33036 33173
1977 33297 33343 33476 33599 33667 33613 33477 33273 331.18 330.68 33224  333.69
1978 334.85 33523 33654 337.65 337.86 337.57 33620 33459 33248 33237 333.66 334.82
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Table 2. Smoothed monthly averages at Mauna Loa with seasonal effect removed, mole fraction (ppm).

JAN FEB MAR  APR MAY  JUN JUL  AUG SEP OCT NOV DEC
1958 B 31525 315.32 31539 31546 31552 31558 31564 31569 31574 315.78
1959 31582 31587 31592 31598 316.04 316.12 31620 31629 31638 31647 31655 316.63
1960 31671 316.78 316.84 31691 31696 31701 317.06 317.10 317.14 31718 317.22 317.27
1961 31732 31738 31744 31752 317.59 31768 31776 31784 31793 31801 318.09 318.16
1962 31823 31830 31837 31843 31850 31856 318.61 318.66 31871 318.75 31880 318.83
1963 31887 31891 31894 31898 31901 319.04 319.08 31911 31915 31919 31924  319.29
1964 31934 319.39 31944 31950 31955 31960 31964 31969 31974 31978 319.83  319.87
1965 31992 31997 32002 32008 320.14 32021 32028 32035 32042 32049 32055 32061
1966  320.67 320.73 32078 32083  320.88 32094 32098 321.03  321.09 321.14 32120 32125
1967 32131  321.37 32142 32148 32153 321,60 321.66 321.73  321.81 321.88 321.97 32205
1968 322.13 32222 32231 32240 32250 32261 32273 32285 32299  323.12 32328 32343
1969 32359 32375 323.89 32405 32419 32433 32446 32459 32471 32483 32495 325.06
1970 32517 32529 32539 32550 32561 32571 32581 32592 326,02 326.11 32620 326.28
1971 32636 32644 32652 32660 32668 326.76 32685 32694 327.03 327.11 32721 32730
1972 32740 32750 327.60 327.72 327.84 32798 32812 32829 32847 32865 32884  329.03
1973 329.22 32941 32957 32974 32990 33004 330.16 33027 33036 33043 33049 33054
1974 33057 330.61 33064 330,66 33069 330.71 330.73 33075 330.78  330.80 330.83  330.87
1975 33091 33095 331.00 33107 33114 33121 33129 33138 33147 33156 33165 33174
1976 331.83  331.92 33200 33209 33217 33225 33234 33243 33253 33263 33275 332.87
1977 33300 333.14 33327 33341 33355 33369 33383 33397 33401 33425 33439 33453
1978 33466 334.80 33491 33503 33514 33524 33534 33544 33553 33562 33571 335.80
Table 3. Average seasonal effect at Mauna Loa, mole fraction (ppm)

JAN FEB MAR  APR MAY  JUN JUL  AUG  SEP OCT  NOV DEC

-0.12 051 1.25 2.31 2.76 2.25 0.86 =1.11 =202 =304 -198 -098
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Table 4. Average concentration of atmosperic CO; at South Pole, adjusted to 15th of month, mole fraction (ppm).

JAN FEB MAR  APR MAY  JUN JUL AUG  SEP OCT NOV  DEC
1957 313.56 314.06 314.63
1958 314.31 314.66 31541
1959 31534 31527 315.24 316.13 31630 31644 31647
1960 316.51
1961 316,52  316.58 316.71 317.08 31744 31773 318.17 31797
1962 317.74 31756 317.35 31740 31747 31754 31756 31791 318.34 318.90
1963 31839 318.12 317.72 31845 318.67 31877 31880 31891 319.94 319.53
1964
1965 318.83 318.66 318.67 319.03 31899 319.64 319.69 320.38 32034 320.31
1966 32043 32000 319.99 32021 32036 32044 32085 32094 321.33 32141 32159 321.15
1967 32094 32071 32077 32093 32090 321.13  321.64 321.99 321.84 32194 32180
1968 321.61 321.89 321.66 321.56 32148 32146 321.54 321.89 321.53 321.73 32295 322.62
1969 32247 32244 32148 321.81 32191 322.08 32254 32289 32340 32344 323.34
1970 323.57 323.62 32351 32375 323.84 32424 32450 32479 32531 32530 32528 325.54
1971 32493 32481 32445 32459 32486 32505 32529 32559 32592 32593  326.09
1972 32605 325.62 32515 32521 32537 32589 326.16 32615 32661 326.12 32699 326.86
1973  326.86 32626 32639 32684 327.16 32747 32774 32841 32871 32867 32866  328.60
1974 32869 328.09 327.89 327.77 327.84 32770 32827 32850 328.78 32891 32897 328.82
1975 328.72 328.69 328.64 32872 32873 32887 329.13 329.61 330.05 33039 33026 330.06
1976 33005 329.78 329.55 32932 329.63 329.68 330.14 33070 331.12 33146 33148 331.13
1977 33133 33071 33059 331.07 331.17 33137 33179 33220 332.66 332.89 33323 33321
1978 332.72 33238 33249 33265 33287 33312 33349 33394 33442 33464 33428 33395
1979 333.66
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Table 5. Smoothed monthly data at South Pole adjusted to 15th of month, mole fraction (ppm).

JAN FEB MAR  APR MAY  JUN JUL AUG  SEP OCT NOV DEC

1957 o 313.71 31381 31391 31401 31410 31421 31431
1958 31441 31451 31460 31469 31478 31487 31496 31504 31512 31520 31528 31535
1959 31543 31550 31556  315.63 31569 31575 31581 31586 31591 31596 31600 31605
1960 31609  316.13  316.17 31621 31625 31630 31634 31638 31643 31648 31653 316.58
1961 31663 31669 31675 31681 31688 31696 31703 31711 31720 31729 31737 31746
1962 317.54 31762 317.68 317.76 317.82 31789 31796 31803 31811 3I8I8 31826 318.34
1963 31842 31849 31856 318.63 31869 31874 31878 31882 31885 3I8BR 31890 31891
1964 31893 31894 31895 31896 31896 31897 31899 31900 319.02 319.04 31907 319.11
1965 319.15 31920 31925 31932 31940 31948 31957 31967 31978 31988 31999  320.09
1966 320.20 32031 32040 32050 32059 32068 32075 32082 32089 32094 32100 321.05
1967 321.10 32115 32119 32124 32128 32133 32137 32142 32146 32151 32135 32159
1968 321.63 32167 32170 32173 32175 32177 321.80 321.83 321.87 32192 32198 32204
1969 32211 32219 32227 32236 32245 32256 32268 32281 32295  323.09 32326 32340
1970 32357 32373 323.88 32404 32419 32433 32445 32457 32468 32477 32486 32494
1971 32501 32507 32513 32519 32525 32530 32536 32541 32546 32551 32557  325.62
1972 32567 325.72  325.77 32584 32590 32598 32606 326.15 32625 32636 32649 32663
1973 32677 32693 327.07 32724 32739 32754 327.68 32781 32792 32801 32809 32815
1974 32820 32824 32827 32830 32833 32836 32840 32844 32849 32855 32861 32869
1975 328.77 32886 32894 32904 329.13  329.22 32932 32941 32950 329.59 329.68 329.76
1976  329.84 32992 33000 33008 33017 33027 33037 33048 33060 330.71 33083 33095
1977 33107 33120 33133 33147 33161 33176 33190 33205 33221 33235 33250 33263
1978 33277 33290 33302 33315 33327 33339 33349 33359 33369 33377 33384 33391
1979 33398 —
Table 6. Average seasonal effect at South Pole, mole fraction (ppm).

AN FEB MAR  APR MAY  JUN JUL AUG  SEP OCT NOV DEC

0.07 -022  -049 -044 -037 030 -0.10 015 0.39 0.45 0.53 0.33
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Table 7. Calculation of Airborne Fraction at Mauna Loa and the South Pole.

Mauna Loa South Pole

Jan. 1, 1978* (ppm) 334.60 332.70
Jan. 1, 1959* (ppm) 315.80 315.39
Difference (ppm) 18.80 17.31
Fossil fuel production (g) 72784 - 10"
Increase if all produced CO;

stayed in atm. (ppm) 34.29
Airborne fraction 0.548 0.505
Fossil fuel production with “Trend A,,

correction (g) 72573 - 102
Increase if all produced CO,

stayed in atm. (ppm) 34.19
Airborne fraction 0.550 0.506

*Calculated by averaging Dec. 15 and Jan. 15 values in Tables 2 and 5.

Authors additional note:

A new calibration of infrared analyzer response, completed in december 1980,
establishes a change in rate of drift in the system of primary standards since 1974
from the rate assumed previously. The new drift rate varies with concentration. The
data of tables 1,2, 4, and 5 can be approximately corrected by adding to each entry
after 1 July, 1974:

4 = -0.00023 (X—-345.74) M

where X is the mole fraction in ppm listed in the table and M is the number of months
since 1 July, 1974.



