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 GARBON DIOXIDE AND THE CLIMATE

 By GILBERT . PLASS
 The Johns Hopkins University*

 SCIENTISTS have long been fascinated with the problem of ex plaining variations in the climate. For at least nine-tenths of the
 time since the beginning of recorded geological history, the average
 temperature of the earth has been higher than it is today. Between
 these warm epochs there have been severe periods of glaciation which
 have lasted a few million years and which have occurred at intervals of
 roughly 250,000,000 years. Of more immediate interest to us is the
 general warming of the climate that has taken place in the last sixty
 years.

 Theories of climatic change are exceedingly numerous. Is it possible
 that any one of these theories can explain most of the known facts
 about climate? The most widely held theories at the present time call
 upon variations in the solar energy received by the earth, changes in
 the amount of volcanic dust in the atmosphere, and variations in the
 average elevation of the continents. Although it is entirely possible that
 changes in each of these factors may have had an influence on the earth's
 climate at particular times and places, none of these theories alone seems
 able to explain a majority of the known facts about world-wide climatic
 variations.

 Although the carbon dioxide theory of climatic change was one of the
 most widely held fifty years ago, in recent years it has had relatively
 few adherents. However, recent research work suggests that the usual
 reasons for rejecting this theory are not valid. Thus it seems appropriate
 to reconsider the question of variations in the amount of carbon dioxide
 in the atmosphere and whether it can satisfactorily account for many
 of the world-wide climatic changes.

 Because of the relatively low temperatures at the earth's surface and
 in the atmosphere, virtually all of the outgoing radiation from the
 earth to space is in the infrared region of the spectrum. Thus it is im
 portant to know which constituents of the atmosphere absorb in the
 infrared. The three most abundant gases in our atmosphere are oxygen,
 nitrogen, and argon. However, none of these three gases absorb ap
 preciably in the relevant spectral region in the infrared. If these were
 the only gases in our atmosphere, our climate would be considerably
 colder than it is today. The heat radiated from the surface of the earth
 would not be stopped in its passage out to space with the result that the
 earth's surface would cool rapidly.

 * This work was supported by the Office of Naval Research. Part of this work
 was done while the author was on leave of absence at Michigan State University.
 Present address: Systems Research Corporation, Van Nuys, California.
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 CARBON DIOXIDE AND THE CLIMATE  303

 Fortunately for us, three other gases occur in our atmosphere in rela
 tively minute quantities: carbon dioxide, water vapor, and ozone.
 Unlike the more abundant gases, all three of these rarer gases absorb
 strongly over at least a portion of the infrared spectrum. The concentra
 tion of carbon dioxide in the atmosphere is about 0.03 per cent by
 volume; it is fairly uniformly mixed as high as accurate measurements
 have been made. Water vapor and ozone also exist in very small concen
 trations in the atmosphere, but the exact amount that is present varies
 with time and place.

 The infrared absorption properties of carbon dioxide, water vapor,
 and ozone determine our climate to a large extent. Their action has
 often been compared to that of a greenhouse. There the rays of the sun
 bring the heat energy in through the transparent glass. However, the
 outgoing heat energy from the plants and other objects in the green
 house is in the infrared where glass is largely opaque. The heat energy
 is fairly effectively trapped inside the greenhouse and the temperature
 is considerably warmer than outside.

 In a similar manner the temperature at the surface of the earth is
 controlled by the transparency of the atmosphere in the visible and
 infrared portions of the spectrum. The incoming radiation from the sun
 in the visible portion of the spectrum reaches the surface of the earth
 on a clear day with relatively little attenuation since the atmosphere is
 transparent to most frequencies in the visible. However, in order to
 have a warm climate, this heat energy must be held near the surface of
 the earth and cannot be reradiated to space immediately. The atmosphere
 is opaque or partially opaque to a large range of frequencies in the infra
 red because of the absorption properties of the three relatively rare
 gases described above. Thus radiation emitted by the earth's surface
 cannot escape freely to space and the temperature at the surface is
 higher than it would be otherwise. The atmosphere has just the same
 properties as the glass in the greenhouse. The carbon dioxide theory
 states that, as the amount of carbon dioxide increases, the atmosphere
 becomes opaque over a larger frequency interval; the outgoing radiation
 is trapped more effectively near the earth's surface and the temperature
 rises. The latest calculations show that if the carbon dioxide content
 of the atmosphere should double, the surface temperature would rise
 3.6?C. and if the amount should be cut in half, the surface temperature
 would fall 3.8?C.

 The carbon dioxide theory was first proposed in 1861 by Tyndall.
 The first extensive calculations were necessarily done by very approxi
 mate methods. There are thousands of spectral lines due to carbon
 dioxide which are responsible for the absorption and each of these
 lines occurs in a complicated pattern with variations in intensity and
 the width of the spectral lines. Further the pattern is not even the
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 same at all heights in the atmosphere, since the width and intensity
 of the spectral lines varies with the temperature and pressure. Only
 recently has a reasonably accurate solution to the problem of the in
 fluence of carbon dioxide on surface temperature been possible, because
 of accurate infrared measurements, theoretical developments, and the
 availability of a high-speed electronic computer.

 The fact that water vapor absorbs to some extent in the same spectral
 interval as carbon dioxide is the basis for the usual objection to the
 carbon dioxide theory. According to this argument the water vapor
 absorption is so large that there would be virtually no change in the
 outgoing radiation if the carbon dioxide concentration should change.
 However, this conclusion was based on early, very approximate treat
 ments of the very complex problem of the calculation of the infrared
 flux in the atmosphere. Recent and more accurate calculations that
 take into account the detailed structure of the spectra of these two gases
 show that they are relatively independent of one another in their in
 fluence on the infrared absorption. There are two main reasons for this
 result: (1) there is no correlation between the frequencies of the spectral
 lines for carbon dioxide and water vapor and so the lines do not often
 overlap because of nearly coincident positions for the spectral lines;
 (2) the fractional concentration of water vapor falls off very rapidly

 with height whereas carbon dioxide is nearly uniformly distributed.
 Because of this last fact, even if the water vapor absorption were larger
 than that of carbon dioxide in a certain spectral interval at the surface
 of the earth, at only a short distance above the ground the carbon
 dioxide absorption would be considerably larger than that of the water
 vapor. Careful estimates show that the temperature changes given
 above for carbon dioxide would not be reduced by more than 20 per
 cent because of water vapor absorption.

 One further objection has been raised to the carbon dioxide theory:
 the atmosphere is completely opaque at the center of the carbon dioxide
 band and therefore there is no change in the absorption as the carbon
 dioxide amount varies. This is entirely true for a spectral interval about
 one micron wide on either side of the center of the carbon dioxide band.

 However, the argument neglects the hundreds of spectral lines from
 carbon dioxide that are outside this interval of complete absorption.
 The change in absorption for a given variation in carbon dioxide amount
 is greatest for a spectral interval that is only partially opaque; the
 temperature variation at the surface of the earth is determined by the
 change in absorption of such intervals.

 Thus there does not seem to be a fundamental objection to the carbon
 dioxide theory of climatic change. Further the temperature changes
 given by the theory for reasonable variations in the carbon dioxide
 amount are more than enough to cause noticeable changes in the climate.
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 It is not usually appreciated that very small changes in the average
 temperature can have an appreciable influence on the climate. For
 example, various authorities estimate that, if the average temperature
 should decrease from 1.5 to 8? C, the glaciers would again form over an
 appreciable fraction of the earth's surface. Similarly a rise in the average
 temperature of perhaps only 4?C. would bring a tropical climate to
 most of the earth's surface.

 Before discussing in detail the carbon dioxide theory of climatic
 change it is first necessary to study the various factors that enter into
 the carbon dioxide balance, including the exchange of carbon dioxide
 between the oceans and the atmosphere.

 The largest loss of carbon dioxide from the atmosphere is due to the
 process of photosynthesis which uses about 60 X 109 tons per year.
 In a steady state precisely the same amount of carbon dioxide is re
 turned to the atmosphere each year by all the processes of respiration
 and decay of plants and animals, provided only that none is permanently
 lost in the form of new coal, oil, and other organic deposits. At the
 present time, at least, this loss is very small (0.01 X 109 tons per year)
 and can be neglected for all practical purposes. If this steady state of
 absorption and emission of carbon dioxide by the organic world is dis
 turbed, for example, by a sudden increase of carbon dioxide in the at
 mosphere, it is known that the amount used in photosynthesis would
 then increase. However, after a very few years the processes of decay
 and respiration would also have increased. Since an average carbon
 atom that has been used in photosynthesis returns to the atmosphere
 from the biosphere in about 10 years and virtually all of the carbon
 atoms return in 250 years, it follows that the factors influencing the
 carbon dioxide balance from the organic world would again be in balance
 in a very few years.
 The two most important contributing factors from the inorganic

 world are the release of carbon dioxide from the interior of the earth by
 hot springs, volcanoes, and other sources and the formation of car
 bonates in the weathering of igneous rocks. They happen to be nearly
 in balance today. The first one adds and the second subtracts about
 0.1 X 109 tons per year to the atmosphere. Thus it appears that as
 far as natural factors are concerned, the amount of carbon dioxide
 taken out of the atmosphere is very nearly equal to the amount returned
 to it. The specific numbers given in this section are only order of mag
 nitude estimates. The values given here are averages of some of the
 more careful estimates.

 Recently, however, man has added an important new factor to the
 carbon dioxide balance. As first pointed out by Callendar, the com
 bustion of fossil fuels is adding 6.0 X 109 tons per year of carbon dioxide
 to the atmosphere at the present time and the rate is increasing every
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 year. Today this factor is larger than any contribution from the in
 organic world. Thus today man by his own activities is increasing the
 carbon dioxide in the atmosphere at the rate of 30 per cent a century.
 The possible influence of this on the climate will be discussed later.

 The oceans contain a vast reservoir of carbon dioxide; some of it is
 in the form of dissolved gas, but it consists mostly of carbonates in
 various degrees of ionization. From the known dissociation constants
 for sea water, it is possible to calculate the atmospheric carbon dioxide
 pressure that is in equilibrium with a given amount of carbonate in
 the oceans. At the present time the carbon dioxide pressure is about
 3 X 10"4 atm.; there are 2.3 X 1012 tons of carbon dioxide in the at
 mosphere and 130 X 1012 tons of carbon dioxide and carbonates in the
 oceans. Thus the oceans contain over fifty times as much carbon dioxide
 as the atmosphere. If conditions should change, the oceans can add to or
 subtract from the amount in the atmosphere.
 Kulp has recently shown from radiocarbon determinations that the

 deep ocean waters at the latitude of Newfoundland were at the surface
 1700 years ago. This suggests that it may take tens of thousands of years
 for the waters of the deep ocean to make one complete circuit from the
 surface to the bottom and back. Only the surface waters of the oceans
 can absorb carbon dioxide directly from the atmosphere. Since there is
 very little circulation between the surface waters and the ocean depths,
 the time for the atmosphere-ocean system to return to equilibrium
 following a disturbance of some sort is at least as long as the turnover
 time of the oceans. Thus, if the atmospheric carbon dioxide amount
 should suddenly increase, it may easily take a period of tens of thousands
 of years before the atmosphere-ocean system is again in equilibrium.

 Let us next examine some of the variations in the atmospheric carbon
 dioxide amount in past geological epochs and their correlation with the
 climate as deduced from the geological record. It is interesting that a
 large number of these climatic variations can be explained simply and
 naturally by the carbon dioxide theory.

 During the last glacial epoch of perhaps a million years' duration,
 four distinct periods of glaciation separated by warmer interglacial
 periods have long been recognized. Recently Wiseman has studied the
 sediments of the deep ocean floor and has found evidence for ten distinct
 temperature minima within the last 620,000 years. It appears that a
 fundamental property of a glacial epoch is to have a climate that is con
 tinually fluctuating. The glaciers advance and then recede and repeat
 the cycle several times before the end of the glacial epoch. No other
 theory of climatic change seems able to explain in a simple and straight
 forward manner these continual oscillations in climate during a million
 year epoch of glaciation.

 In order to understand these oscillations let us consider the figure
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 where the equilibrium pressure of the carbon dioxide in the atmosphere
 is plotted against the total amount of carbon dioxide in the atmosphere
 ocean system. These curves were calculated as described above with the
 additional assumption that the average temperature varies as pre
 dicted by the carbon dioxide theory. Curves are shown when the oceans
 have 0.90, 0.95, and 1.00 times their present volume in order to allow
 for the fact that the ocean volume decreases during a period of glacia
 tion.

 The equilibrium pressure of carbon dioxide in the atmosphere as a function of the
 total amount of carbon dioxide in the atmosphere-ocean system. Curves are shown
 when the oceans have 0.90, 0.95 and 1.00 times their present volume. The present
 value for these quantities is indicated by the letter "P." The line between "G" and
 "N" represents a possible oscillation of the climate during a glacial period.

 The present value for the carbon dioxide pressure (3 X 10~4 atm.)
 and the total amount of carbon dioxide in the atmosphere-ocean system
 (1.32 X 1014 tons) is marked with the letter "P" in the figure. Let us
 suppose that a million years ago the carbon dioxide balance was upset
 and that the total amount of carbon dioxide in the atmosphere-ocean
 system was reduced 7 per cent to 1.23 X 1014 tons and that it remained

 fixed at this new lower value throughout the ensuing glacial period.
 Let us further assume that if the average temperature should fall 3.8?C.
 that great ice sheets would again form and cover sizable portions of the
 continents. With the reduced carbon dioxide amount the atmosphere
 ocean system would finally come to equilibrium at the point "G" in the
 figure. The new atmospheric carbon dioxide pressure would be 1.5 X
 10~4 atm. This would reduce the surface temperature by 3.8?C. ac
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 cording to this theory; this would be sufficient to start a period of
 glaciation.

 Let us assume in agreement with the estimates of glacial authorities
 that the glaciers contain about 5 per cent of the water of the oceans
 when the ice sheets have reached their maximum development. Since
 only small amounts of carbonates are held permanently in glacial ice,
 the loss of this water by the oceans means that the oceans now contain
 too much carbonate for their reduced volume. They release carbon
 dioxide, thus increasing the amount in the atmosphere.

 The atmosphere-ocean system again reaches equilibrium at the point
 "N" in the figure some tens of thousands of years later. This point
 represents the equilibrium conditions when the ocean volume is 95
 per cent of its present value and the atmospheric carbon dioxide pres
 sure is 2.5 X 10~6 atm. However, when the carbon dioxide pressure
 reaches this value, the average surface temperature rises to virtually its
 present value. It is then too warm to maintain the glaciers and they
 start to melt. This process probably takes thousands of years, but
 finally the oceans return to their original volume. Now the oceans do not
 contain sufficient carbonates for their increased volume; the atmosphere
 ocean system is no longer in equilibrium. The oceans absorb additional
 carbon dioxide from the atmosphere until after tens of thousands of
 years the system is again near equilibrium at the point "G" in the figure.
 The reduced atmospheric carbon dioxide pressure now causes the sur
 face temperature to fall 3.8?C. and another ice sheet starts to form.
 This cycle continues indefinitely as long as the total carbon dioxide
 amount in the atmosphere-ocean system remains fixed at 1.23 X 1014
 tons. The period for one complete cycle depends on the rate of circula
 tion of the oceans, but may be very roughly estimated as 50,000 years or
 more.

 The climate must continually oscillate from a glacial to an inter
 glacial period until the total carbon dioxide amount is again increased
 by a change in one of the factors in the carbon dioxide balance. When
 the total carbon dioxide amount is reduced slightly below its present
 value, there is no stable state for the climate; it must continually oscil
 late. On the other hand, if some event should greatly reduce the total
 carbon dioxide amount (perhaps by 30 per cent or more), a permanent
 period of glaciation without these oscillations would be possible. In
 order to explain the various stages in this cycle more clearly, specific
 numbers have been assumed. However, it may be verified easily that
 none of the conclusions that have been reached depend in a critical way
 on the particular numbers that were chosen. It should also be pointed
 out that, if there is sufficient time in the various stages of the cycle for
 the oceans to come to equilibrium with calcium carbonate, the form of
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 the curves in the figure is somewhat changed, but none of the con
 clusions reached above is essentially altered.

 In addition to lower temperatures, increased precipitation is also
 necessary for the formation of extensive glaciation. Most theories of
 climatic change have found it very difficult to explain this increased
 precipitation. For example, in the variable sun theory, a decrease in the
 sun's radiation reduces the surface temperature. However, this also
 reduces the energy available to drive the general circulation of the
 atmosphere. A decreased circulation presumably means decreased
 cloud formation and precipitation. In order to account for the increased
 precipitation an ingenious, but unconvincing modification of the variable
 sun theory states that glacial periods result from an increase in the
 sun's radiations. The slightly increased average temperatures are sup
 posed to be compensated by the greater precipitation.

 The carbon dioxide theory provides a simple, straight-forward ex
 planation for the increased precipitation during a glacial epoch. One
 of the parameters that determines the amount of precipitation from a
 given cloud is the radiant loss of heat energy from the upper surface of
 the cloud. If this radiation loss increases, the temperature at the upper
 surface of the cloud decreases. This increases the temperature difference
 between the upper and lower surface of the cloud, which in turn in
 creases the convection in the cloud. Because of these more vigorous
 convection currents, it is more likely that rain will fall from the cloud.
 Thus on the average there is more rainfall from a given cloud if the
 radiation loss from its upper surface increases.
 According to the carbon dioxide theory there is a ?maller than normal

 amount of carbon dioxide in the atmosphere when glaciers are beginning
 to form. Not only the surface of the earth, but also the upper surface of
 a cloud is cooler, since they can lose heat energy more rapidly to space.
 Recent calculations show that the upper surface of a cloud at a height of
 4 km is 2.2?C. cooler when the carbon dioxide pressure is half the present
 value. Further the upward flux of radiation that strikes the lower surface
 of the cloud is larger when the carbon dioxide amount is reduced; thus
 the lower surface of the cloud is warmer than before. Thus, the larger
 temperature difference between the upper and lower surfaces of the
 cloud causes increased convection in the cloud; the level of precipitation
 should increase appreciably. Thus, according to the carbon dioxide
 theory, colder and wetter climates occur together.

 There is considerable geological evidence that extensive outbursts
 of mountain building occurred several millions of years before each of
 the last two major glacial epochs. Again the carbon dioxide theory seems
 to be the only theory that suggests a reason for the time lag between
 these two events. During a major period of mountain building, tre
 mendous quantities of igneous rock are exposed to weathering. In
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 310  AMERICAN SCIENTIST

 mountainous country the zone for the active disintegration of rock ex
 tends much farther beneath the surface than it does in flat country.
 The weathering of igneous rock changes it into carbonates, thus re
 moving carbon dioxide from the atmosphere.

 The explanation of the time lag in terms of the carbon dioxide theory
 is that large quantities of carbon dioxide are removed from the at

 mosphere by the increased weathering after a period of major mountain
 building. After some millions of years, the carbon dioxide content of the
 atmosphere is reduced sufficiently to bring on a period of glaciation.
 From estimates of the increased weathering that occurs after the uplift
 of a mountain range, it is found that the time lag is of the order of a
 million years.

 However, during an epoch of mountain building greatly increased
 amounts of carbon dioxide must be released from the interior of the

 earth into the atmosphere through volcanic vents and hot springs.
 Additional millions of years are required to use up this additional carbon
 dioxide by the process of weathering. Thus the actual time interval be
 tween the onset of an epoch of mountain building and the ensuing
 glaciation can be considerably greater than a million years, if large ad
 ditional quantities of carbon dioxide are released from the interior of the
 earth. Indeed, if these amounts are very large, weathering would be
 unable to reduce the atmospheric carbon dioxide content to a suffi
 ciently low level to cause a glacial period. In fact some periods of moun
 tain building have not been followed by extensive glaciation. Such
 theories of glacial change as the variation in the amount of volcanic
 dust in the atmosphere and the change in the average elevation of the
 lands have found it difficult to explain why the glaciers do not form
 immediately after the uplift of a major mountain range.
 During the geological history of the earth the amount of carbon

 dioxide lost from the atmosphere in the formation of coal, oil, and other
 organic deposits has varied widely. This loss is relatively minor today.
 On the other hand it would be especially large during a period such as
 the Carboniferous when there were extensive marshes and shallow seas.
 At the end of the Carboniferous the atmospheric carbon dioxide content
 may have been reduced to a very low level because of the tremendous
 quantities that had been used in the newly formed coal and oil deposits.
 It is perhaps significant that the glaciation at the end of the Carbonifer
 ous may have been the most severe in the earth's history.
 Radiocarbon dating indicates that recent changes in climate have

 been contemporaneous in both hemispheres. In the last fifty years
 virtually all known glaciers in both hemispheres have been retreating.
 According to the carbon dioxide theory, such changes in climate should
 occur at the same time in both hemispheres. The exchange of air be
 tween the two hemispheres is relatively rapid. Even if the atmospheric
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 carbon dioxide content should increase suddenly in one hemisphere
 through a variation of some factor that enters into the carbon dioxide
 balance, the amount in the two hemispheres should again be equal in
 a relatively short interval on the geological time scale, perhaps no more
 than a few decades. It should be mentioned that it is possible to have
 glaciation in one hemisphere and not the other even though the at
 mospheric carbon dioxide amounts are the same. If one hemisphere
 has extensive mountain ranges and the other is relatively flat, glaciers
 could spread from the mountainous region of one hemisphere, whereas
 they would be unable to form on the more level land of the other hemi
 sphere at the same average temperature.

 The carbon dioxide theory has given plausible explanations for the
 beginning of a glacial period and of the climatic oscillations that occur
 during a glacial period. What increases the total carbon dioxide amount
 sufficiently to bring a glacial period to an end? One possibility is that
 the rock weathering is slowly reduced because of the increasing flatness
 of the land. In addition extensive glaciation probably reduces the rate
 of weathering for the fraction of the land surface that is covered by the
 glaciers. Thus, as the loss of carbon dioxide from the atmosphere for
 weathering decreases as a glacial epoch nears its end, the amount of
 atmospheric carbon dioxide slowly increases until finally the surface
 temperature is too high to allow further growth of the glaciers. An
 extensive period of mountain building has occurred at intervals of
 roughly 250,000,000 years during the earth's history and a glacial period
 has followed in each case during the time interval when sufficient carbon
 dioxide was removed from the atmosphere.
 What is the reason for the recent temperature rise that is found

 throughout the world? Will this trend toward warmer climates con
 tinue for some time? The carbon dioxide theory may provide the answer.

 We have discussed the burning of fossil fuels which is adding more
 than 6 X 109 tons per year of carbon dioxide to the atmosphere. If all of
 this extra carbon dioxide remains in the atmosphere, the average tem
 perature is increasing at the rate of 1.1?C. per century from this cause.
 Since 1900 a careful study of world temperature records shows that the
 average temperature has been increasing at roughly this rate. Of course,
 the agreement between these numbers could be merely a coincidence.

 As the concentration of carbon dioxide in the atmosphere increases,
 there are two factors in the carbon dioxide balance that can change.
 First the oceans absorb more carbon dioxide in order to come to equilib
 rium with the larger atmospheric concentration. However, only the sur
 face waters can absorb this gas and because of the slow circulation of the
 oceans, it probably takes at least ten thousand years for this process
 to come to equilibrium. Whenever the carbon dioxide amount is in
 creasing an upper limit for the amount absorbed by the oceans can be
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 found at any time by assuming that the atmosphere-ocean system is
 always in equilibrium. The actual amount absorbed by the oceans will
 be considerably less than the amount calculated in this manner for at
 least several centuries after a sudden increase in the atmospheric carbon
 dioxide amount. In the first few centuries the surface ocean waters can
 absorb only a relatively small fraction of the additional carbon dioxide.

 The second factor that can change is the amount used in photosyn
 thesis. A higher level of photosynthetic activity can be supported by the
 increased carbon dioxide amount. As previously discussed, this process
 temporarily withdraws some of the additional carbon dioxide from the
 atmosphere into the organic world. However, in a relatively few years
 the increased rates of respiration and decay bring this process back into
 equilibrium and only a relatively small amount of carbon dioxide is
 permanently lost from the atmosphere. Thus it appears that a major
 fraction of the additional carbon dioxide that is released into the at

 mosphere remains there for at least several centuries.
 Even if there may be some question as to whether or not the general

 amelioration of the climate in the last fifty years has really been caused
 by increased industrial activity, there can be no doubt that this will
 become an increasingly serious problem as the level of industrial ac
 tivity increases. In a few centuries the amount of carbon dioxide released
 into the atmosphere will have become so large that it will have a pro
 found influence on our climate.

 After making allowance for industrial growth, a conservative estimate
 shows that the known reserves of coal and oil will be used up in about
 1000 years. If this occurs, nearly 4 X 1013 tons of carbon dioxide will
 have been added to the atmosphere; this is seventeen times the present
 amount. The total amount in the atmosphere-ocean system will have
 increased from 1.32 X 1014 tons to 1.72 X 1014 tons. Even if the at

 mosphere-ocean system is assumed to be in equilibrium at the end of
 the thousand year period, the atmospheric carbon dioxide pressure will
 be 3 X 10~3 atm., which is ten times the present value; the correspond
 ing increase in the temperature from this cause will be 13.4?C. If it is
 further assumed that there would be sufficient time for the calcium car

 bonate to dissolve and come to equilibrium in the oceans, the atmos
 pheric pressure will be 1.1 X 10~3 atm. and the temperature rise 7.0?C.
 This last figure is a lower limit for the temperature rise that will occur
 because of man's industrial activities; the actual temperature rise must
 be larger since there will be insufficient time for these various equilibria
 to be established. Our energy requirements are increasing so rapidly
 that the use of nuclear fuels will probably not change materially the rate
 of use of the organic fuels.

 Unfortunately it is difficult to obtain any direct evidence for the car
 bon dioxide content of the atmosphere during past geological epochs.
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 In fact it is not even certain from direct measurements whether or not
 the carbon dioxide content has increased in the last fifty years. A plot of
 such measurements can be fitted nicely with a linear curve that increases
 by 10 per cent in that time interval. However, the probable error for
 most of the measurements is so large that this result is not very firmly
 established. Because of its importance to the climate, regular measure
 ments of the atmospheric carbon dioxide content should be started at
 several different country locations and continued for a number of decades.
 Since the atmospheric carbon dioxide content varies somewhat with the
 past history of the air mass and the time of year, a number of measure
 ments are necessary in order to obtain a reliable average. The present
 predicted rise of 3 per cent a decade could be easily observed with the
 present techniques of analysis. As to the carbon dioxide content of the
 atmosphere at earlier periods, only general discussions of the various
 factors that effect the carbon dioxide balance can be given at the present
 time. It is possible though that we will be able to calculate the carbon
 dioxide amount of a past epoch from measurements of the ocean tem
 perature and the rate of carbonate deposition during that epoch together
 with further studies of the atmosphere-ocean equilibrium.

 There is some interesting evidence which suggests that the carbon
 dioxide content of the atmosphere was once much larger than at present.
 It is known that plants grow more luxuriantly and rapidly in an at
 mosphere that has from five to ten times the normal carbon dioxide
 amount. In fact carbon dioxide is sometimes released in greenhouses in
 order to promote growth. Since plants are perfectly adapted to make
 maximum use of the spectral range and intensity of the light that
 reaches them from the sun for photosynthesis, it seems strange that they
 are not better adapted to the present carbon dioxide concentration in
 the atmosphere. The simplest explanation of this fact is that the plants
 evolved at a time when the carbon dioxide concentration was con
 siderably higher than it is today and that it has been at a higher level
 during most of the ensuing time. Higher temperatures than today
 during most of the earth's history would have resulted from this higher
 carbon dioxide content. In fact the geological evidence shows that warmer
 climates than today have existed for at least nine-tenths of the time
 since the Cambrian period.

 Further evidence as to the carbon dioxide amounts in the past is
 provided by the pH of sea water. There is a definite pH value associated
 with a given atmospheric carbon dioxide amount when the atmosphere
 ocean system is in equilibrium. Further, many marine animals are very
 sensitive to the pH value, the higher marine animals being more sensi
 tive in general than the lower. For example, herring are killed if the pH
 changes by more than one-half unit; lower marine animals such as sea

This content downloaded from 
������������73.200.239.172 on Thu, 24 Sep 2020 16:01:25 UTC������������� 

All use subject to https://about.jstor.org/terms



 314  AMERICAN SCIENTIST

 urchins, diatoms, and algae cannot tolerate pH changes of more than one
 unit.

 This suggests that the pH of the oceans has not varied by more than
 these amounts since the time when these animals evolved or at most
 that the pH has changed extremely slowly so that these animals could
 evolve to live in the changed environment. However, even with the
 stringent requirement that the pH of sea water should not change by
 more than one-half unit, the atmospheric carbon dioxide amount can
 still vary by a factor of fifty and maintain equilibrium between the
 atmosphere and the oceans. Thus very large changes in the atmospheric
 carbon dioxide amount can occur without influencing either marine or
 land animals; still larger variations would even be possible over time
 intervals sufficiently long to allow the animals to adapt to their new
 environment.

 All calculations of radiocarbon dates have been made on the assump
 tion that the amount of atmospheric carbon dioxide has remained
 constant. If the theory presented here of carbon dioxide variations in the
 atmosphere is correct, then the reduced carbon dioxide amount at the
 time of the last glaciation means that all radiocarbon dates for events
 before the recession of the glaciers are in question.

 Variations in the concentration or distribution of any gas that absorbs
 in the infrared portion of the spectrum can influence the surface tem
 perature in the same manner as we have already discussed for carbon
 dioxide. Ozone and water vapor are the only two other gases that absorb
 in this region and also exist in the atmosphere in sufficient quantities
 to have an appreciable effect. Few suggestions have been made that re
 late variations in the concentration of these two gases to the climate,
 since these changes do not seem to be related directly to definite geolog
 ical factors. However, recent calculations have shown that variations
 in the distribution of ozone can appreciably change the surface tem
 perature. Normally the ozone concentration has a maximum in the
 stratosphere with relatively small amounts at lower altitudes. Vertical
 air currents occasionally bring some of the ozone down from the strato
 sphere, thus greatly increasing the concentration at lower altitudes.
 This is sufficient to increase the surface temperature from radiation
 effects by several degrees Centigrade.

 The relative humidity as a function of altitude is continually changing
 and a similar effect on the surface temperature exists for water vapor.
 These relatively rapid variations in temperature are superimposed on
 those from carbon dioxide alone. The latter variations are relatively
 constant over long time intervals compared to the former. However,
 water vapor can also have an effect over long time intervals, since the
 amount that can be held in the atmosphere decreases very rapidly as the
 temperature drops. During a glacial period the atmosphere has a smaller
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 capacity to hold water vapor; for this reason the infrared heat energy
 from the earth's surface can escape more easily to space. Thus the in
 fluence of water vapor on the infrared absorption tends to reduce the
 surface temperature still more once a glacial period has started. The
 increased cloud amount during such a period also acts to reduce the sur
 face temperature by reflecting the incoming solar radiation back to space.
 Therefore the temperature decrease during a glacial epoch is probably
 somewhat greater than is calculated from the carbon dioxide effect
 alone.

 A very large number of different theories of climatic change have
 been proposed. As more evidence about past climatic change is ob
 tained, each theory has to meet continually more rigorous tests in order
 to explain the known facts. Each of the major theories of climatic
 change predicts a different temperature trend during the remainder of
 this century. A comparison of these predictions with the actual record
 at the end of the century will provide an important test of these theories.

 The variable sun theory predicts that the temperature will decrease
 for some decades. The maximum of the eighty-year period in the sun
 spot cycle probably occurred in 1947. Thus the total energy received
 from the sun including the ultraviolet should decrease for some decades
 when the records are averaged over the shorter periods in the cycle.
 On the other hand a continued increase in the average temperature
 could be justified by the variable sun theory only if measurement
 showed a corresponding increase in the solar constant.

 Changes in the average elevation of the continents clearly cannot
 be used to explain any variations in the climate over a period of a few
 centuries. However, the volcanic dust theory predicts appreciably
 lower temperatures for a few years following volcanic activity that
 throws large quantities of dust into the atmosphere. The last such ex
 plosion was when Katmai on the Aleutian Islands erupted in 1912. More
 volcanic explosions of this kind must occur before sufficient data can be
 obtained to correlate with the predictions of this theory. At the present
 time it is entirely possible that volcanic dust creates small perturbations
 in the climate while the general trend is determined by some other
 factor.

 On the other hand the carbon dioxide theory is the only one that
 predicts a continually rising average temperature for the remainder of
 this century because of the accumulation of carbon dioxide in the at
 mosphere as a result of industrial activity. In fact the temperature rise
 from this cause may be so large in several centuries that it will present a
 serious problem to future generations. The removal of vast quantities of
 carbon dioxide from the atmosphere would be an extremely costly opera
 tion. If at the end of this century the average temperature has con
 tinued to rise and in addition measurement also shows that the atmos
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 pheric carbon dioxide amount has also increased, then it will be firmly
 established that carbon dioxide is a determining factor in causing
 climatic change.
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