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Abstract

The geophysical observatory at Mauna Loa was established as part of the U. S. contribution to the International Geophysical Year in 1957 largely at the instigation of the late
Dr. Harry Wexler. Its record of carbon dioxide concentration in clean air is unique.
There is much concern in recent years lest the growing pace of man's activities affect
the weather or climate on a large scale. Among the prime constituents of the air which
may cause such changes are carbon dioxide and dust. Both of these elements are
monitored at Mauna Loa. The upward trend of carbon dioxide superimposed on a
seasonal variation confirms the contribution from man's combustion of fossil fuels but
the normal incidence solar radiation measurements exhibit no long term trend other
than that due to volcanic activity beginning with the eruption at Mt. Agung in 1963.
The records of atmospheric carbon dioxide and normal incidence solar radiation of
several other stations confirm the carbon dioxide trends but temperate latitude stations
show no decrease in normal incidence solar radiation.
The ultimate objective of monitoring is the prediction of future concentrations so
that their impact on the environment can alert society for a need to control its activity
if necessary. The future prediction of atmospheric carbon dioxide based on a simple
atmosphere-ocean-biosphere model calibrated by bomb carbon-14 leads to predictions of
about 380 ppm in the year 2000 but with many reservations.
President Blackadar, Ladies, and Gentlemen:
May I express my appreciation to you and the Society for this opportunity to describe
another of the many facets of Harry Wexler's remarkable career and some of the benefits
of his foresight. In the mid-1950s, Harry Wexler and others established an observatory
aside Mauna Loa on the island of Hawaii. It is the story of this unique facility and
its findings which will occupy our next fifty minutes.

History of the
Mauna Loa Observatory
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First, let's look at the setting of the Observatory. Hawaii is the southernmost and
largest island of the Hawaiian chain at a latitude of 19.5N. It has two mountains:
Mauna Loa on the south and Mauna Kea on the north side. The Observatory rests
on the north northeast slope of the former at the 11,150-ft level. A "good" road joins
the City of Hilo on the northeast side of the island with the Observatory. The site
is about 2500 ft below the summit; its position was selected because the "good" road
proceeded no further. "Measured from its roots on the ocean floor 18,000 ft below sea
level to its 13,600-ft summit, Mauna Loa is the earth's greatest single mountain mass
. . according to Price and Pales (1963).
Second, the climate. The prevailing wind at sea level is from the east-northeast, the
persistent tropical trade wind. The Observatory winds are, in large measure, controlled
by local drainage and heating effects. Capping the trade winds are thermal inversions
present for about 75% of the time at an average altitude of 6500 ft, well below the
Observatory. The trade winds and inversion height mark the top of the mean timberline on the mountain slopes. Rainfall below the inversion is heavy; the island maximum
i The 1972 Harry Wexler Memorial Lecture, delivered at the 52nd Annual Meeting of the
American Meteorological Society, 12 January 1972, New Orleans, La.
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is over 300 inches per year. As a result, the tropical vegetation of trees, fern, and
sedge is luxuriant and beautiful. Above the trade wind inversion the rainfall is moderate to light; the Observatory records about 20 inches per year. There is no vegetation
whatsoever around the Observatory; it is described as "a wasteland of dark lava."
Finally, its history. Price and Pales (1959) summarize the very early history: "The
potential of a high altitude geophysical observatory in the oceanic tropics had long
been realized. The uniqueness of Mauna Loa in this respect—conferred by its height,
insularity, mildness of climate at all elevations, distance from sources of industrial
pollution, yet accessibility from large cities, freedom (due to trade inversion) from most
water vapor and debris of the lower atmosphere, and by the climatic uniformity of the
marine environment—was given early recognition by the First Pan Pacific Science
Congress which, meeting in Honolulu in 1921, adopted a resolution calling for the
establishment of a weather station at the summit." The first evidence of Mauna Loa's
meteorological role I found in Harry Wexler's files showed that the initiative in 1951
came jointly from Dr. Robert Simpson of the Weather Bureau and Prof. Clarence
Palmer of the U.C.L.A. Using minimal funds, a small wood frame hut on a concrete
base was constructed at the 13,400-ft level, about 280 ft from the summit. It was
designed to house 90-day weight-driven recorders for atmospheric pressure, temperature,
wind, sunshine, and precipitation. This first weather observatory on the mountain
closed in 1954 because of difficulties in traversing the access road. From the first until
even today, a main problem with Mauna Loa stations lies in road construction and
maintenance. Beginning with Bob Simpson, scientists have been twisting the arms of
local authorities to build and maintain the roads at little or no cost to the scientific
program. The labor provided by the Kulani Prison Camp, the Observatory's closest
neighbor, made these requests easier to fulfill.
In 1955, Dr. Ralph Stair of the National Bureau of Standards added his interest and
$25,000 in NBS funds to build a larger, permanent structure. This building now

FIG. 1. Dr. Harry Wexler and colleagues on a visit to Mauna Loa Observatory during the
IGY. From left to right, Dr. Wexler, then chief scientist for the U.S.-IGY Antarctic Program;
Alan Shapley, vice chairman, U.S.-IGY National Committee; Dr. Lloyd Berkner, past president
of ICSU; Dr. John Tuzo Wilson, then president of IUGG; and Dr. Thomas O. Jones, National
Science Foundation. On the right, Jack C. Pales, physicist-in-charge, Mauna Loa Observatory.
(Photo courtesy of Larry Kadooka, Hilo Tribune-Herald)
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houses the Mauna Loa Observatory as we know it. Initially, power was provided by a
diesel engine generator. Aside from the problem of hauling the oil up the mountain
by truck, the engine created local pollution. Electricity was finally brought to the site
in 1967 at a cost of $100,000. This structure, a 20 X 40-ft concrete block building,
remains the heart of the Observatory, permitting six people to sleep overnight.
The Observatory lies within four acres of a roughly square bulldozed area. The
surface is composed of two types of lava. "Aa" lava resembles strewn rubble while
"pahoehoe" lava is billowing and ropy and, having a higher reflectance, looks lighter
in color than "aa" lava.
Harry Wexler took a more active interest in Mauna Loa after the permanent
quarters were established in 1957. He travelled often the late 1950s as part of
his duties as the Chief Scientist for the U.S.-IGY and stopped off at the Observatory
whenever he could. Fig. 1 shows a picture taken in December 1958 at Hilo; Harry
Wexler is at the extreme left in his usual jovial spirit. On the far right is Jack Pales,
the Observatory's first director and also a man with unlimited energy. Jack suffered
a heart attack in February 1963 and was reassigned to a lower-altitude job. But he
worked just as hard for the Weather Bureau at the Nevada Test Site and unfortunately
had a fatal attack in 1969. Next to Harry Wexler is Alan Shapley, now of NOAA. Alan
told me a few days ago that Harry Wexler could not go up to the Observatory when
this photo was taken because of the illness which was later to become more severe.
Dr. Thomas O. Jones of the National Science Foundation also stands next to the truck;
Dr. John Tuzo Wilson shades his face. The last scientist between Wilson and Shapley
is the late Dr. Lloyd Berkner. The truck, too, deserves a word. For about the first six
years, the trip to the site took almost two hours each way by this four-wheel-drive
vehicle. The lava wreaked havoc with the tires and a new set was needed each few
months. But one of the four-wheel-drive vehicles bought in 1958 is still in limited service.

FIG. 2. Photo taken in December 1958 at Hilo weather
station, left, Dr. Harry Wexler; right, Jack Pales.
Fig. 2 is another photograph of Harry Wexler, on the left, and Jack Pales, on the
right, at the same time and place as in the previous picture. A radiosonde dome of the
Hilo weather station appears over Pales' shoulder. Fig. 3 is a photo taken on 31
December 1956 at the Observatory during its construction. Harry Wexler is second
from the right. I recognize only Roy Fox of the Weather Bureau on the far left, now
retired, who with Gordon Cartwright also helped establish the present Observatory.
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FIG. 3. Photo taken on 31 December 1956, during the construction of Mauna Loa Observatory.
Second from right, Dr. Harry Wexler; far left, Roy Fox (retired, Weather Bureau).
After Jack Pales' departure, Howard Ellis accepted responsibility as acting director
from 1963 to 1966. On 1 January 1966, the Observatory was placed under the responsibility of Dr. H. Weickmann, Director of the ESSA Atmospheric Physics and Chemistry
Laboratory. Dr. Weickmann succeeded in recruiting Dr. Rudolf Pueschel from the
University of Washington who remains as its Director. The original staff of four has
grown to seven. Further, while the site once was manned around the clock, in recent
years, because of more reliable equipment and improved roads shortening the travel
time, it is usually left unattended overnight and on weekends.
Pictures of the
Observatory

These dry facts fail to do justice to the physical beauty and scientific potential of
the Mauna Loa Observatory. I would like, next, to show you a series of photographs
loaned to me by the Observatory. These pictures can only partially reveal its awesome
isolation and wondrous vistas. The air is unusually transparent, especially in the
morning. But the rarefied air at 11,000 ft forces even the hardiest of souls to move
about with caution and avoid overexertion.
One starts towards the Observatory from Hilo, a city of almost 30,000 people. The
first 28 miles of road are now paved; 17 miles are still unpaved (Fig. 4), and qualify
as an American dirt country road. The road improvements after 1963 have not been
entirely beneficial. Now ordinary cars can drive to the site and were it not for a locked
gate about a mile from the Observatory, it would be overwhelmed by visitors. To
accommodate the public, the staff offers an open house annually and accepts the
temporary controlled disruption. Once at the site, one normally moves about on
wooden walkways since, despite bulldozing, walking on lava is hard on the feet and
raises unwanted dust. Fig. 5 is a picture taken just behind the main building with
snow-capped Mauna Kea looming over it. Mauna Kea is about 20 miles north of
Mauna Loa and now has an astronomical observatory of its own. None of the Hawaiian
mountains are perpetually snow-capped; at Mauna Loa, snow is common in the winter
half year only above the 12,000-ft mark,
405
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FIG. 4. Road leading to Mauna Loa Observatory, shown on
the horizon. Photo taken on 20 March 1969.
Mauna Loa equipment

FIG. 5. Photo taken from Mauna Loa Observatory showing
snow-capped Mauna Kea in background.

Once on the site, a variety of conventional and exotic equipment is evident. Fig. 6
pictures a filter equipment and rain gages. The shelter houses a pump which sucks air
through a filter paper atop the vertical pipe on the left side of the shelter. Originally
part of the Naval Research Laboratory's global network for airborne radioactivity, the
papers are now sent to the Atomic Energy Commission's Health and Safety Laboratory.
To the left of the shelter are a standard 8-inch and a tipping-bucket rain gage, the
latter silver colored. The remaining two collectors may be new to you. The farthest
left device collects rain or snow, opening only when the first drop of water or snowflake strikes a set of sensitive wires spread across the cover. The special cover was
developed and installed, by what is now the Environmental Protection Agency (EPA),
for precipitation chemistry to avoid dry fallout. To its right is a plastic funnel seated
on a white box. The latter houses an ion exchange column which fixes certain substances and lets the rest of the water pass through it. Only the column is shipped to
New York City for radioactivity analysis by the AEC. Except for the precipitation
chemistry program, which will be resumed soon, all of these devices are operational.
A Dobson spectrophotometer rolled out into sunlight to take an observation is shown
in Fig. 7. This instrument, you will recall, accurately measures the total ozone content
of an air column between observer and sun. Mauna Loa is part of an 11-station NOAA
network and about a 100-station global network and may become the intercalibration
site for the World Meteorological Organization. We will look at the ozone record later.

FIG. 6. Mauna Loa Observatory sampling complex. Four
precipitation collecting instruments (left) and high volume
air filter for radioactive fallout collection (right).

FIG. 7. Dobson spectrophotometer at the
Mauna Loa Observatory.
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FIG. 8. Photo taken on 29 August 1966, showing Dr.
Ralph Stair (left) and Bill Waters (right) of National Bureau
of Standards working with their solar radiation equipment.

FIG. 9. Solar radiation instrumentation at the
Mauna Loa Observatory.

From the first, the remarkable seeing conditions attracted the attention of astronomers
and solar radiation experts to Mauna Loa. Dr. Ralph Stair of NBS, shown in this
1966 picture (Fig. 8), sought to measure the spectral energy distribution of solar
radiation as free as possible from man-made pollution and water vapor. In more recent
years, this can be accomplished more effectively from satellites, rockets, and high flying
aircraft. The National Geographic Society with the National Bureau of Standards
looked for water vapor in the atmospheres of Mars and Jupiter in the late 1950s. This
is but one example of the very numerous visiting programs in radiation and other
disciplines, using the unique Mauna Loa location, that will be slighted in this talk.
Fig. 9 contains the station solar radiation equipment. The two dark sensors on the
left side of the stand are pyrheliometers, instruments oriented to point at the sun. We
will later look at their record, too. The two instruments to the right measure the combined whole sky and direct solar radiation. The clarity of the air above Mauna Loa
compares with that at the South Pole; both stations report about 1.70 langleys per min
or about 85% of the solar constant.
Fig. 10 shows an instrument which measures the amount of water vapor, often called
"precipitable water," in the air column between sensor and sun. The instrument
functions only in daytime without clouds. When the trade wind inversion lies below
the Observatory, the morning readings reveal less than 3 mm of precipitable water vapor
or values about ten-fold smaller than normally found at sea level.

FIG. 10. Precipitable water vapor meter scanning the sky
at the Maunt Loa Observatory.

FIG. 11. Sunset as viewed from the Mauna Loa Observatory.
407
Unauthenticated | Downloaded 01/09/23 01:35 AM UTC

Vol. 53, No. 5, May 1972
Perhaps the most beautiful time on the mountain is dusk; Fig. 11 was taken at sunset.
The upward sloping dark area to the far right is the western side of Mauna Kea. North
and behind Mauna Kea is a deck of stratus clouds. On the left, rising through a thin
cloud deck, is Haleakela, again over 100 miles distant.
Mauna Loa stories

Scientific results

Carbon dioxide

Man's recent intrusion on Mauna Loa brought with it new experiences. One of the
more fascinating stories deals with a dog.
According to Hawaiian legend, the Polynesians who settled the islands brought along
a small dog called a "poi." This dog had no bark, was rather short and round of
stature, and had crooked, thin legs. He could be either short or long-haired and was
sometimes spotted black and white but more often yellow. Unfortunately, there is
no living specimen of a "poi" dog according to the Director of the Honolulu Zoo, who
is searching for one.
In 1959, the Mauna Loa Observatory staff found a stray dog eating from their garbage
dump and later photographed it. It fitted the description of a "poi" dog sufficiently
well that the Honolulu Zoo Director many years later tried but failed to find it on the
mountain. But there is more to the story. It seems that Pele, a Hawaiian goddess, had
a "poi" dog and used it, according to legend, to warn the islanders of impending
volcanic eruptions. The first sighting of the "phantom dog," so-named because he
could only be seen from a distance, was followed one month later by the Kilauea Iki
eruption while a sighting by the staff in May 1961 was followed two months later by
the Halemaumau eruption. Lest you become convinced that the legend beats science,
it should be noted that the staff saw the dog many times with no volcanic consequences.
But the mystery of the "phantom dog" cannot be so easily dismissed. The dog, it
must be remembered, lived in a region of utter desolation; there is absolutely no
vegetation for at least ten miles around the Observatory. Water can come with certainty
only from ice and snow near the summit about six miles from the Observatory by road.
Moving across the "aa" lava is tortuous, like walking five times as far in loose sand.
Yet the dog moved rapidly across the lava by crawling, using his whole body to support
his weight. It was thought that he must have had a callous on his belly and the backside
of his legs as thick as shoe soles. Once Jack Pales tried unsuccessfully to catch him;
the dog easily outdistanced him. It has not been seen, now, for many years. To this
day, no one knows how the dog got to the Observatory nor how it survived the rigors
of life there.
I would like next to discuss three of the Mauna Loa programs designed to detect trends
in air quality. Since there are presumed to be no nearby sources of pollution, air quality
trends at Mauna Loa might be global as well as local.
Most of the discussion will be devoted to carbon dioxide, since Mauna Loa has the
longest record with a continuous analyzer (as opposed to a flask program) of any place
on earth. Further, I will be able to describe some of my own work. This subject will
be followed by the Mauna Loa solar radiation record which, we will show, differs in an
important way from that of stations in north temperate and high latitudes. Finally, we
will briefly compare the history of total ozone at Mauna Loa with other stations.
In 1955, Dr. Oliver Wulf of the Weather Bureau suggested that a graduate student at
the California Institute of Technology, C. David Keeling, contact Harry Wexler to
consider monitoring background concentrations of atmospheric carbon dioxide. Dave
met with Harry Wexler for 15 minutes in Washington and they immediately agreed
upon a program at Mauna Loa. The Weather Bureau supplied Keeling with a
grant of $10,000 and a man; an arrangement which continued for many years. However, from the first, the National Science Foundation deserved most of the credit for
funding Reeling's efforts even as it does today. Dr. Roger Revelle was a proponent
of periodic surveys, by aircraft, rather than a fixed station program; and Keeling, with
Weather Bureau and, especially, Air Weather Service help undertook an aircraft sampling effort as well. A carbon dioxide monitoring program was started first in Antarctica
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and, in fact, Ben Harlan of the Weather Bureau, who set up the Antarctic station, later
established the Mauna Loa continuous carbon dioxide analyzer about March 1958.
In the mid-1950s, several scientists including Keeling measured the carbon dioxide
concentration as 311 parts of carbon dioxide per million parts of air by volume (ppm).
When the first few measurements were obtained from Mauna Loa, they too turned out
to be 311 ppm. At that point, the usefulness of any carbon dioxide monitoring effort
was in doubt since it then appeared as though the background air concentration was
constant in time. We'll see how unjustified was that fear.

FIG. 12. Mean monthly atmospheric carbon dioxide
concentrations at Mauna Loa.
Fig. 12. displays a graph of the carbon dioxide concentrations at Mauna Loa from
1958 to as close to the present as available. The points represent mean monthly values
as determined by Dr. Keeling, who remains the technical director of the carbon dioxide
program. Successive months are joined by straight lines and a third degree polynomial,
the solid curve, has been fitted to the data between 1958 and 1969.
Three types of variations are evident in the figure. The most prominent is seasonal,
having a maximum about April and a minimum about October. This same seasonal
variation appears at all locations remote from pollution sources. The summertime
decrease is due, everyone agrees, to photosynthetic uptake during the growing season.
I have tried to quantify the influence of plant life on the carbon dioxide at clean air
locations. Table 1 shows the net amount of carbon dioxide released to the air as
TABLE

1. Carbon dioxide release (+) to or uptake ( —)
from the atmosphere, 10 gC month .

70-90N

Jan.
Feb.
Mar.
Apr.
May
Jun.
Jul.
Aug.
Sep.
Oct.
Nov.
Dec.

14

50-70N

-1

30-50N

10-30N

10-30S

0.0
1.00
1.56
0.0
1.00
1.56
0.08
1.20
1.84
0.12
1.28 2.00
0.12 0.44 0.68
-0.24 -3.16 -4.92
-0.20 -4.80 -7.48
-0.16 -4.16 -6.44
0.20
1.84 2.88
0.08
2.40 3.72
0.0
1.76 2.76
0.0
1.20
1.84

1.12
0.75
0.0
-0.75
-1.12
-1.49
-1.19
-0.75
0.0
0.75
1.19
1.49

—0.98 —1.64
—0.61 —1.40
0.0
0.60
0.61 0.80
0.98 0.60
1.22 0.40
0.92 0.36
0.61 0.36
0.0
0.40
0.44
-0.61
-0.92
0.16
-1.22 -1.08

30-50S
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positive numbers and taken from the air as negative numbers—by latitude band and
month. They are estimates of photosynthetic uptake and organic decay and respiration
provided by Prof. H. Leith of the University of North Carolina with liberal extrapolations of my own. Note the large negative numbers in the Northern Hemisphere temperate latitude summer. The uptake and release are assumed to be in constant balance
in the ION to 10S belt. Hence, no numbers are given for it.
The source and sink data from this table have been inserted into a two-dimensional
model of north-south and vertical mixing in the atmosphere. Carbon dioxide is
released to or taken up in the ground level boxes of the model and diffused into adjacent
boxes. The exchange coefficients are generally taken from the literature; 10 to 10
cm sec" in the horizontal and 10 to 10 cm sec in the vertical but with lower vertical
diffusion in the stratosphere. The mixing intensities vary with altitude, latitude, and
season. The prediction of the seasonal variation appears in Fig. 13. The upper curves
with the much smaller seasonal amplitude predict the month-to-month changes in the
Southern Hemisphere 20°-latitude bands, while the lower curves, with the larger amplitude, predict the changes for the Northern Hemisphere. This, then, is the ground level
variation predicted from our present crude knowledge of photosynthetic uptake and
decay of organic matter inserted into a simple atmospheric mixing model. The next
two figures will compare the observed with these predicted values. First, some nonMauna Loa data (Fig. 14). The points joined by solid lines are the model predictions;
the horizontal bars represent the observed values. The upper part of the figure compares
the model predictions with Scandinavian observations made aboard aircraft by Walter
Bischof of the University of Stockholm at 2 km (the solid lines) and 10 km (the dashed
lines). The theory, as expected, predicts a smaller amplitude at 10 than at 2 km and
this is verified by observations; the 2-km solid bars exhibit a 15 ppm range while the
9

2

1

4

5

2

10

-1

FIG. 13. Seasonal variation in ground-level carbon dioxide
concentrations based on the uptake and release of carbon
dioxide by the land biosphere and an atmospheric diffusion
model. The absolute value of the concentration is arbitrary
and has been fixed to reproduce conditions in the late 1960s.
FIG. 14. Comparison of the observed seasonal variation of
carbon dioxide concentrations over Scandinavia and at the
South Pole with those calculated by a diffusion model and
land biosphere uptake and release of carbon dioxide.
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10-km dashed bars exhibit about half that range. But, in both cases, the predicted
amplitude is about half the observed amplitude. The bottom of the figure provides a
comparison at the South Pole. Here both the phase and amplitude are in fairly close
agreement. Note, however, how much smaller the observed amplitude is at the South
Pole than in the Northern Hemisphere. According to the model, this follows from the
lack of forests and other vegetation in and surrounding snow-covered Antarctica.
Fig. 15 shows a similar comparison for Mauna Loa with an enlarged vertical scale.
Here the comparison, like that for Scandinavia, is only fair. There is about a two-month
phase lag between the observed and predicted maxima and minima and, as was seen
in the previous figure for Scandinavia, the observed amplitude exceeds the predicted
amplitude.
What do we make of these comparisons? First, except for some work of Junge and
Czeplak (1968) this is the first attempt to model the carbon dioxide seasonal variation.
In this light, the comparisons are moderately successful in justifying, quantitatively, a
biospheric explanation of the seasonal carbon dioxide variability. Second, I feel that
the main reason for the discrepancy between theory and observation lies in the poor
estimates for the photosynthetic uptake and organic decay. This deficiency might be
improved by better collaboration between meteorologists and ecologists. Finally, the
agreement will improve somewhat when we include the seasonal differences in the
consumption of fossil fuel and this will be tried in the near future.
Fig. 12 also reveals a general upward trend with time. Between 1958 and 1968 the
average annual increase was about 0.7 ppm. During the same period, if all the carbon
dioxide from the combustion of fossil fuels remained airborne and mixed throughout
the atmosphere, the annual increase would be about 1.5 ppm or twice the observed
increase. This means that about half of the carbon dioxide produced from the
combustion of coal, oil, and natural gas has remained airborne; presumably the other
half has entered the oceans or the biosphere.
But Mauna Loa is only one location on the globe; Fig. 16 plots the same time
history at several others. The Mauna Loa record appears as the smooth curve ending
with dashes. The Scandinavian data, referred to 1 July, are given by the straight
dashed lines. The monthly Antarctic data are the solid upright triangles while the
12-month running means at Point Barrow, Alaska, are given by the open circles. It is
quite evident that all data, virtually from Pole to Pole, exhibit about the same overall
growth in atmospheric carbon dioxide. The trend of carbon dioxide at Mauna Loa is,
therefore, reasonably representative of global conditions.

FIG. 15. Comparison of the observed mean monthly atmospheric carbon dioxide concentration at Mauna Loa with that
calculated by a diffusion model.

FIG. 16. Comparison of the atmospheric carbon dioxide
concentrations at Mauna Loa with those observed at other
locations.
411
Unauthenticated | Downloaded 01/09/23 01:35 AM UTC

Vol. 53, No. 5, May 1972
Returning again to the Mauna Loa record (Fig. 12), we consider the third and more
subtle type of carbon dioxide variation. One notes from the smoothed curve that in
the early 1960s the annual growth rate slowed to about half of its average value while,
after 1968, the growth rate was much larger than the preceding 10-yr average. The
numbers at the bottom are the annual growth rates. Unfortunately, we cannot be
absolutely sure either of the reality of these annual changes at Mauna Loa or of their
global representativeness. However, except for the South Pole data in Dr. Keeling's
new analysis, all stations after 1969 (both those which we saw a moment ago and several
others with shorter records) show annual carbon dioxide concentration increments of
at least 1.0 ppm per year in contrast to the average 0.7 ppm per year in the 1958-68
decade. The South Pole station, the only one at this time in the Southern Hemisphere,
continued in its slower annual growth rate according to Keeling (personal communication). The significance of these excursions in annual carbon dioxide increments, if they
are real, lies in our need to explain them. United Nations' records indicate that the
growth rate of the production of fossil fuels has remained constant at about 4% per yr
during the past fifteen or so years, so that this factor cannot account for the changes
in the carbon dioxide growth rate. Rather, something is happening in either the
biosphere or in the oceans to reduce their carbon dioxide uptake, allowing more fossil
fuel carbon dioxide to remain airborne. An increase in the annual growth from say
0.7 ppm per yr to over 1.0 ppm per yr can be caused by either very small decreases in
the biospheric uptake or very slight warming of the sea-surface temperature, but we
don't know which.
The main reason for monitoring global background concentrations of atmospheric
carbon dioxide is to help us to forecast future carbon dioxide and climate. I have used
bomb-produced radioactive carbon-14 in the form of carbon dioxide as a tracer, together
with a model shown in the next figure (Fig. 17), to predict atmospheric carbon dioxide

FIG. 17. The model of the three reservoirs of CO . The quantity X denotes the fraction of
the CO in one reservoir being transferred to an adjacent reservoir according to the sense of
the arrow. The transfer between troposphere and mixed layer is calculated from the history
of the C data; all others are pre-assigned. The carbon content of the mixed layer and the
exchange constant from mixed layer to deep ocean are derived from other assumed and
computed parameters.
A
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in the year 2000 A.D. The atmosphere is divided into tropospheric and stratospheric
boxes in the upper left and the exchange rate between them is given by the arrows and
adjacent numbers. The 0.5 per yr from stratosphere to troposphere, for example, means
that 50% of the stratospheric content of say, carbon dioxide, transfers to the troposphere
each year. The oceans are also divided into two boxes, a mixed upper layer and deep
lower layer, the lower left boxes. The transfer between these two boxes again follows
the same first order kinetics as between atmospheric boxes. The biospheric boxes lie
on the right. The transfer to the biosphere (both land and ocean) is based on another
concept: the net primary production. This latter as shown by the numbers near the
arrows into the biosphere is the amount of carbon taken out of the air or the seas in one
year and fixed into organic matter. The return of the carbon dioxide from each box
back to the air takes place exactly forty years later when the wood of the trees is suddenly decayed or after two years when the leaves, etc., are abruptly converted back to
carbon dioxide, as noted by the years after the "lag." The marine organic matter has
an even shorter average lag of only one year. There are other details in the model
which are too involved to explain at this time.
But the most important exchange occurs between troposphere and mixed layers of the
ocean. This exchange, which is also assumed to obey first order kinetics, has been
derived from the bomb carbon-14. The average life of a carbon dioxide molecule in
the troposphere before it goes into the oceans turns out to be much shorter than previous
estimates.
To summarize, a model of an atmosphere-biosphere-ocean exchange of carbon dioxide
has been promulgated (and, I might add, mainly by Dave Keeling and ecologists G.
Woodwell of Brookhaven and J. Olson of Oak Ridge, at the Williamstown SCEP
meeting in 1970). In it, all the transfers have been prescribed save one. This one,
between air and water, has been found by a trial and error method using this history
of the bomb carbon-14.
We now insert into the troposphere of this model the fossil fuel carbon dioxide from
published estimates of the United Nations from 1860 to 1968 and predicted annual
production figures after that date. Between 1968 and 1980, the fossil fuel growth rate
is forecast to increase by 4% per yr and between 1980 and 2000 by only 3-1/2% per yr
as nuclear power comes on line. The resulting forecast of atmospheric carbon dioxide
appears graphically in Fig. 18. The world average concentration in the troposphere
has been fixed as 313 ppm in 1958 to fit the Mauna Loa data.
The prediction for the year 2000 A.D. calls for 380 ppm, an increase of about 60 from
the present value of about 320 ppm. The calculation also predicts a concentration of a
little over 290 ppm in 1860, which is taken as the beginning of the industrial era.
Measurements in the latter half of the 19th century were not reliable but they are consistent with a value of about 290 ppm. In the inset labelled "Model Verification," we
have compared the year-to-year changes given by the model (the dashed bars) with the
observations at Mauna Loa (the solid bars). The agreement is fair; in fact, for the
12-year period from 1958 to 1970, the predicted increment almost exactly matches the
observed increase. This is equivalent to saying that this model predicts the same answer
one obtains by assuming that about 50% of fossil fuel carbon dioxide remains airborne.
There are a number of uncertainties in this prediction. Varying the details in the
model, I have shown, changes the forecast for 2000 A.D. by only about ± 1 0 ppm. But
the more serious uncertainty lies in our ignorance of the correct physics, chemistry, and
biology to use in the model. For example, one may ask whether the forests will be
preserved in future years as they were during the decade of the Mauna Loa record and
the bomb carbon-14 information. However, in contrast to the last step we need for a
climatic forecast, I feel this one is pretty good.
This last step is a conversion of an increased atmospheric composition of carbon
dioxide into a climatic change. Manabe and Wetherald (1967) and others have shown
that the upper atmosphere will cool and the lower atmosphere warm when atmospheric
carbon dioxide concentration increases. If the concentration reaches about 380 ppm
as expected in 2000 A.D., the Manabe and Wetherald calculations suggest a "greenhouse" warming of about 0.5C in the lower atmosphere of the globe. We may debate
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FIG. 18.

The predicted time history of global atmospheric C O . The observed C O concentrations at Mauna Loa are due to Pales and Keeling (1965) and Keeling (1971).
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the impact of such a warming on mankind's well being, but I feel this is premature since
there are so many uncertainties in the climatic forecast. For example, two feedback
mechanisms are possible, each acting in the opposite sense to the other. First, the added
warmth of the lower atmosphere may enhance evaporation and hence increase cloudiness. More clouds will also increase the earth's albedo and cool the atmosphere. This
feedback mechanism would reduce the amount of low-level greenhouse warming due
to the growth of carbon dioxide. On the other hand, one might argue that the surface
layers of the ocean as well as the air will warm. It is known that the warmer waters
release more carbon dioxide into the air, which will speed up the carbon dioxide
growth and, with it, even more warming, and so on and so on. Perhaps the most
perplexing feature in making a climate forecast is the cooling of the Northern Hemisphere surface air which has been in progress since the 1940's despite the carbon dioxide
growth. It is therefore clear that other factors besides carbon dioxide control changes
in ground level air temperature. Let's now look at another factor, turbidity.
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Atmospheric turbidity

FIG. 19.

Fig. 19, adapted from a paper by Ellis and Pueschel (1971), provides the time history
of turbidity at Mauna Loa. The ordinate is a function of the atmospheric solar
radiation transmission, whose variations are believed to be primarily due to dust.
Higher ordinate values mean more solar energy transmission and less dust. The
abscissa is time since the record began in 1958. Before 1963, the sole systematic variation is seasonal, suggesting a maximum dustiness in late spring. The abrupt drop in
1963 follows a major volcanic eruption at Mt. Agung on the island of Bali. The arrows
indicate several subsequent volcanic eruptions, but these were of lesser intensity than
that at Mt. Agung. The recovery of the solar radiation transmission to its pre-1963
values proceeded slowly and barely returns to the pre-Agung values by 1970. But on
the next figure (Fig. 20) we see an analysis based on a different type of approach using
the same, and some later Mauna Loa data. More turbidity is reflected by a higher
number on the ordinate, or more extinction of solar radiation. The Mt. Agung eruption effect appears on the graph as it did before, with a distinct jump in the points, this
time followed by a slow downward recovery. This figure continues the record into 1971,
about a year after the previous one, and confirms the return of atmospheric turbidity to
about its pre-1963 value.
We can therefore conclude with some confidence that Mauna Loa, at 19N, has had
no net increase in turbidity as measured by the attenuation of solar radiation since
1958. This is in sharp contrast with analyses of solar radiation records at temperate and
high latitude stations as exemplified by the Soviet radiation data in Fig. 21. The
point with a long history far from industry or a population center, and only one of
ordinate for each curve is the solar radiation departure from normal; the abscissa is
time extending from 1895 on the left to 1965 on the right. When a curve slopes downward, as all of them do more or less after about 1940, the turbidity of the atmosphere
is increasing. In the north temperate latitude, it isn't an easy matter to find an observing
point with a long history far from industry or a population center, and only one of
these eight stations, Karadag, qualifies as a remote site. It shows the same downward
trend in normal incidence solar radiation or increasing turbidity as do the other seven.
It is my contention that the dust created by human activities, although increasing with
time, has been confined, by and large, to a latitude band north of about 30N. South of
30N, all stations except those very close to large population centers, like Mexico City,
will have no perceptible man-made turbidity buildup in recent years.

Transmittance of normal incidence solar radiation at Mauna Loa (Ellis and Pueschel,

1971).
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The climatic prediction due to increased man-made dustiness is even more complicated than for carbon dioxide. First, there is, in my view, a strong north-south gradient
of man-made dust just south of the industrialized temperate latitudes. But even more
important is the uncertainty in the relative roles of absorption and backscatter by
atmospheric particles. Both processes can reduce the amount of solar energy at the
ground, but their roles in atmospheric heating and dynamics would be quite different.
Thus, it may not now be possible to state unequivocally whether added dust in the
lower atmosphere will warm or cool the ground-level air on a global scale. It is true
that estimates have been made, mostly leading to cooling, but I urge that such predictions be treated with caution.
The last of the scientific aspects of the Mauna Loa observations at which we will briefly
look is ozone. Walter Komhyr and his associates of NOAA have assembled a time
history of the total ozone in a column between observer and the sun. Ozone, you will
recall, is three oxygen atoms in a molecule and is formed by short-wave solar radiation.
Ozone is primarily found in the stratosphere where its concentration may reach as high
as 5 to 10 ppm.
Fig. 22 shows the time history of the total ozone at seven Northern and Southern
Hemisphere stations. The ordinates are departures of total ozone from normal; the
abscissa, years beginning in 1961. The solid lines passing through the body of the data
represent a least squares best fit line; note that the slopes for all stations are positive.
Mauna Loa is the third station from the top. The numbers on the right such as "2.4"
for Mauna Loa are the 10-yr increase in per cent. Mauna Loa has the smallest increase
of all the stations in this group. Mr. Komhyr and Prof. London of the University of
Colorado have independently examined the trends over the same decade and at other

FIG. 20. Extinction coefficient at Mauna Loa, based on four morning observations on selected days.
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FIG. 21. Normal incident solar radiation as percent of normal.
Dashed line: 5-year running mean (Pivovarova, 1970).
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FIG. 22. Total ozone trends for selected world stations
departures from normal (Komhyr et al., 1971).

times for many other stations. There can be little doubt that most stations exhibit an
increase in total ozone in the 1960s, but some show decreases and some, like Mauna
Loa, very small long-term changes with time.
I do not have an explanation for the apparent global increase in atmospheric ozone.
One can suggest possible chemical and dynamical processes that might account for an
increase with time, but they are no better than wild speculation. Many believe that
there are real, natural fluctuations in many atmospheric properties such as ozone which
come to light only when one obtains a long, high quality record and that man-made
influences may have no bearing on these trends. For example, the total ozone record
at Arosa, Switzerland, shows similar long-term trends well before 1960; some were
upward and some downward, but it is only after 1960 with many stations in operation
that one can infer a possible global trend.
A network of stations such as the one at Mauna Loa would be vital to the description
of global trends of the above three as well as other atmospheric properties. It is only
through studies such as these and others that we may be able to disentangle man-made
from natural influences on the atmosphere. This was Harry Wexler's rationale for
setting up Mauna Loa and I feel it is even more valid today than in the mid-1950s.
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FIG. 23. Photo of Dr. Harry Wexler taken on 5 May 1955.
The last picture (Fig. 23) taken in 1955, and lent to me by Hannah Wexler, his
widow, shows Harry Wexler while he was formulating his plans for the Mauna Loa
Observatory along with a myriad of other problems. This is the Harry Wexler many
of us will remember.
Thank you.
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