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INTRODUCTION

The increasing amount of CO; in the atmosphere from the burning of
fossil fuels has become a serious environmental concern. Central to this
concern is the question whether a rise in CO, constitutes a peril to man by
raising world temperatures, as many scientists now claim. That a rise in CO,
is occurring is unquestionable, however. Mauna Loa Observatory (MLO) data
are providing dramatic evidence of that: they show amounts more than 10%
over amounts recorded before the Industrial Revolution, and a rise of 6% in
the last 19 years alone.

Ninety-seven percent of the energy demand of the industrial world is met
today by burning fossil fuels. Even if the industrialized world were to decide
to shift to other energy sources as rapidly as possible, the annual consumption
of fossil fuels would double before the shift was complete. Without such a
shift, a peak annual rate ten or even twenty times today’s rate may occur
before fuel reserves, especially coal reserves, are exhausted. Thus a large addi-
tional increase in atmospheric CO, is likely in the next few decades. As
Revelle and Suess (1957) wrote, “Through his worldwide industrialized civil-
ization, man is unwittingly conducting a vast geophysical experiment. Within
a few generations he is burning the fossil fuels that slowly accumulated in the
earth over the past 500 million years.”

The idea that CO, from fossil fuel burning might accumulate in air and
cause a warming of the lower atmosphere was speculated upon as early as the
latter half of the nineteenth century (Arrhenius, 1903). At that time the use of
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fossil fuel was too slight to expect a rise in atmospheric CO, to be detectable.
The idea was again convincingly expressed by Callendar (1938, 1940) but still
without solid evidence of a rise in CO,.

The first unmistakable evidence of atmospheric CO, increase was
furnished by continuous measurements made at MLO and by measurements of
flask samples collected periodically at the South Pole. These data, obtained in
connection with the International Geophysical Year (IGY), were precise enough
to indicate a rise in concentration in 1959 when compared with the results of
the previous year (Keeling, 1960). Further measurements have shown a persist-
ent year-to-year increase.

Along with new observations have come increasingly refined calculations
of the heating effect of increased atmospheric CO,. One of the most widely
accepted climate models emerging from this effort indicates that the earth’s
surface would warm by 4°C above the present average global temperature for
a fourfold increase in CO,, by 6°C for an eightfold increase (Geophysics
Study Committee, 1977). A rise in CO, as great as eightfold before coal
reserves are exhausted has been predicted using a geochemical model cali-
brated by the Mauna Loa and South Pole trends (Keeling and Bacastow,
1977).

Such a high average global temperature has probably not occurred for
tens of millions of years. Accompanying such warming may be shifts in
rainfall patterns and in agricultural zones. Polar ice may melt or break up and
lead to coastal flooding (Geophysics Study Committee, 1977). These problems,
once upon us, will not be easily overcome. Once high CO, levels are reached,
they will probably decrease only slowly as deep ocean water gradually absorbs
the excess CO,. Concentrations well above preindustrial levels are likely to
persist for at least 1,000 years, along with attending climatic problems (Keeling
and Bacastow, 1977).

Whether or not a large CO, increase will occur and persist depends on the
natural carbon cycle, about which we still know too little. How much CO,
from fossil fuel will remain in the air during the next centuries? How much
will be taken up by the oceans and by vegetation on land? These questions
cannot be answered from present knowledge. Sustained monitoring of CO, at
sites such as MLO is an indispensable aid to validate predictions stemming from
calculations of the behavior of the carbon cycle.



Figure 1. Concentrations of
atmospheric CO, over Scandinavia
(rpm) on February 20, 1955. The ap-
proximate pattern is shown by
contour lines in a manner similar to
Bischof's (1960, Fig. 6). Concentra-
tions were determined by absorption

of CO, in barium hydroxide solution.
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Viewed in this context, the reasons for measuring atmospheric CO, at
Mauna Loa seem compelling. A few of us remember, however, that the
original decision to study CO, at this remote site was not easily made. Because
the story is closely involved with MLO being established in the first place, it
seems appropriate to recount here some of the human aspects of this story and
its scientific perspective.

HISTORY

The IGY, which began in 1957, offered scientists for the first time an or-
ganizational setting for study of atmospheric CO, on a global scale. In view of
the importance of knowing whether airborne CO, was rising worldwide, such
a study was long overdue. The data published before the IGY led to a general
belief that CO, concentrations depended greatly on location with no clear time
trend (Bray, 1959). Observations varied from under 200 parts per million
(ppm) near the North Pole to over 350 ppm in continental air and air near the
equator (Buch, 1948). Owing to this apparent spatial variability, a whole
network of stations was deemed necessary to detect any significant global
trend.

In the early 1950’s, Carl G. Rossby suggested that Stockholm University’s
Meteorological Institute, which he directed, should participate in an extensive
investigation of trace chemicals in the atmosphere as a prelude to the IGY. At a
conference held on the subject in 1954, participants decided to plan for a
worldwide network of CO, monitoring stations, possibly including a site in
the Hawaiian islands (Eriksson, 1954). Responsibility for setting up stations in
the Pacific region fell to Wendel Mordy, a conference member and chief
meteorologist of the Pineapple Research Institute in Honolulu.

When I learned that Mordy was interested in measuring atmospheric CO,
in the Pacific region, I informed him of CO; studies I had begun in 1955 while
at the California Institute of Technology. In contrast to previous studies, I had
found practically constant atmospheric CO; in turbulent air near midday.

Meanwhile, CO, monitoring had just begun in Scandinavia under the
general direction of Kurt Buch of Finland. The Scandinavian data (Fig. 1) re-
sembled past work, with greatly varying CO, concentrations — even though



special care was being taken to sample in open areas away from local in-
fluences (Fonselius et al., 1955). My daytime CO, results were close to the
Scandinavian means, but the variability was far less — even though 1 had
taken special care to sample in densely vegetated areas where local influences
would predominate. Specifically, I had found that everywhere I went the air a
few tens of meters from the plants on sunny days tended to reach a nearly -
constant CO, level of about 315 ppm (Keeling, 1958). In an attempt to under-
stand why, I took measurements in some exposed windy areas away from
plants: at high elevation in the White Mountains (Fig. 2) and Sierra Nevada of
California, on ocean beaches, and over ocean water near the equator (Keeling,
1961). All these data were also near 315 ppm. I concluded that the CO, in air
had a characteristic background concentration, at least near the west coast of
the United States and Central America where | had sampled. Evidently, on
sunny days this background level prevailed even near plants.

Thus I became concerned that the proposed measurements in Hawaii and
elsewhere might not be accurate enough to establish this background CO,
level. Although Mordy soon decided not to participate in CO, studies, my
concerns reached the attention of Harry Wexler, Director of Research for the
U.S. Weather Bureau. Wexler was a friend of Rossby and an ardent supporter
of broadly based meteorological studies. He invited me to Washington early in
1956.

The Weather Bureau already had a small wood frame hut near the
summit of Mauna Loa where some simple automatic instruments were housed.
In 1955, at Wexler’s urging, plans were underway to construct a larger, more
permanent structure where people would live and tend more complicated in-
struments. During my interview with Wexler, which 1 recall began promptly at
8:00 a.m., I talked to him about the possibility of setting up a continuous

recording CO, gas analyzer on Mauna Loa since it would be possible to live
there and tend the analyzer as necessary. As far as I knew, no one had ever
before suggested measuring atmospheric CO, continuously. Wexler asked a
number of questions in rapid-fire, covering both the scientific and the prac-
tical. He was especially interested in costs. We went so far as to discuss setting
up a second continuous CO, analyzer in Antarctica. Then the interview was
over. Altogether it took almost exactly 15 minutes, as scheduled. Wexler had
made up his mind to press for CO, measurements at Mauna Loa using monies
which he hoped would be made available by the participation of the United
States in the IGY.

During this same spring of 1956 the oceanographic community was
making plans to participate in the IGY. Roger Revelle, as director of the
Scripps Institution of Oceanography, was a leader in this effort. Revelle had
an intimate knowledge of the natural CO, cycle going back to his student
days, and he wanted to make sure that man’s “vast geophysical experiment”
would be properly monitored and its results analyzed. Revelle believed that a
CO,; program should include ocean water studies as well as atmospheric
measurements. With this in mind and with Wexler's concurrence, he arranged
funding for a laboratory for CO, measurements at Scripps, and I was invited
to run it. Although it had not been decided precisely what kind of CO,
program should be implemented as part of the United States IGY effort, 1
accepted his offer.

Wexler's support of continuous measurements of atmospheric CO, at MLO
was a bold decision not widely accepted at the time. Wexler knew that I had
located a manufacturer of nondispersive infrared CO, gas analyzers, but he
also knew that I had not yet been able to test such an analyzer. Even the firm
itself did not claim that its infrared analyzer was accurate enough for the task.
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It had been designed principally for industrial uses which did not demand high
accuracy. I was relying on the judgment of one of the firm’s engineers that the
device was inherently very sensitive and stable. The firm couldn’t even lend
me one to test. The basic instrument was expensive and required costly addi-
tional equipment to operate as an air monitor at a remote field station. Refer-
ence gases to calibrate the instrument did not exist.

To most of the IGY planners who heard about the CO, infrared analyzer
scheme in 1956, such expensive and complicated equipment seemed unneces-
sary. Both the earlier published data and the new Scandinavian data, appear-
ing in print every 3 months, proved that atmospheric CO, variations were so
large that traditional methods of chemical analysis would always remain ade-
quate. I distrusted these variable data, but my distrust was based on no more
than a few hints from my own data. The most important of these was the near
constancy of CO, over five days for samples taken at 3,500 m in the White
Mountains. Wexler had been especially impressed by the White Mountains
record (reproduced in Fig. 2). He felt that if this record was typical of back-
ground air, high measurement accuracy at a site on Mauna Loa just might pay
off in the IGY program.

Revelle soon agreed to the new infrared analyzer method, but he preferred
a network of measuring locations in which such analyzers would be used to
analyze air collected in flasks, from ships and aircraft for example.

Rossby remained dubious. I had a chance to meet him just once at an IGY
planning meeting at Scripps during 1956. Someone pointed me out to him
across a grass lawn during a recess. As he walked up to greet me, he remarked
for the benefit of some nearby acquaintances, “Ah . . . za yong man wiz za
machine.” He seemed upset at this abrupt new American plan to buy
expensive gadgetry to measure CO,. His skepticism became obvious as we

Figure 2. Variation in atmospheric
CO, over barren ground near White
Mountain Research Station in the
Inyo Mountains of California during
March 1956 (adapted from Fig. 2 of
Keeling, 1961). Concentrations were
determined manometrically from
liquid nitrogen temperature
condensates. The arrow identifies the
minimum concentration plotted in
Fig. 4, accepted as representative of
West coast U.S. air.
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talked about plans for an ambitious instrument-based United States program.

Ironically, I had so far obtained CO, data using quite inexpensive devices
— glass sampling flasks, a liquid nitrogen cooled freeze-out trap, a mercury
column manometer. But my manometric method could not be used for a large
program because a single sample took over an hour to analyze. The infrared
gas analyzer was needed to speed up the work without sacrificing high ac-
curacy.

Late in the summer of 1956 I arrived at Scripps to begin implementing the
new U.S. atmospheric CO, program. In all, four gas analyzers were pur-
chased. One was hastily outfitted for Antarctic field work. Shipment to Little
America couldn’t be delayed. This first venture turned out, in fact, to be too
hasty. No useful data were obtained at Little America until the second Ant-
arctic field year in 1958.

As soon as the Antarctic shipment was off — on the same 'vessel that was
to have carried Admiral Byrd to Antarctica, had he been able to go — I began
systematically to test the new analyzers. In March 1957, continuous measure-
ments of air began at Scripps. Soon afterward I assembled another apparatus
for Mauna Loa. But there were numerous delays and problems with the air-
craft and shipboard programs. These delays were especially bothersome
because the IGY had already begun. Soon it would be over, and ships and air-
craft would not be available.

As it turned out, when the equipment for Mauna Loa was ready, I
couldn’t install it. Revelle insisted that I give first attention to aircraft and
shipboard sampling, and the aircraft program was not yet underway. He rein-
forced his view of the matter by refraining from signing my travel orders to
visit Mauna Loa. As the IGY approached its July 1958 ending date, Wexler
became very anxious about Mauna Loa. At length he took action himself and



sent to me Ben Harlin, the meteorologist who had operated the CO,
equipment at Little America in 1957. With help from Jack Pales, the first
director of MLO, Harlin installed the analyzer at MLO in March 1958 without
my assistance. To our great surprise, on the first day of operation it delivered
within 1 ppm the CO, concentration that I had told Harlin to expect on the
basis of my earlier manometric data and preliminary test data obtained at
Scripps.

Of course this agreement was an accident. The mean of the daytime
manometric and Scripps data just happened to be close to the value typical for
the month of March. Indeed, the next month’s data did not agree — the con-
centration rose by over one ppm. The following month’s mean concentration
was still higher. Electrical power failures then shut down the equipment for
several weeks. When measuring resumed in July, the concentration had fallen
below the March value. I became anxious that the concentration was going to
be hopelessly erratic, especially when the computed concentration fell again in
late August. Then there were more power shutdowns.

Finally, after my first visit to Mauna Loa in November, the concentration
started to climb steadily month by month. Gradually a regular seasonal
pattern began to emerge: we were witnessing for the first time nature’s
borrowing of CO, for plant growth during the summer and returning the loan
each succeeding winter. Earlier published data for Europe also showed a
seasonal trend of sorts (Bray, 1959), but the maximum concentration, arrived
at statistically from a highly irregular pattern, was in January, a time of year
when CO, from burning is likely to accumulate near the ground because of
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winter temperature inversions. The maximum at Mauna Loa occurred in May
just before temperate and boreal plants add new leaves. The seasonal pattern
was highly regular and almost exactly repeated itself during the second year of
measurements at Mauna Loa. Thus there was no need to wait for statistical
studies to prove the reality of the oscillation as would have been required had
less exact chemical methods been used. I soon reviewed my 1955-1956
manometric data and discovered that they showed a similar seasonal variation
(Bolin and Keeling, 1963).

No one had expected to determine the long-term rate of rise in CO,
during the IGY even though establishing the rise was the principal purpose of
the program. Revelle and others had expected that the IGY program at best
would furnish a reliable “baseline” CO, level which could be checked 10 or 20
years later, after the rise in CO, was large enough to stand out against local
variability. But because of the regularity of the seasonal variation at Mauna
Loa a rough estimate of the long-term rise was possible after only two years
(Bolin and Keeling, 1963).

Fortunately, funding for CO, measurements at MLO was continued after
the IGY. By early 1962 it was possible to deduce that approximately half of the
CO; from fossil fuel was accumulating in the air and that a sink must be
carrying a substantial fraction away (Keeling, 1960). Revelle and Suess (1957)
had predicted that much of the CO, from fossil fuel would be absorbed by the
oceans. The earlier published CO, data had argued against their view,
however, because the rise in CO, seemed to be close to that predicted if all of
the CO, from fossil fuel accumulated in the air. This latter conclusion was
reinforced in 1958 after several years of the Scandinavian network data
became available (Callendar, 1958). But after four years of measurement at
Mauna Loa the question was settled in favor of the Revelle-Suess prediction.

Figure 3. Monthly average
concentrations of atmospheric CO, at
MLO since the beginning of
monitoring in 1958. Concentrations
were determined with a nondispersive
infrared gas analyzer as described by
Keeling et al. (1976a), p. 539.
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As the Mauna Loa record has been further extended, additional interesting
features of the long-term trend have revealed themselves. These include pertur-
bations that appear to correlate with the trade winds and with sea surface tem-
perature (Bacastow, 1976; Machta et al., 1976; Newell and Weare, 1977). The
seasonal pattern has also been scrutinized to see if variations in amplitude
from year to year are meaningful. So far the pattern is too regular to reveal
significant variations (Hall et al., 1975). Now after nearly 20 years of measure-
ments, the Mauna Loa record (Fig. 3) appears as a natural yearly cycle gradu-
ally being dwarfed by a long-term rise — a dramatic example of inadvertent
influence by man on his environment.

THE WEST COAST DATA

Even though the manometric CO, data obtained shortly before the IGY
played a prominent role in deciding the strategy of the United States CO,
program, they had never been compared with the infrared CO, data for
Mauna Loa. Until a pressure broadening correction was recently applied to the
latter data (Keeling et al., 1976a), a precise comparison was not possible. It
seems worthwhile now to review these earlier measurements and to recon-
struct, as closely as possible, the global concentrations of CO, back to 1955.

This reconstruction is greatly aided by additional infrared measurements
of CO, obtained between 1957 and 1962 at La Jolla, California. Although
these data were obtained as a by-product of instrument testing, they are never-
theless a useful record of air from the same general geographic area as the
earlier manometric data. Except for a few days when air was sampled from a
laboratory window, all measurements were made near the end of a 1,000-foot
ocean pier where the air was often free of local disturbances, at least during

sea breezes. The CO, record was twice interrupted for several months when
oceanographic work was in progress, but a nearly unbroken continuous record
exists from April 1958 to June 1960. Since the Mauna Loa analyzer was op-
erating during this period, these data, and a few more in 1962, are useful in
adjusting the La Jolla record to a common basis with Mauna Loa.

Most of the 1955-1956 manometric data reflect local CO, emanating from
plants and soil. The minimum values for each location, occurring typically
near midday, as already noted, may not have been markedly influenced by
plant activity, however. A plausible reason for this is that the sampling loca-
tions I had chosen were in wild areas which had never been disturbed very
much by humans. In wild areas the photosynthetic withdrawal of atmospheric
CO, by the plants and the release of CO, by plant respiration and decomposi-
tion should not differ greatly. The net change in the CO, concentration of the
local air should therefore be relatively small, especially if air turbulence,
typically maximal at midday, further diminishes the net effect.

At several control sites on ocean beaches and barren mountains, where I
also sampled during 1955 and 1956, the CO, concentrations usually agreed
with the minimum values found near plants. For example, in Yosemite
National Park in June 1955, the lowest value found for forest air was 316.2
ppm; a few miles away over barren terrain near Lake Tenaya, I found 315.9
ppm (Eriksson, 1954).

The minimum CO, concentrations for all CO, sites in the western United
States are listed in Table 1 and plotted in Fig. 4, except that data have been
omitted if the humidity was not measured, since for these data it is impossible
to determine the CO, concentration versus dry air. Most of the measurements
were obtained in California, but a few were obtained farther north in the state
of Washington and several from Arizona.

41



Table 1. Minimum atmospheric carbon dioxide concentrations (relative
to dry air) by direct manometric analysis, for various sites near the
west coast of the United States and Central America

*Adjusted to 33°N.
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Also, as a single exception to the above site distribution, Table 1 includes
the minimum CO, concentration from a suite of samples collected aboard ship
off the coast of Nicaragua near 9°N, in 1955. This minimum has been adjusted
upward by 0.5 ppm on the basis of the average latitudinal gradient found by
Bolin and Keeling (1963) between 9° and 33°N for the appropriate month of
sampling.

The continuous measurements obtained at La Jolla from 1957 to 1962 are
highly contaminated by local and regional urban sources of CO,. Even the
daily minima, which usually occurred during sea breezes, vary considerably
depending on the history of the air. Highest values typically occurred when
the air had previously passed near the city of Los Angeles to the northwest.
To reduce further the influence of contamination, the daily minima were ar-
ranged into calendar weeks, and weekly minima were identified. As noted
already in 1960 (Keeling, 1961), these weekly minima scatter much less than
the dailies. Also, unlike the dailies their monthly means show a consistent
trend suggestive of uncontaminated air.

These monthly means are listed in Table 2 and plotted in Fig. 5. One
entry, for June 1958, is omitted from further consideration because only one
weekly minimum was obtained that month. Also, as indicated in the table, a
few obviously contaminated minima were omitted in assembling the monthly
means. The means for April 1958 through March 1960 have been published
(Keeling, 1961). These, and previously unpublished data for 1957, 1960, and
1962, are here reported according to the 1974 - manometric CO, mole fraction
scale, using formulas for conversion from an adjusted index scale (Keeling et
al., 1976a).

The manometric and infrared data (Figs. 4 and 5) display a seasonal
variation similar to but of greater amplitude than that for Mauna Loa. The

Figure 4. Minimum concentrations of  BS, Big Sur; YF, Yosemite forest; YB,
atmospheric CO, at various sites near  Yosemite barren ground; OF,

the west coast of the United States Olympic forest; OB, Olympic beach;
d“ring 1955 and 1956. Concentrations GT, Gulf of Tehuantepec; BV,

Were determined manometrically from  Borrego Valley; IM, Inyo Mountains;
liquid nitrogen temperature conden- OP, Organ Pipe; HP, Howard

Sates, Sites are identified as follows: Pocket; TH, Telephone Hill.
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Table 2. Mean of weekly minimum concentration of atmospheric carbon
dioxide (relative to dry air) by infrared gas analysis, for Scripps pier,
La Jolla, California, at 33°N, 117°W, elevation 8 m

Figure 5. Monthly averages of the
weekly minimum atmospheric CO,
concentration at La Jolla, California.
Concentrations were determined with
a nondispersive infrared gas analyzer.

320 —J

*One weekly minimum omitted from average.
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Table 3. Adjusted manometric data, 1955-1956, and infrared gas analyzer
data, 1957

‘Concentration (ppm)

. Location  Month

Adjusted  Adjusted Departure
and = to15th  forseasonal fme“"ea"
Year  ofthemonth

variation

Yoéemlte Nahona! Park - i s
at3o0om June 31505 31872
OIYmp'c Natmnal Park Ll L e e s S

b nyo Mountams
. Organ Pipe Cactus

*Judged to be contaminated.

seasonal variation, however, is clearly evident only for the La Jolla data
because the 1955-1956 manometric data involve so many missing months and
extend over less than two years.

Several of the manometric data appear to be inconsistent with the
seasonal trend. That the two CO, minima for Big Sur State Park may be too
high, both in 1955 and 1956, is not surprising because sampling was done in a
public campground where daytime automobile traffic may have produced
several ppm of contamination. Also, the CO, minimum for Telephone Hill,
Arizona, seems too high relative to Howard Pocket, but there is no obvious
reason, since the site was in a remote forest north of the Grand Canyon.
Finally, the pair of CO, minima for the Olympic National Park agree with
each other but are both considerably higher than had been expected for the
month of sampling on the basis of the La Jolla data, again for no obvious
reason.

Before deciding on the disposition of these possibly contaminated values,
an adjustment of the data was made to the 15th of the month of sampling in
order to reduce scatter resulting from uneven spacing in time. The adjustments
were made following a procedure described previously (Keeling et al., 1976b).
Specifically, the individual monthly concentrations X(t), in ppm, where t de-
notes the time in years after January 1, 1955, were fit by the method of least
squares to an oscillatory-linear trend function:

t) = Qi sin 2wt + Q, cos 2wt + Qs sin 4wt + (1)
Qa cos 4wt + Qs + Qot
The four possibly contaminated data mentioned above were tentatively
omitted from the computation. The parameters of best fit were found to have
the values:

Q. = 2.86883 ppm Q. = 6.64806 ppm
Q. = 0.879716 ppm Qs = 312.684 ppm (2)
Qs = —1.51123 ppm Qs = 0.6954 ppm yr!

On the basis of equations (1) and (2), the data, including the tentatively
rejected values, were adjusted to the 15th of the month as listed in Tables 3
and 4. Next, the data were seasonally adjusted using the first four terms of
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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, ¢ = O 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



CO, in ppm

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).

320

315

310

1955

1956

1957

1958

1959

1960

1961

1962
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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

+
+
A\

A/

4




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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Year

1962

1976 331 95 33281

*Proxy data.
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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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