


equation (1), and the resulting trend data were plotted as shown in Fig. 6.
From this plot it becomes clear that the questionable values, shown as crosses,
should be rejected. A statistical computation bears this out: the four values
differ by factors of 3.4 to 4.9 times the root mean square departure of the
Table 4. Comparison of atmospheric carbon dioxide concentrations at remaining 13 data points for 1955-1957 with respect to equations (1) and (2).
La Jolla with the long-term trend in concentration at MLO The next step was to establish from overlapping data the difference in
, , ‘ seasonal variation and long-term trend for Mauna Loa and La Jolla. First,
. Concentration Trendat  Difference ~  from the entire Mauna Loa record of monthly averages from March 1958
' Maunaloa** = through December 1976, the average seasonal variation and seasonally ad-
L justed trend for that station were established.

Several methods have been used previously to separate the long-term
trend at Mauna Loa from the associated seasonal variation (Bacastow, 1977).
Here I have chosen to express the trend by a cubic spline function (Reinsch,
1967) and the seasonal variation as an average of the monthly mean
concentrations after subtracting the trend. Since the two features are not
uniquely separable, an iterative procedure was used. First, an estimate of the
long-term trend was found assuming a linear increase with time, and a prelimi-
nary estimate of the seasonal variation was obtained. Then consistent with this
seasonal variation, the original monthly values were seasonally adjusted, and
a cubic spline function was passed through the adjusted data points. Further
iterations were carried out until the adjusted values approached constancy.
This convergence was rapid, and because of the high regularity of the seasonal
variation, the seasonal variation found was similar to that found by using a
least squares fit based on equation (1).

Next, as shown in Table 4, the long-term trend for Mauna Loa, expressed
as a spline function, was compared with the La Jolla data adjusted to the 15th
of each month. For the relatively short period of the comparison it seems
reasonable to assume that the long-term trends for Mauna Loa and La Jolla
differ by only a constant. On the basis of the monthly differences between the
Mauna Loa trend and the La Jolla data (last column of Table 4), mean differ-
ences between stations were determined for each month. The sum of these dif-
ferences is —0.42 ppm; that is, the La Jolla weekly minima, on average, are
lower by that amount than the Mauna Loa trend. Since the expected latitu-
dinal difference between stations according to aircraft and shipboard data
analyzed by Bolin and Keeling (1963) is —0.20 ppm, the weekly minima agree
closely with expectations in spite of the high degree of selection involved in
V a s 032102 obtaining them. Evidently, the large irregular variations in the original La Jolla
*Adjusted to the 15th of the month, record are almost solely owing to high values, probably produced by urban
**Determined for the 15th of the month from a spline fit of the seasonally adjusted monthly sources.

means for 1958-1976, inclusive. Next, from the west coast data, 1955-1962, a long-term trend and an
average seasonal variation were found in the same manner as that just

g
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Figure 6. Long-term trend in the
minimum concentration of atmos-
pheric CO, near the west coast of the
United States based on the data of
Figs. 4 and 5 after adjustment of each
point to the 15th of the month of
observation. The seasonal variation,
expressed by the first four terms of
equation (1) as a harmonic function
with 6- and 12-month terms, was sub-
tracted to obtain seasonally adjusted
concentrations shown as dots.
Possibly contaminated data are indi-
cated by crosses. The straight line is a
least-squares best fit through the
plotted points.
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described for the Mauna Loa record. Because of the considerable gaps in the
data, the trend in all iterations was assumed to be a straight line. The final
trend, shown in Fig. 7, obeys the relation

X() seasonally adiusted = Qs 1 Qot (3)
where

Qs = 312.592, Qs = 0.7167 ppm yr’! (4)
and, again, t = 0 for January 1, 1955.

The corresponding seasonal variation, shown in the third column of Table 5,
agrees closely with that obtained (see the second column) by comparing the La
Jolla data for 1958-1962 with the Mauna Loa spline function trend. The only
month where the agreement is possibly unsatisfactory is December which
includes the data point from 9°N. This discrepancy does not appear to be
significant, however, in view of the scatter of the other 1955-1956 data.

Evidently it makes little difference which seasonal variation is used in
further analysis. Since the seasonal variation based on the entire data set from
1955 to 1962 results in slightly lower scatter, I chose this representation.

To express the comparison of the pre-1958 U.S. data with the Mauna Loa
record, I have devised what I call “proxy” data. My goal is to produce, with
the least interpretive adjustment, a set of monthly values valid for Mauna Loa
for 1955 through 1957. On the basis of the difference between the seasonal
variations for Mauna Loa and the west coast U.S. data for 1955-1962, with
due regard for the average difference of 0.42 ppm between locations (Table 6
and Fig. 8), the west coast U.S. data were converted to equivalent Mauna Loa
monthly means. In this way the scatter is included, and no judgment of the
long-term trend is placed on these early measurements. The results are listed in
Table 7 and plotted in Fig. 9. Finally, a long-term trend line was established
for the seasonally adjusted Mauna Loa record including these proxy data
(Table 8 and Fig. 10). The previous iterative method was again used to
separate the trend from the seasonal variation. Since the Mauna Loa record
already includes 19 years of direct data, the new data have a negligible effect
on the computed seasonal variation for Mauna Loa, shown in the third
column of Table 6. Also, since the spline function at any part of the record is
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Table 5. Seasonal variation in atmospheric carbon dioxide near U.S.
west coast determined by summing monthly concentrations with the
long-term trend removed

: Month

LadJolia

West Coast

; Difference

Jan.
" Feb.

1958-1962*

- 1.47

1955-1962** = .

*Monthly means of the fourth column entries of Table 4 normalized by adding 0.42 ppm to
each value.

**Based on comparison with the linear trend for the west coast of the United States, ex-
pressed by equation (3).
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sensitive only to nearby data, the inclusion of the early data affects the trend
line only near its former beginning in 1958.

The small difference of 0.42 ppm between the La Jolla and Mauna Loa
trends where they overlap suggests that the La Jolla weekly minima are not
biased, but actually one need not make this assumption in accepting the proxy
data, provided that the original west coast minima for 1955-1957 have the
same bias as those for 1958-1962. This appears reasonable for 1957 because
the data are for the same location as the 1958-1962 data and were selected in
the same way. Indeed, as can be seen from Fig. 10, the seasonally adjusted
proxy data for 1957 appear to be consistent with the direct data (1958 and
later) both as to scatter and trend. Thus one is encouraged to accept the 1957
proxy data as reliable.

One is less confident that the 1955-1956 proxy data are unbiased. Their
scatter is greater, and a backward extrapolation of the relatively steep trend
line for 1958 suggests that they could be too high by as much as 1.0 ppm. On
the other hand, the rise and fall in trend indicated by the spline function for
1955-1956 (Fig. 10) is similar to abrupt changes in trend that have occurred
more recently, for example in 1973. Thus one cannot easily decide that the
proxy data for 1955-1956 are wrong.

We are probably expecting too much to consider that these early data
might tell us something about a change in the long-term trend. These data are
better regarded as the kind of “baseline” data which Revelle had in mind to
obtain during the IGY. At least they add evidence that no very unusual
circumstances influenced the atmospheric CO, record immediately before sys-
tematic data collecting began during the IGY.

Figure 7. Long-term trend in atmos-
pheric CO, for the west coast of the
United States, as in Fig. 6 except that
the seasonal variation was determined
as an average of the monthly average
concentrations after subtracting a
linear estimate of the trend. Data
identified in Fig. 6 as possibly
contaminated are not shown.



*Third column of Table 5 reduced by 0.42 ppm.

Figure 8. Atmospheric CO, as a
function of the month of the year
determined as a departure of the
monthly mean concentration from the
long-term trend for Mauna Loa. Data
are shown for MLO by dots, and for
the west coast of the United States by
crosses. Months 1 to 6 (January
through June) are plotted twice to
reveal the seasonal patterns more

fully.
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o Table 6. Seasonal variation in atmospheric carbon dioxide — compari-

son of west coast United States, 1955-1962, with MLO, 1958-1975

CO, Departure in ppm
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Figure 9. Trend in atmospheric CO,
concentrations at MLO. The dots
indicate the monthly average concen-
tration. Data in 1955, 1956, and 1957
are proxy data based on observations
for the west coast of the United
States. The oscillatory curve is a
spline fit of the sum of the long-term
trend and the average seasonal varia-
tion determined as in Fig. 7.

Table 7. Monthly average concentration of atmospheric carbon dioxide
(ppm) at MLO expressed according to the 1974 manometric mole

fraction scale
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Figure 10. Long-term trend in atmos-
pheric CO, concentration at MLO.
The plot is the same as Fig. 9 except
that the seasonal variation has been
subtracted out.

Table 8. Seasonally adjusted concentration of atmospheric carbon
dioxide (ppm) at MLO for the 15th of each month expressed according
to the 1974 manometric mole fraction scale*
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Year

*Entries before March 1958 are based on proxy data.



EPILOGUE

Since these proxy data for Mauna Loa were originally obtained from
sampling sites presumed to be disturbed locally, it seems paradoxical that truly
reliable data were not obtained by investigators who deliberately sought
undisturbed locations to obtain baseline CO, data. As Bray (1959) noted,
several nineteenth-century investigators, who claimed analytical analyses
accurate to 1.0 ppm, made serious attempts to obtain data representative of
locally undisturbed air. I conclude that these scientists, perhaps from an inade-
quate knowledge of meteorology and atmospheric motion, underestimated the
difficulty in finding truly uncontaminated sites. When their analytical and
sampling methods failed to give them the high reproducibility that they
thought they had attained, they ascribed the scatter to the atmosphere itself
and not to weaknesses in their methods.

In the first half of this century declining interest in atmospheric CO, was
kept alive by only a few investigators. The most notable was Kurt Buch of
Finland, who concluded after many years of study that the CO, concentration
varied systematically with air mass. His claims (Keeling and Bacastow, 1977)
that high arctic air had concentrations in the range of 150 to 230 ppm, north
and middle Atlantic air, 310 to 345 ppm, and tropical air, 320 to 370 ppm,
strongly influenced preparations for the IGY CO, program, especially the Scan-
dinavian program, which he initially supervised. When from inadequate
chemical and sampling techniques the Scandinavian pre-IGY program produced
CO, concentrations in the same range as previous data, these new data were
readily justified as resulting from different properties of the air masses passing
over the sampling sites (Fonselius et al., 1956).

How long would the findings of the Scandinavian CO, network have been
accepted if new manometric and infrared studies had not been begun? The
Scandinavian data continued to appear in the back pages of Tellus until after
the infrared analyzer results for Mauna Loa and other locations had been
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presented at the International Union of Geodesy and Geophysics meeting in
Helsinki in 1960. But reform was on the way. Walter Bischof in 1959 had
assumed responsibility for Swedish measurements. He soon became suspicious
of their variability on the basis of discrepancies between ground-level and
aircraft sampling (Bischof, 1960). Also, he had begun to use an infrared gas
analyzer. With this abandonment of the traditional chemical method of
analysis, the Swedish CO, data ceased to include unreasonably low CO,
values. Then in 1960 Bischof turned to investigating suspiciously high values
using aircraft to verify ground-level data. Probably within a year or two,
considerably more accurate systematic data would have begun to appear from
the Scandinavian program.

But it is far from certain that a Scandinavian site as reliable as MLO would
have soon been established. The Scandinavian investigators lacked the funds
to embark on an ambitious continuous sampling program at a remote station.
Many years might have passed before data of the quality of the Mauna Loa
record would have been forthcoming. Indeed, high costs almost caused MLO to
close down in 1964 in spite of its obvious value as a CO, sampling site.
Disruptions under that threat of closure account for a serious gap in the CO,
record during the early part of 1964. Problems of cost also contributed to the
decision to shut down the South Pole continuous-analyzer program at the end
of 1963. If these two remarkable sites had rlot already been established and
yielded high-quality data before 1964, it is likely that the stimulus to start
work at such remote sites would not have occurred for at least several more
years because of financial impediments. Thus it was a fortunate circumstance
that Wexler and Revelle in 1956 saw the value of using the IGY organization to
check out the possibility of near constancy in atmospheric CO, by inaugurat-
ing a precise sampling program. We all recognize now that such a program is
essential if we are to document adequately the rise in atmospheric CO,.
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