5.  The Atmosphere

You can’t really feel it, but the weight of all the air above you pushing down on the area you occupy is what we commonly refer to as its pressure.  The typical pressure of the atmosphere at sea level is a bit less than fifteen pounds per square inch or about a kilogram per square centimeter.  This varies with altitude since, obviously, the higher you go, the less air is above weighing down upon you.  At an altitude of 8.4 kilometers, roughly 27000 feet where commercial airliners spend much of their flight time, the pressure is half what it is on the ground.  

Pressure is a force per unit area.  That force can exactly counter some mass that has no air or anything else pushing down on it.  Thus, air can hold a column of liquid mercury to a height of 30 inches or 760 millimeters if the mercury is enclosed in a glass cylinder with a vacuum above it.  This is how “barometric” pressure is reported by meteorologists on giving weather details.  Because liquid mercury is some 13.6 times as dense as liquid water, the same mass of water would be pushed 13.6 times higher in the cylinder.  That’s a 34  foot column of water that could be held up by atmospheric pressure.

Since the atmosphere is pushing down with this weight on each square inch of the earth’s surface, we can figure out the total weight or mass of the atmosphere.  Earth’s diameter is some 8000 miles (13000 km).  The area of a sphere whose diameter, D, is 8000 miles is πD2 = 200 million square miles  or 5.1 X 1014 m2.  If there is a kilogram of air pushing down on each square centimeter, the total mass of the atmosphere is 5.1 X 1018 kg.  That there are mountains and valleys with corresponding decreasing or increasing surface pressure complicates the calculation, but ignoring their effect doesn’t change the final answer much.

Air, we all know, is composed mostly of nitrogen.  Oxygen is only about one-fifth of air.  Argon is about one percent.  In terms of how many molecules there are in an arbitrary volume, that turns out to be just less than 30 billion billion molecules in a cubic centimeter at sea level at 20 ˚C.  The value is both temperature dependent and altitude (pressure) dependent.  By the time we reach airline cruising altitudes of 10 km (32000 ft), the number of molecules in that cubic centimeter has dropped to one-third of its sea-level value.   At ten times this altitude, the density has dropped precipitously and there are less than a millionth as many molecules in the cubic centimeter.  Furthermore, the composition has also begun to change.  Now about three percent of the air consists of atomic oxygen in addition to the molecular oxygen (O2) that we are familiar with.  Atomic oxygen is chemically very reactive.  Doubling our altitude above sea level so that we are at 200 km, the most abundant gas in the atmosphere is atomic oxygen, comprising nearly half of all the molecules present.  Nitrogen makes up most of the rest while life-supporting molecular oxygen is present at only the 3% level.

Carbon dioxide presently constitutes 0.037 %.  In Hawaii, the carbon dioxide concentration at Mona Loa was measured essentially every month from about 1958 through 1971.  This was the first direct measurement of CO2 in the atmosphere.  The average concentration increased steadily from about 311 ppm to 322 ppm.  That’s about a 3.5% change.  The measurements have continued into the twenty-first century.  Superimposed on the gradual increase are very regular annual fluctuations, twelve-month cycles, that oscillate about from about 3ppm above the average to 3ppm below the average.  This is illustrated below.  The wavy curve is drawn not through the data points, but rather is a simple mathematical oscillating (sinusoidal) function showing how regular the variations are.  The minima are in August.  Maximum carbon dioxide consumption and maxima are in January.  The study has continued through the present.
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At the South Pole, the same experiment was conducted and the results are displayed below.  The average again increased from about 311 ppm to 322 ppm over the 1958-71 period studied.  The annual oscillations are still clearly manifested, but their magnitude understandably has dropped by almost a factor of three because of the limited amount of photosynthesis associated with the seasons.  The position of the maxima and minima have shifted one-half year because of season inversion in the other hemisphere.  A careful look at the recent data indicates that although the average CO2 content was identical in Mona Loa and the South Pole at the beginning of the studies, by the 1990’s, Mona Loa is higher.  This is consistent with the fact that more fossil fuel is used in the northern hemisphere.
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The difference between peak and trough is referred to as the seasonal amplitude.  There’s some more discussion on this in the later chapter on photosynthesis.

Recent history

In the 1820s Fourier argued that the atmosphere acts like greenhouse, letting in rays of sunlight, but retaining the rays from the ground, rays that we now know to be infrared light.  His allusion to the greenhouse can be traced back another eighteen centuries to the Roman emperor, Tiberius, who had constructed enclosures mad from the mineral mica that would trap heat so that he could quench his craving for cucumbers during the off-season.

In 1894, Swedish geologist Arvid Högbom published some very complete and insightful thoughts on the issue and its relevance to carbon dioxide, or carbonic acid as it was referred to:

“Although it is not possible to obtain exact quantitative expressions for the reactions in nature by which carbonic acid is developed or consumed, nevertheless there are some factors, of which one may get an approximately true estimate, and from which certain conclusions that throw light on the question may be drawn.  In the first place, it seems to be of importance to compare the quantity of carbonic acid now present in the air with the quantities that are being transformed.  If the former is insignificant in comparison with the latter, then the probability for variations is wholly other than in the opposite case.

“The following calculation is also very instructive for the appreciation of the relation between the quantity of carbonic acid in the air and the quantities that are transformed.  The world’s present production of coal reaches in round numbers 500 millions of tons per annum, or 1 ton per km.2 of the earth’s surface.  Transformed into carbonic acid, this quantity would correspond to about a thousandth part of the carbonic acid in the atmosphere.  It represents a layer of limestone of 0.003 millim. thickness over the whole globe, or 1.4 km.3 in cubic measure.  This quantity of carbonic acid, which is supplied to the atmosphere chiefly by modern industry, may be regarded as completely compensating the quantity of carbonic acid that is consumed in the formation of limestone (or other mineral carbonates) by the weathering or decomposition of silicates.  From the determination of the amounts of dissolved substances, especially carbonates, in a number of rivers in different countries and climates, and of the quantity of water flowing in these rivers and of their drainage-surface compared with the land-surface of the globe, it is estimated that the quantities of dissolved carbonates that are supplied to the ocean in the course of a year reach at most the bulk of 3 km.3  As it is also proved that the rivers the drainage regions of which consist of silicates convey very unimportant quantities of carbonates compared with those that flow through limestone regions, it is permissible to draw the conclusion, which is also strengthened by other reasons, that only an insignificant part of these 3 km.3 of carbonates is formed directly by decomposition of silicates.  In other words, only an unimportant part of this quantity of carbonate of lime can be derived from the process of weathering in a year.  Even though the number given were on account of inexact or uncertain assumptions erroneous to the extent of 50 per cent. or more, the comparison instituted is of very great interest, as it proves that the most important of all the processes by means of which carbonic acid has been removed from the atmosphere in all times, namely the chemical weathering of siliceous minerals, is of the same order of magnitude as a process of contrary effect, which is caused by the industrial development of our time, and which must be conceived of as being of a temporary nature.

“In comparison with the quantity of carbonic acid which is fixed in limestone (and other carbonates), the carbonic acid of the air vanishes.  With regard to the thickness of sedimentary formations and the great part of them that is formed by limestone and other carbonates, it seems not improbable that the total quantity of carbonates would cover the whole earth’s surface to a height of hundreds of metres.  If we assume 100 metres, -- a number that may be inexact in a high degree, but probably is underestimated, -- we find that about 25,000 times as much carbonic acid is fixed to lime in the sedimentary formations as exists free in the air.  Every molecule of carbonic acid in this mass of limestone has, however, existed in and passed through the atmosphere in the course of time.  Although we neglect all other factors which may have influenced the quantity of carbonic acid in the air, this number lends but very slight probability to the hypothesis, that this quantity should in former geological epochs have changed within limits which do not differ much from the present amount.  As the process of weathering has consumed quantities of carbonic acid many thousand times greater than the amount now disposable in the air, and as this process from different geographical, climatological and other causes has in all likelihood proceeded with very different intensity at different epochs, the probability of important variations in the quantity of carbonic acid seems to be very great, even if we take into account the compensating processes which, as we shall see in what follows, are called forth as soon as, for one reason or another, the production or consumption of carbonic acid tends to displace the equilibrium to any considerable degree.  One often hears the opinion expressed, that the quantity of carbonic acid in the air ought to have been very much greater formerly than now, and that the diminution should arise from the circumstance that carbonic acid has been taken from the air and stored in the earth’s crust in the form of coal and carbonates.  In many cases this hypothetical diminution is ascribed only to the formation of coal, whilst the much more important formation of carbonates is wholly overlooked.  This whole method of reasoning on a continuous diminution of the carbonic acid in the air loses all foundation in fact, notwithstanding that enormous quantities of carbonic acid in the course of time have been fixed in carbonates, if we consider more closely the processes by means of which carbonic acid has in all times been supplied to the atmosphere.  From these we may well conclude that enormous variations have occurred, but not that the variation has always proceeded in the same direction. 

 “Carbonic acid is supplied to the atmosphere by the following processes:--(1) volcanic exhalations and geological phenomena connected therewith; (2) combustion of carbonaceous meteorites in the higher regions of the atmosphere; (3) combustion and decay of organic bodies; (4) decomposition of carbonates; (5) liberation of carbonic acid mechanically enclosed in minerals on the fracture or decomposition.  The carbonic acid of the air is consumed chiefly by the following processes:--(6) formation of carbonates from silicates on weathering; and (7) the consumption of carbonic acid by vegetative processes.  The ocean, too, plays an important role as a regulator of the quantity of carbonic acid in the air by means of the absorptive power of its water, which gives off carbonic acid as its temperature rises and absorbs it as it cools.  The processes named under (4) and (5) are of little significance, so that the may be omitted.  So too the processes (3) and (7), for the circulation of matter in the organic world goes on so rapidly that their variations cannot have any sensible influence.  From this we must except periods in which great quantities or organisms were stored up in sedimentary formations and thus subtracted from the circulation, or in which such stored-up products were, as now, introduced anew into the circulation.  The source of carbonic acid named in (2) is wholly incalculable.

“Thus the processes (1), (2), and (6) chiefly remain as balancing each other.  As the enormous quantities of carbonic acid (representing a pressure of many atmospheres) that are now fixed in the limestone of the earth’s crust cannot be conceived to have existed in the air but as an insignificant fraction of the whole at any one time since organic life appeared on the globe, and since therefore the consumption through weathering and formation of carbonates must have been compensated by means of continuous supply, we must regard volcanic exhalations as the chief source of carbonic acid for the atmosphere.

“But this source has not flowed regularly and uniformly.  Just as single volcanoes have their periods of variation with alternating relative rest and intense activity, in the same manner the globe as a whole seems in certain geological epochs to have exhibited a more violent and general volcanic activity, whilst other epochs have been marked by a comparative quiescence of the volcanic forces.  It seems therefore probable that the quantity of carbonic acid in the air has undergone nearly simultaneous variations, or at least that this factor has had an important influence.

“If we pass the above-mentioned processes for consuming and producing carbonic acid under review, we find that they evidently do not stand in such a relation to or dependence on one another that any probability exists for the permanence of an equilibrium of the carbonic acid in the atmosphere.  An increase or decrease of the supply continued during geological periods must, although it many not be important, conduce to remarkable alterations of the quantity of carbonic acid in the air, and there is no conceivable hindrance to imagining that this might in certain geological period have been several times greater, or on the other had considerably less, than now.”

The above paragraphs were originally in Swedish and were translated into English in 1896 by the well-known Swedish chemist Svante Arrhenius.  That year, Arrhenius published an article “On the Influence of Carbonic Acid in the Air upon the Temperature of the Ground” and was sufficiently impressed with his colleague Högbom’s thoughts, that he included the above selections quoted directly into his own discourse.  Arrhenius includes his ideas about the occurrence of glacial periods in relation to carbon dioxide atmospheric variations.
Long-term history
To discuss history that extends back billions of years, labels prove very convenient, just as mankind’s history uses terms like the “iron age” or the “dark ages”.  Some of the terms will seem familiar.  They are indicated below.
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Also, the Precambrian is divided further by some into the Proterozoic (2500) and Archaen (3800) periods.  The Precambrian is preceded by the Hadean (4600).

Blankenship, based on data from Berner and Sage and Pearcy, has an estimate of how the level of carbon dioxide dropped from 1 atm to the percent range (1000 ppm) over the 4 billion years back to the Precambrian.  It is shown below along with estimates of the overall growth of oxygen most likely as the result of photosynthesis.  During the Carboniferous age, oxygen pressure went to 35%, probably owing to the evolution of terrestrial plants.  This is the time that coal deposits were being supplied.  However, this peak would also have been stressful for photosynthetic systems since high oxygen enhances photorespiration.  Photorespiration reduces the efficiency  in that some carbon dioxide is lost rather than harvested.
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A very recent study by D. H. Rothman of MIT was able to extract a more detailed notion of the carbon dioxide levels in the atmosphere over the past half billion years.  The method is based on a combination of isotopic fractionation techniques in which the relative amounts of isotopes of a particular element (such as 13C/12C or 87Sr/86Sr) change in an understandable way as chemical and/or physical conditions are altered.  We’ll discuss the technique in more detail in a subsequent chapter.  One of Rothman’s measurements involved the fractionation of carbon isotopes and the other of strontium isotopes.  Rothman’s results for the CO2 levels relative to the present day level are shown below.  The geologic eras are indicated along the top for reference.  The shaded area indicates the range of uncertainty in terms of a spread in possibilities for the contribution of processes such as photosynthesis to isotope fractionation.  The last data circle, near the lower right corner, covers a size on the graph corresponding very roughly to the most recent past half million years.  That has been explored more closely by alternative techniques.
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In contrast, Pearson and Palmer (Nature 406 695-9 ’00) claim from studies of boron isotopes that during the past 60 million years, carbon dioxide peaked at 2000-4000 ppm (vs the 700 ppm shown above by Rothman).

Analysis of Vostok ice cores gives us an inkling about carbon dioxide concentrations in the atmosphere and temperature variations as well.  Following interpretations of the measurements, scientists reconstructed the following history of carbon dioxide (measured) and temperature (implied) over the past 420,000 years.
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The conventional  interpretation of this graphic is that there is a very strong correlation implied between temperature (dark) and carbon dioxide levels (grey).  Furthermore, it seems that a repetitive cycle of 100,000 years may be inferred.  CO2 levels oscillated between about 180 ppm and 280 ppm by volume while temperature variation ranged over -9 to +3 degrees centigrade.  The minimum temperatures in the above cycles match up with implied ice ages.  Of course, there are only three full cycles shown, leaving a legitimate question as to just how regular the characteristics of the implied oscillations happen to be.

The most recent upswing, though, extends CO2 levels another 100 ppm above the cycle maxima and has achieved that recent high at a very rapid pace.  The next figure shows the carbon dioxide recent history more clearly.

The second longest series after Vostok comes from a more recent analysis in a different region of Antarctica, Dome Fuji, and the results parallel those seen above almost perfectly.

Shackelton (Science 289 1897-1902 ’00) mentions the hundred thousand year periodicity of ice volume as lagging temperature drops, carbon dioxide changes, and the earth’s orbital eccentricity.  Smil comments that “there is no broadly accepted mechanism that would explain why atmospheric carbon dioxide levels were lower during the ice ages than they are today.”  

Veizer et al. (Nature 408 698-701 ’03?) claim there is evidence for decoupling of carbon dioxide and global climate change during the Phanerozoic era.
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A technique that is complementary to the use of isotope fractionation involves plant leaves and their “stomata”.  These are near microscopic mouth-like structures  on a leaf that can open and close, depending on carbon dioxide levels and on the need to retain water.  A magnified picture of a leaf surface showing some stomata is displayed here.
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Use was made of the observation that certain species of plants respond to carbon dioxide levels by varying the fraction of surface cells that are stomatal cells and that this “stomatal index” is pretty much independent of other external factors such as temperature, light, and nutrient supply.  Hypothetically, the changes can occur over a single year, thus providing exceptional time resolution.  More commonly, though, long term changes in carbon dioxide levels are reflected as changes in the average stomatal index of buried or fossil plants.  The dependence of the index on CO2 levels has to be determined (calibrated) carefully.  Since plant behavior is different among species, the optimum situtation is to work with the same plant species over the time period being explored.  As it happens, there are a number of plant species that are understood to have evolved only slightly over even hundreds of millions of years.  Trees such as conifers and birch are a few such examples.  Their sufficiently abundant well-preserved remains retain impressions of stomata and as a result the stomatal indices can be determined readily.  Using calibrations determined under laboratory conditions with various CO2 levels, the indices can be converted into apparent carbon dioxide atmospheric concentrations.

A European study of birch dating back about 10,000 years indicates a CO2 level rising from about 265 ppm to 327 ppm in less than one hundred years.  A joint British-US study of stomatal indices of lycopsids( dating back to the Carboniferous glaciation period of around 300 million years ago implies average carbon dioxide atmospheric concentrations of a bit more than 300 ppm.  This value agrees with some theoretical climate weathering model predictions and appears to disagree significantly with interpretation of the isotope fractionation studies by Rothman presented a few pages ago.

More stomatal index results!

Forest Fires

Forest fires can generate temperatures as high as 2000 (F (1000 (C) and consume upwards of 35 tons of fuel per acre each hour.

Anthropogenic (human caused) carbon dioxide sources amount to 34 gigatons per year.  More than half is from fossil fuel combustion: 21 gigatons per year.  Carbon dioxide is also generated in large amounts from the manufacture of cement, but this represents only a percent of the man-made total.  The remaining production is from global biomass, most of it forest fires.  These sum to 13 gigatons of carbon dioxide per year or nearly 40 % of the total.  In arriving at these estimates, it is frequently necessary to quantify peat (the compact deposit of partially decomposed vegetation) and soil as additional sources of CO2 released by fires.  These latter estimates are somewhat problematic.  Estimates indicate peat deposits ranging up to 20 meters in thickness.

In recent years, there have been major forest fires in Indonesia, and in Brazil.  In the former in just a few months in 1997, it is estimated that 17000 square miles burned generating greater than two billion tons of carbon dioxide, an amount equal to that of Europe’s anthropogenic formation for a year.  Most of the source was combustion of the peat, the rest being from combustion of surface vegetation.  Estimates are that this megafire released perhaps as much as 40% of the global production of carbon dioxide from fossil fuels in a year and is thus extremely significant.  By comparison, the Kuwaiti oil fires after the 1991 Gulf War released about 0.084 million tons of the gas.  (get picture?)

The satellite projection on the map below shows the smoke and soot dispersal over the island of Borneo.  In extracting the burnt-area numbers from the literature, values that differed by more than a factor of two from each other were not unusual to find.  There is much uncertainty in all these data because a complete and precise assessment is apparently very difficult to acquire.  The area quote here, amounting to almost one-third of the area of Borneo, is believed to be reliable since it originates from broad satellite imagery.  
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Here is a more recent satellite image of the residual smog.
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For 1997 worldwide the estimate is that greater than five million hectares( (19000 square miles) (forests? doesn’t reconcile with next numbers) burned.  In wildland areas, an estimate from not too many years ago was that four-fifths of the fires were initiated by lightening.  (There is only a one-in-a-hundred probability that any given lightening strike will ignite a fire.)  Today, it is recognized that the vast majority of fires in forests, savannas, and grasslands are intentionally set.  Reasons include timber harvesting, land conversion, wood for cooking and heating, and slash-and-burn agriculture.  The table below shows the several sources of burning and the amount of carbon dioxide released in a year from a 1991 (1995?) estimate.  In a few cases, the estimated total area consumed by fires is indicated as well.

	Source
	CO2 released (billion tons/yr)*
	Area (1995 estimate) in sq. mi.

	savannas
	6.09
	1.9 million 

	agricultural waste
	3.30
	

	tropical forests
	2.09
	75-150 thousand 

	fuel wood
	2.35
	

	temperate and boreal forests
	0.48
	40-60 thousand

	charcoal
	0.11
	

	World Total
	14.40
	


 * M. O. Andreae, “In Global Biomass Burning: Atmospheric, Climactic, and Biospheric Implications”, J. S. Levine, ed., MIT Press, Cambridge (1991)

As far as Brasil goes, the estimate is that in 1998 125 megatons of carbon dioxide were generated by burning forests and that this alone contributed ten percent of that year’s global carbon dioxide to the atmosphere.  Below is shown the satellite-generated image of the fire’s location in Brazil.
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The largest of the releases come from savannas, three times that from forests.  Since about two-thirds of the savannas are in Africa, that continent gets referred to as the “burn center” of the planet.  A satellite image of fire locations in Africa is shown here.
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One of the largest fires ever measured was in May 1987 in northeast China and into bordering Siberia.  In under a month, more than five thousand square miles were burned.  Fires extended across the border into areas of Russia as well and satellite images suggest that eventually a total of over 50,000 square miles were consumed here during 1987 as detailed by satellite imagery.  A half billion tons of carbon dioxide were released.

One of the worst years for fires in the U. S. was 2000 when over 11,000 square miles cumulative burned.

Over the past one and a half centuries, deforestation contributed roughly 30% of the atmospheric buildup of CO2.  Deforestation includes the removal of forests by burning, which releases CO2; decomposition of unwanted biomass forest material, which releases CO2; and loss of growth which would have removed CO2 from the atmosphere.

Below are shown the various African growth regions and below that, the various global growth regions.
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( Lycopsids are presumed to be the oldest group of living vascular plants, i.e. those having circulation vessels, whose extinct members played a major role in the extension of plant life onto land and eventually leading to the explosive growth of plant life that contributed to the coal beds being mined today.  Among the lycopsids are some mosses and quillworts.


( 1 hectare = 100 ares.  1 are = 100 square meters = 119.6 square yards.  1 hectare = 2.471 acres  


1 million hectares = 3860 square miles
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