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Hugh W. EUsaesser 

A B S T R A C T : This paper is an attempt to provide a 
summary review of conclusions from previous studies on 
this subject. They have been organized under the follow­
ing subject headings.* 

a. Conceptualization of the greenhouse eifect. 

b. The climatic effect of doubled CO2. 

c. Interpretation of the climatic record. 

d. Diagnosis of apparent and possible model defi­
ciencies. 

e. The paJaeoclimatic record. 

A . C O N C E P T U A L I Z A T I O N O F T H E 
G R E E N H O U S E E F F E C T . 

Sunlight, consisting of ultra violet, visible and infra 
red radiation, reaches the Earth with a direct beam inten­
sity of 1360 W/tnP, defined as the solar constant. Because 
of the Earth 's rotation and spherical shape, the global 
average flux per unit area at the top of the atmosphere 
is only one fourth of this, or 340 W/m^. The Earth 's 
albedo, or fraction reflected, is 0.3 so that 238 W/m^ 
is the average solar flux absorbed by the Earth and its 
atmosphere—and is the amount of energy which must 
be reradiated to space if the Earth 's temperature is to 
remain unchanged. 

By the empirical and theoretical Stephan-Boltzmann 
Law, (ideal) black bodies emit radiant energy at a rate 
proportional to the fourth power of the Kelvin (absolute) 
temperature of their surfaces. 

R = aT^[W/m^T^] (1) 

Most solids and liquids do not depart very far from the 
black body curve. Gases, in contrast to solids and liquids, 
tend to absorb and radiate energy only at descrete wave 
lengths or bands, but their emission remains within the 
r * limit for the wave lengths of concern. 

Our sun radiates very nearly as a black body with 
a color temperature of 6000 K. The temperature deter­
mines not only the total energy output but also its spec­
tral distribution and, in particular, the wave length or 
color at which the energy is a maximum. These are 
given by Planck's law for the distribution of radiant en­
ergy as a function of wave length and temperature and 
by Wien's displacement or color temperature law for the 
wave length of peak radiation as a function of tempera­
ture. The latter may be expressed as: 

XmT = 2897 [micron degrees K] (2) 

* Paper presented at the Sixth Annual Pacific Climate 
(PACLIM) Workshop, Asilomar, CA, March 5-8, 1989. 

The surface temperature of the Earth averaged over 
all latitudes and seasons is very nearly 15°C or 288 K 
(0°C = 273 K). A black body at this temperature would 
put out about 390W/m^ of radiant energy, i.e. 115% of 
the average solar flux or 166% of the absorbed solar en-
^^S7i peaking at a wave length near 10.6 microns in the IR 
(infra red) part of the spectrum. However, satellite mea­
surements confirm that the outgoing radiation from the 
Earth averages only 238W/m^, i.e. matches the amount 
of sunlight absorbed. This corresponds to the radiation 
of a black body at a temperature of 255 K or -18°C. That 
is, the planet Earth radiates as would a black body that 
is 33° C colder than the average surface temperature of 
the Earth. TMs difference is attributed to the so-called 
greenhouse effect of our atmosphere. 

Figure 1 {Luther and BUingson, 1985) shows (above) 
the relative intensities of sunlight reaching Earth and the 
Earth 's outgoing "light" as functions of wave length. The 
sun's spectrum peaks in the visible while the Earth 's ra­
diation is all in the IR, with very little overlap of the two 
spectra. The lower part of the figure shows the average 
percentage of absorption at each wave length by the gases 
in the Earth 's atmosphere and the gases responsible. The 
band of reduced absorption between 8 and 12.5 microns 
is the so-called atmospheric window. These are the only 
wave lengths at which IR radiation from the planet's sur­
face can penetrate the atmosphere to outer space to any 
significant degree. 
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Figure 1-Radiaat energy spectra of sun (at Earth dis­
tance) and Earth (above) and absorption bands of at­
mospheric gases (below). Wavelengths shown on center 
scale, (from Luther and EUingson, 1985). 

This representation of the atmospheric window is a 
global average for beams originating at the surface and 
directed toward the zenith. The window becomes pro-
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^ressively more closed as the direction of the beam de­
parts from the zenith and as the atmosphere becomes 
more moist. In the moist tropics this window is com.-
pletely closed by the so-called continuum absorption of 
water vapor {Kiehl and Ramanathan, 1982). One of the 
early explanations for surface warming due to increased 
CO2 was that this would cause further spreading of the 
15-micron absorption band of CO2, narrowing the atmo­
spheric window and, as a consequence, the surface would 
warm until it could radiate the same amount of energy 
up through the narrowed window. However, current esti­
mates are that only about 7% of the surface emitted IR 
escapes through the window to space without reabsorp-
tion by the overlying atmosphere {Luther and ElUngson, 
1985 fig. 2.8), so this effect must be a minor part of the 
greenhouse warming mechanism. But the atmosphere it­
self is also radiating—and in all directions, including up 
toward outer space and back toward the surface. At satel­
lite altitude, most of the radiation observed coming from 
the planet Earth originates not from the planet's surface 
but from, some higher level in the atmosphere. 

Figure 2 {Lamb, 1972 p . 9) shows an averaged profile 
of temperature versus altitude in the Earth's atmosphere, 
along with the names given to various layers of the at­
mosphere. The lower part of the curve in which the tem­
perature decreases with height is called the troposphere. 
The Earth's black body equivalent temperature of 255 K 
(-18°C) occurs at an altitude of about 6 km and this, in 
an averaged sense, is the level from which the Earth ra­
diates to space. The lapse rate (average rate of decrease 
of temperature with altitude) between here and the sur­
face is 5.5°C/km—5.5°C/km times 6 km is 33°C, which 
added to the 6-km temperature of 255 K gives the sur­
face temperature of 288 K (15°C). This is a simplistic 
but physically valid explanation of how the atmosphere 
acts as a blanket or greenhouse to keep the surface of the 
planet wanner than it would be without an IR absorbing 
atmosphere. That is, the Earth does not lose energy by 
IR radiation from its surface, as would a bare black body, 
rather its black body radiation to space is actually emit­
ted from the top of its greenhouse blanket, located on 
average, about 6 km above the surface, where the aver­
age temperature is some 33°C (59°F) colder than at the 
surface. The IR opacity of the atmosphere, which pro­
duces this greenhouse blanket, is due to liquid and solid 
particles, including clouds, and the IR absorbing gases; 
water vapor (20.6), carbon dioxide (7.2), ozone (2.4), ni­
trous oxide (1.4), methane (0.8), and freons (<0.8). (The 
numbers in parentheses are the individual contributions 
in degrees C to the total greenhouse effect of each gas 
calculated by Kondrat'yev, 1986 p . 50). 

If additional greenhouse gases are added to the atmo­
sphere, it is logical to expect that the greenhouse blanket 
wiE thicken; i.e., the average altitude from which the at­
mosphere emits energy to space wiE rise above its present 
level of 6 km. But, since the absorbed solar energy which 
has to be rejected remains essentiaUy unchanged, the 
radiating temperature also must remain the same; i.e., 
the average atmospheric temperature at the new higher 
level of the top of the greenhouse blanket must warm to 
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Figure 2-Typical vertical variation of temperature within 
the atmosphere and nomenclature for the various levels 
and layers, (from Latah, 1972, p . 9). 

the temperature existing now at the present top of the 
greenhouse blanket. And if the lapse rate remains the 
same, then the temperature at the Earth 's surface will 
also warm. This is a somewhat simplistic but physically 
valid picture of the mechanism by which increases in the 
greenhouse gas content of the atmosphere will lead to 
climatic warming. 

Unfortunately, this simple picture of how the green­
house effect operates is of litte help in quantifying the 
amount of warming to be expected. To see why this is 
so, examine figure 3. This shows a terrestrial IR spec­
t rum taken by Nimbus IV near Guam on 27 April 1970 on 
a background of temperature-labeled black body curves 
and with the wave length range of the principal atmo­
spheric IR absorbers (emitters) indicated. It is obvious 
that water, including the dimer, (H20)2—believed to be 
responsible for the continuum absorption (and emission) 
of water vapor, is the principle emitter, without even con­
sidering the effect of clouds, which are also composed 
of water. And since this spectrum is taken at latitude 
15.1°N, it appears quite credible that the global average 
temperature of this emitter is 255 K. On the other hand, 
the IR flux from the CO2 band centered near 15-microns, 
is both a small fraction of the total and is coining from an 
emitter with a temperature near 220 K (-50 to -55°C). 
Returning to figure 2, this temperature range is found in 
the altitude range 12 to 20 km. If the top of this CO2 
greenhouse blanket were to be raised, by the addition 
of CO2, and maintaiaed at constant temperature, this 
would have little or no effect on the temperature at the 
surface and, if anything, might cause the surface to cool 
(i.e., if this radiating layer were pushed above 20 km.). 
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Figure 3-Terrestrial IR emission spectra recorded by IRIS-
D on Nimbus IV near Guam at 15.1°N on 27 April 1970 
(from Luther and ElUngson, 1985). 

B . T H E C L I M A T I C E F F E C T O F D O U B L E D 
CO2 

The National Academy of Sciences in a series of re­
ports {NEC, 1979,1982 & 1983) adopted 1.5 to 4.5°C (2.7 
to 8.1°F) as the mean global surface warming to be ex­
pected from a doubling of CO2 or an equivalent increase 
of aE greenhouse gases. At the present time the other 
greenhouse gases being added by man are supposed to 
have a warming effect about equal to that of the added 
CO2. Current estimates for the time of equivalent dou­
bling of the preindustrial CO2 greenhouse effect range 
from about 2020 to 2050 AD {Wigley, 1987). The most 
recent experiments by our most complex models have 
clustered in the upper part or even exceeded this range. 
It is my personal and professional opinion that our cli­
mate models are overestimating the warming due to CO2 
by at least a factor of 2 to 3. 

Mike Schlesinger of Oregon State University has for 
several years been analyzing and reviewing model pre­
dictions of the clim.atic effect of a doubling of atmo­
spheric carbon dioxide. Table 1, taken from his review 
for the US Department of Energy State-of-the-Art Re­
ports {Schlesinger and Mitchell, 1985) gives a breakdown 
of the model-computed temperature changes due to the 
doubHng of carbon dioxide alone and to the various feed­
backs expected to accompany such a doubHng. Note that 
the doubHng of carbon dioxide per se is calculated to pro­
duce a mean global warming of only 1.2°C (29% of the 
total of 4.16°C—Ramanathan (1981) computed this num­
ber to be only 0.5°C) while the calculated changes in wa­
ter vapor amount and distribution are calculated to cause 
an additional warming of 2.75°C (66%) and calculated 
changes in lapse rate, surface albedo and cloudiness are 
credited with causing an additional warming of 0.21°C 
(5%). That is, the doubHng of carbon dioxide is now 
calculated to produce a mean global warming 3.46 times 
greater than would occur if the carbon dioxide content of 
the atmosphere could be doubled with no other changes. 
The major portion of this ampHfication, a factor of 3.2, 
coming from the changes in the amount and distribution 
of the water vapor in the atmosphere predicted to occur 
as a result of the warming initiated by the increase in 
CO2. 

Table 1-RCM (radiative-convective model) analysis of 
the feedbacks in the GISS {Hansen et at, 1984) GCM 
simulation of (2 x CO2) - (1 x CO2) temperature changes, 
(from Schlesinger and Mitchell, 1985). 

Feedback Mechanism 

None 
Water vapor amount 
Water vapor distribution 
Lapse rate 
Surface albedo 
Cloud height 
Cloud cover 
Total 

{AT,)i-r 

°c 
1.20 
1.85 
0.90 

-1.10 
0.38 
0.51 
0.42 
4.16 

f: 
0.000 
0.445 
0.216 

-0.264 
0.091 
0.123 
0.101 
0.712 

Note also that Item. 4 in the table, "lapse rate" , is 
calculated to contribute to a cooling. That is, the models 
axe predicting doubled CO2 to reduce the mean lapse rate 
of the troposphere below its present 6.5°C/km, i.e., the 
upper troposphere wiE warm more than the surface. As 
can be seen from figure 2, if the slope of the temperature 
curve in the troposphere is decreased, while holding the 
temperature near 6 km constant, then the temperature 
at the Earth 's surface wiE decrease. Aside from this one 
smaU item, aE of the other feedbacks Hsted, resulting from 
predicted changes in the state and distribution of water, 
are positive; i.e., ampHfy the effect of increased COj . 

C . I N T E R P R E T A T I O N O F T H E C L I M A T I C 
R E C O R D . 

For a long time it was beHeved that the preindustrial 
level of CO2 was about 290 ppm and that the burning 
of fossil fuels such as coal, oil and gas contributed the 
only significant additions to atmospheric CO2. These are 
estimated to have contributed about 180 GtonsC to date 
(1 gigaton C = 10-̂ ^ grams or 10* tonnes as carbon). In 
the past few years it has been realized that historical 
changes in land usage such as forest clearing and agricul­
ture have probably released a cumulative total am.ount 
of CO2 of about the same m.agnitude. To aEow room for 
some fraction of this biospheric source of CO2 to have re­
mained in the atmosphere, the preindustrial level of CO2 
would have had to have been lower than 290 ppm. Esti­
mates of various sorts have provided numbers from 240 
to 280 ppm with about 270 ppm now appearing most 
widely accepted. From these numbers we derive an es­
timate of the atmospheric increase of CO2 due to this 
biospheric source of 10-50 ppm.. Biospheric releases of 
CO2 to the atmosphere were most probably in the range 
90-180 GtonsC according to the Department of Energy 
State-of-the-Art Reports {Houghton et at, 1985). Using 
58% for the fraction remaining in the atmosphere (de­
termined from the fossil fuel releases during the period 
of the Mauna Loa record of CO2) this implies a CO2 in­
crease of 25-50 ppm due to the biospheric source. The 
extremes of these two estimates give percentage CO2 in­
creases of 3.5 to 21%, and assuming a warming of 3°C 
for a CO2 doubHng, these imply an equiHbruim warm-



ing of 0.15 to C.g^C due to the biospheric CO2. The 
NH (Northern Hemisphere) land observations (see fig. 4) 
indicate a warming of about 0.6°C between 1881 and 
1940. The data prior to 1881 are too sparse to be re-
Ued upon but mainly indicate slight progressive cooHng. 
Thus, they mainly indicate that the historical fact that 
our land record of temperature data starts in 1881 wiU 
tend to exaggerate the cUmatic warming derived from the 
record for the past century. (Note: I consider the record 
of NH land temperatures to be our most reHable estimate 
of cHmate change due to the unexpected and stiE unex­
plained variations shown by the more recently available 
SH and oceajiic ship data.) 

re or 
Figure 4-Northern Hemisphere surface air temperature 
annual mean departures from the 1951-1970 mean (re-
plotted from Jones et al, 1986). 

If we focus on 1938, the warmest year in the NH land 
data record prior to 1981, the burning of fossil fuels could 
have added no more than 15 ppm of CO2 to the atmo­
sphere by then {Pearman, 1980). This would have been a 
percentage increase of 5.2% and for a doubled CO2 warm­
ing of 3°C would produce an equlHbrium warming of no 
more than 0.22°C. Thus, the warming up to 1938, if due 
to carbon dioxide, had to be due to the biospheric source 
of CO2. If the 46 ppm of fossil fuel CO2 added to the 
atmosphere since 1938 has had no effect on temperature; 
then it is also unHkely that the 15 ppm released before 
1938 had any effect either. Therefore the total CO2 in­
crease due to fossil fuels of about 60 ppm or 21%, wMch 
is now calculated to produce an eqtuHbrium warming of 
at least 0.83°C (assumes 3° for a CO2 doubHng), pre-
sum.ably stiU Hes ahead, even if we stop burning fossil 
fuels today. (Note: the calculated equiHbrium warming 
is nearly doubled if the other greenhouses gases such are 
methane, nitrous oxide and ozone are included.) 

Figure 5 was prepared to iEustrate this problem: it is 
a plot of the NH temperature data from figure 4 versus 
the atmospheric concentration of CO2 at the time of the 
observation. The CO2 concentrations used are those com­
puted by the model of Pearman (1980) which assumed 
a preindustrial level of 290 ppm and used the fossil fuel 

CO2 emission data of Rotty (1979) and the Mauna Loa 
observations as controls. This figure makes it clear that 
essentially all of the warming of the past 135 years had 
occurred by the time the first quarter of the fossil fuel 
CO2 had been added to the atmosphere and that the ad­
dition of the remaining three quarters of the fossil fuel 
CO2 has had virtually no effect. Adding a lag for the 
thermal inertia! of the oceans, as discussed below, simple 
pushes the warming farther in advance of the release of 
the fossil fuel CO2. Again, inclusion of the other green­
house gases increases the discrepancy. 

"Too jfo"" 320 330 340 350 
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Figure 5-Plot of NH temperature data from Fig. 4 versus 
the atmospheric concentration of CO2 at the time of the 
observation based on Pearman's (1980) model. 

The current explanation as to why we cannot identify 
the effect of fossil fuel CO2 in the temperature record 
is the thermal inertia of the oceans. It has now been 
recognized that the atmosphere cannot warm until the 
underlying surface warms. But the impUcation drawn is 
that the ocean surface cannot warm until much of the 
deeper ocean is warmed. The time lag required to do 
this is decades to centuries and this is presumed to be 
what is delaying the onset of a surface temperature rise 
due to fossil fuel CO2. 

Figure 6 from Hamon and Godfrey (1976 p . 33) shows, 
as the typical temperature distribution in the ocean, a 
cross section along the 170''W meridian in the Pacific 
Ocean as a function of latitude and depth. Note how the 
warm surface water appears as a thin lens capping a very 
cold ocean. The thickness of the surface wind- and wave-
stirred mixed layer varies seasonally and latitudinaEy and 
averges about 50 meters. Below it is the thermocline with 
a rapid drop in temperature to that typical of the vast 
bulk of the ocean. Below a few hundred meters depth the 
oceans are everywhere and always (relatively speaking) 
only a few degrees above the freezing point, which for 
sea water is about -2°C. 

Figure 6 makes it obvious that the ocean surface can 
be warmed without warming the ocean to great depth. 
Physically, warming the ocean from above is like cool­
ing the atmosphere from below—as soon as the process 



begins, the affected surface layer becomes progressively 
decoupled from turbulent mixing with the rest of the fluid 
due to differences in density aond, the further the process 
progresses, the greater the inhibition of any mixing or 
overturning. 

Figure 6-North-south section of water temperature [°Cj 
in the Pacific Ocean approximately along the 170°W merid­
ian (from Hamon and Godfrey, 1975 p . 33). 

Each winter as polar sea ice is formed, dense cold 
brine is squeezed out of the ice and, being the densest 
water in the ocean, sinks to the bottom—unless diluted 
sufficiently en route. It is this process which has fiEed 
the oceans with water near the freezing point. And this 
process wiE continue as long as sea ice forms in winter at 
either pole. It is currently estimated that this so-called 
bottom water is formed at a rate sufficient to push the 
existing waters of the oceans upward at an average rate 
of 4 meters per year. The water sinking at the winter 
pole is replaced by warm, surface water moving in from 
lower latitudes. This constitutes the so-caEed thermoha-
line circulation since it is driven by density differences 
due to differences in both temperature and salt content. 

The warm lens of surface water overlying the cold 
oceans is due to the absorption of solar radiation by the 
oceans. The surface layer of the oceans strives to balance 
absorbed solar radiation with energy losses in the form of 
sensible heat and latent heat of water vapor evaporated 
into the atmosphere and black body IR radiation, most 
of which is reabsorbed at some level within the atmo­
sphere. The temperature of the mixed layer accordingly 
undergoes a seasonal cycle which lags the sun in each 
hemisphere by about 30 days. The range between sum­
mer and winter temperatures is shown in figure 7 from 
Panjilova (1972). It is largest in a belt near 40° latitude 
and is greatest in the North Pacific where it reaches 14°C 
in a smaE area below Kamchatka. As the temperature 
in these bands rises in the spring, a new shallow mixed 
layer of only 20 to 30 meters depth forms and gradually 
deepens as the sunumer gives way to faU and winter. 

This warm mixed layer is less dense than the water 
below. Thus they can be mixed only by mechanical force 
such as wind stirring. If the surface layer were to be made 
warm.er, as from increased CO2, it would resist mixing 
with the colder water below even more strongly. There 
appears to be no mechanism here to delay the heating of 

the mixed layer of the ocean much beyond the 30 days 
by which the temperature of the mixed layer is observed 
to lag the sun. 

Figure 7-Map of the seasonal range in sea surface tem­
perature in degrees C (adapted from Panfitova, 1972). 

Even if there is such a lag mechanism, unless it ex­
ceeds a century, it should not have prevented warming 
from the biospheric pulse of CO2 from becoming appar­
ent by now. Thus, if the model estimates are correct, 
then the warming of 0.3 to 0.6°C since The Little Ice Age 
(1430-1850 AD) must have been due to the biospheric 
pulse of CO2 from forest clearing. So far as I am aware, 
only SaHnger of New Zealand has so far suggested such a 
connection. However, you can be certain that more and 
more people wiU jump on this band wagon unless they 
can somehow make the biospheric pialse of CO2 go away. 
Why? Because, uidess a warming due to the biospheric 
CO2 pulse of 90-180 GtonsC can be identified, there is 
very Httle reason to beHeve what our cHmate models are 
now telHng us about the effect of the fossil fuel pulse of 
CO2 which has now reached about 180 GtonsC. 

Is the warming since The Little Ice Age due to the 
biospheric pulse of CO2? I don't know. And I have so 
far been unable to think of a way in which the question 
can be answered definitively. I do not beHeve that it was 
due to CO2, or at least not entirely due to CO2, for at 
least three reasons: 

1) I see no reason for ocean surface warming to lag 
more than a few years behind a flux increment and thus, if 
the warming we have detected was due to the biospheric 
CO2, why have we been unable to detect any warming 
from the fossil fuel CO2? 

2) Warming of the present cHmate appears to be pos­
sible without increased CO2. Both the CHmatic Opti­
mum, centered about 6,000 years ago, and the Medieval 
or Little Optimum, centered about 900 years ago, are be­
Heved to have had mean surface temperatures 0.5 to 2°C 
warmer than that of today. While we do not know what 
caused these warmer periods, there is at present no rea­
son to beHeve that the levels of CO2 in the atmosphere 
then were different from its preindustrial value. 

3) Perhaps the most persuasive reason is the dras­
tic differences between the predicted and observed pat-



terns of temperature change. The warming up to 1940 
was a minimum near the equator and a maximum near 
the poles but in most other respects differed from what 
present models predict for increased CO2. AE observed 
patterns of surface temperature change, including that of 
1881 to 1940, display cellular patterns of both warming 
and cooHng; with very few exceptions the models predict 
uniform monotonic warming for increasing CO2. Accord­
ing to the land observations the NH warmed much more 
rapidly than the SH from 1881 to 1940; the modds indi­
cate no such hemispheric assymmetry. The major frac­
tion of the NH land data warming occurred in a discrete 
step of about 0.4°C between 1919 and 1921. A 7-year 
running average of the data in figure 4, presented in fig­
ure 8, iEustrates this point. This is not at all the type of 
warming the models have led us to expect from a steadily 
increasing concentration of a greenhouse gas. 
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Figure 8-Plot of 7-year running average of the data in 
Fig. 4. 

There is another point to be made from figure 8. We 
have heard much recently of how the climatic change pre­
dicted from increased CO2 will be so rapid that both man 
and the natural biosphere wiE have trouble adjusting. 
Has anyone heard of any particular hardships caused by 
the apparent 0.4° C jump in NH land temperatures essen­
tially between 1919 and 1921? To my knowledge, only a 
few of the speciaHsts who have pored over the data are 
even aware of this abrupt "cHmate change" of this cen­
tury. 

While I am on this subject, I feel I should point out 
that one of the strongest supporters of the contention 
that the warming of the past century has been due to 
man-produced CO2, Mikhail Ivanovich Budyko of the 
USSR State Hydrological Institute of Leningrad, has bro­
ken with most of his coEeagues. While he still beHeves 

that doubled CO2 wiE lead to a global warming of 3°C, 
he no longer beHeves this wiE be a climatic castastrophe. 
It is his view, that while global warming wiU initiaUy 
be accompanied by some drying in mid latitudes, as the 
warming progresses, continental rainfaU will increase al­
most everywhere and the planet will be a better place to 
live and produce crops for aE of us. Rather than slow­
ing the release of CO2, he proposes that we speed up the 
process to hurry over the possibly unfavorable transition 
period {Budyko and Sedunov, 1988). 

D . D I A G N O S I S O F T H E A P P A R E N T A N D 
P O S S I B L E M O D E L D E F I C I E N C I E S . 

I beHeve there are many reasons to be skeptical of 
the magnitude of the warming now being computed for 
the cHmatic effect of doubled CO2. The most important 
ones are related to specific deficiencies which I see in the 
models and which I wiE discuss individuaEy. Later I wiU 
summarize some more general problems which have been 
noted in the models. 

1. Incorrect HandHng of Tropical Convection. 

Over the approximately half of the Earth 's surface 
constituting the tropics—roughly between 30° N and 30° S 
latitude—essentiaEy aU precipitation .occurs in deep con­
vection ceEs such as occur in the ITCZs (Intertropical 
Convergence Zones), monsoons, tropical cyclones (hurri­
canes, typhoons, etc.), easterly waves and orograpMcaEy 
induced thunderstorms. The first two of these, the ITCZs 
and monsoons, constitute the updraft leg of the Hadley 
circulation which is a zonaEy symmetric planetary scale 
circulation with strong rising motion concentrated in rel­
atively narrow bands near, but displaced from, the equa­
tor and slow broad scale sinking motion or subsidence on 
either side covering the trade wind regions of both hemi­
spheres and concentrated in the eastern and equatorward 
portions of the so-caEed subtropical anticyclones. 

Each of the above types of deep convection, on their 
own space scales, sweeps the warm moist air from the 
atmospheric boundary layer covering the tropical oceans 
and concentrates it into single ceEs or narrow bands of 
ascending air. If dry, the ascending air would cool at 
the so-called adiabatic lapse rate of 10°C/km (lapse rates 
any greater than this are staticaEy unstable and wiE au-
tomaticaEy cause overturning, Hke a layer of water on top 
of oil). But when saturated with water vapor, this cool­
ing leads to condensation of the water vapor and release 
of latent heat reducing the rate of cooHng to approxi­
mately 6.5°C/km. This so-called moist adiabatic ascent 
is at very nearly the average lapse rate observed in the 
atmosphere—which in turn provides evidence that this 
is the mechanism, that leads to the lapse rate which we 
observe throughout most of the troposphere. 

In deep convection, however, the latent heat, released 
as water vapor is condensed and precipitated back to the 
surface, is not mixed into the atmosphere at the level 
at which condensation occurs. Instead, the latent heat 
merely supplies the buoyancy which keeps the convective 
bubble or plume rising until it reaches a level in the atmo-



sphere at which it is gravitationally stable, that is, that 
has the same density as the rising plume. While iner­
tia may cause some overshooting of this level, the plume 
will soon settle back and spread out at its equilibrium 
level. The spreading tops of the convection ceEs or thun­
derstorms are visible as the so-caEed anvils of the thun­
derstorms. Around the convective updraft there wiU be 
volume conserving descent or subsidence, extending from 
the level at which the plume ceases to rise and spreads 
out horizontaEy, aE the way down to the level from which 
the updraft started. This descent wiU occur under dry 
adiabatic conditions; that is, it wiU warm at the rate 
of 10°C/km, unless there are water drops present which 
can be evaporated. It is this mechanism which actually 
warms the atmosphere in regions of convection. Since 
the area of downdraft is very much larger than the area 
of ascent, the downward displacement for each individual 
convective plume is quite smaE. However, the process is 
cununulative. Each convection ceU adds to the process, 
so eventuaEy, most of the tropical troposphere above the 
trade wind inversion is fiEed by air that has subsided 
from the altitude of the anvil tops of the deep convective 
ceEs. Since temperatures at that level are very low, -50 
to -90° C, this subsided air is very dry. 

What does this have to do with the climatic effect 
of increased CO2? The cHmate models predict that in­
creased CO2 wiE lead to surface warming and since warmer 
air can hold more water vapor, they predict a faster evap­
oration of water vapor, an acceleration of the hydrological 
cycle leading to more precipitation and a general increase 
in the amount of water vapor in the atmosphere; that is, 
a deepening of the greenhouse blanket due to water va­
por. As pointed out above, this is expected to a«ipHfy 
the greenhouse effect of increased CO2 alone by a factor 
of 3.2. But over the tropics, which is approximately half 
of the total area of the globe and where essentially aE 
precipitation occurs in deep convection, acceleration of 
the hydrological cycle also means acceleration of the sub­
sidence surrounding the deep convection ceEs—possibly 
including the global scale Hadley circulation. Any in­
crease in water vapor in this part of the atmosphere wiE 
be restricted to the boundary layer and that smaE part 
of the area occupied by the ascending convective plumes. 
Over the vast bulk of the tropics the stronger subsidence 
is more Ukely to lead to a drier tropical troposphere or a 
thinner, rather than thicker, greenhouse blanket of water 
vapor. Thus, over this half of the globe, which is also 
the warmest and most moist half, the feedback from wa­
ter vapor is Hkely to be negative rather than positive. It 
certainly does not appear Hkely that the expected more 
than 3-fold ampHfication by water vapor of the added 
CO2 greenhouse effect wiU occur here. 

Figure 9 {Prabhakara et at, 1985) presents obser­
vational data from satelHtes showing that the acceler­
ation of the hydrological cycle and/or Hadley circula­
tion in the eastern tropical Pacific during the El Nino 
of 1982/83 produced exactly the moisture distribution 
changes I have described—i.e., a deeper moist layer (in­
crease in precipitable water) in the enhanced ITCZ area 
near the equator and shaEower moist layers (decreases 

in precipitable water) over the remaining tropical lati­
tudes of both hemispheres. Such a distribution of ver­
tical motion and precipitation anomalies was also found 
by Nicholson (1986) over Africa in those years which she 
classified as "stronger Hadley-type". 

Figure 9-Map of January 1983 anomalies in precipitable 
water [g/cm^] with respect to the 3-yr mean 1979-81. 
Positive areas hatched (from Probhakara and Short, 1985). 

It is also of interest to note that the integrated up­
ward IR flux at the top of the atmosphere, particularly 
in winter, peaks in the subtropics rather than at the 
equator. That is, IR emission can escape to space from 
lower and warmer altitudes because of the reduced optical 
thickness of the overlying column of water vapor which 
occurs in the Hadley downwelHng region of the subtrop­
ics compared to that near the equator {Charlock, 1984). 
Any strengthening of this subtropical downweUing would 
restdt in enhanced emission to space from an even lower 
and warmer top of the moist layer in these latitudes. 

As the above analysis indicates, any acceleration of 
the hydrological cycle in the tropics should augment the 
already sharp contrasts in precipitation observed there. 
That is, the wet regions should become wetter and the 
dry regions drier. However, any decrease in the precipita­
tion in the dry regions should be far more noticeable than 
sHght increases in precipitation in the wet regions. This 
analysis leads to the conclusion that cHmatic changes 
such as the present SaheHan drought may be the first 
detectable evidence of cHmatic changes induced by in­
creased CO2 {EUsaesser, 1987). Current cHmate model 
results tend to support this. They show generaEy an ac­
celeration of both the hydrological cycle and the Hadley 
circulation for a doubHng of CO2 and they aE produce 
quite similar latitudinal profiles of percentage change in 
precipitation versus latitude. In the annual mean, the 
latter are peaked at the equator, show minima or even 
negative changes in subtropical latitudes of both hemi­
spheres and then increasing percentage increases toward 
the poles. Thus, the cHmate models compute at least 
part of the cHmatic change from increased CO2 by accel­
erating the intertropical convergence of the ITCZs even 
though they do not handle the convection within these 
circulation systems very well. 

However, since the Hadley circulation is presum.ably 
driven by surface frictional drag on the trade winds; if 
increased CO2 reduces zonal winds, as most models pre­
dict, the Hadley circulation itself wiE more Ukely decrease 



than increase as predicted by the models, even if the hy­
drological cycle is accelerated. Available evidence seems 
to indicate that the Hadley circulation was stronger dur­
ing the period of stronger zonal winds of the last ice age 
and weaker during the warmer than present Altithermal 
of 6,000 YBP. Separation of the separate driving mech­
anisms of deep tropical convection and the Hadley cell 
is a problem which there is no hope of resolving until 
m.odels are able to handle deep convection in a physicaUy 
reahstic manner. However, in two pubHshed studies of 
the energy balsince of the equatorial trough, Riehl and 
Malkus (1958, 1979) concluded that the mass updraft in 
deep convection is at least twice that of the mean flow 
or Hadley updraft and that the excess is compensated by 
broadscale dry adiabatic descent and by near-cloud down 
drafts which are, at least in part, moist adibatic. 

2. Overestimation of the Warming of the Tropical 
Oceans. 

In their analyses of recent doubled-COg experiments 
with GCMs (General Circulation Models), Schlesinger 
and Mitchell (1985) noted that most of the models com­
puted a warming of 2°C over the tropical oceans but 
that the GISS model {Hansen et ol., 1984) computed a 
waxmimg there nearly twice as great. I beHeve the prob­
lem is far more serious than the mere disagreement among 
the models, which in itself is adequate reason for concern 
on this point. 

The important point to remember is that the atmo­
sphere cannot be warmed unless the underlying surface is 
warmed first. The present tropospheric lapse rate is much 
shaEower than can be maintained by radiation transport 
alone. This m.ean8 that each layer of the troposphere is 
now emitting more IR radiation than it absorbs from the 
overlying and underlying layers, including sunHght, and 
would therefore cool if radiation were the only process 
operating. AE models since that of Manabe and Striek-
fer (1964) compute a net radiative loss of energy from the 
lower atmosphere due to the three principal radiatively 
active gases in the atmosphere; water vapor (H2O), car­
bon dioxide (CO2) and ozone (O3). The net radiation (so­
lar plus IR) tends to show cooHng throughout the tropo­
sphere, except below surface inversions in high latitudes, 
ranging up to 2.5°C/day and averaging 1.2°C/day for the 
whole troposphere per Dopplick (1979). This cooHng is 
not uniform but shows a maximum in a 2-km thick warm 
moist surface layer extending over 30 to 50 degrees of 
latitude which migrates seasonaEy with the sun and an­
other maximum in a nearly continuous layer near 11 km 
which is relatively uniform but does show a maximum 
at the summer pole and a minimum at the winter pole 
{Charlock, 1984). The apparent global mean radiating 
layer near 6 km. and a temperature of 255 K mentioned 
eaxHer is, obviously, in reaHty more structured. 

For our principal greenhouse gas, water vapor, Do-
herty and Newell (1984) computed that the rate of ra­
diative cooling increases throughout the troposphere as 
water vapor is increased to about 1.5 times the present 
level and, above 850 mb, the rate of cooling continued 

to increase up to the highest water contents tested, even 
though the changes were quite modest for a range of pre­
cipitable water content of 0.2 to 2.2 times the present. 
The only reason that additional CO2 does not also in­
crease the tropospheric cooHng rate is that increased CO2 
is uniformly mixed up into the stratosphere where there is 
a temperature inversion, i.e., temperature increases with 
altitude. While the increased CO2 causes a cooHng at 
these levels, it stiE results in an increase in the down­
ward IR flux to the troposphere. 

This analysis clarifies why the surface air cannot be 
warmed until the underlying surface is warmed. It also 
impUes that , in contrast to current practice, climate mod­
els designed to compute surface air temperature changes 
should focus their attention on the lower boundary, par­
ticularly the surface or mixed layer of the oceans. 

On a global basis, doubHng the atmospheric content 
of CO2 alone leads to an increase in IR flux to the surface 
of 1 to 1.5 W/m^. (As pointed out above, this is actually 
a decrease in net outgoing flux from the surface.) In the 
tropics, Kiehl and Ramanathan (1982) computed almost 
no increase because the moist surface layer is already es­
sentiaEy opaque to IR radiation due to the continuum 
absorption by water vapor. In addition, as temperatures 
rise, an increasing fraction of any enhanced flux to the 
surface wiE be used to evaporate more water from the 
ocean as opposed to raising the temperature of the wa­
ter. 

From a study of maximum temperatures attained by 
plant foHage and the surface waters of tropical oceans, 
Priestley (1966) deduced that there should be a "rather 
sharply defined upper Emit to which air temperature 
wiU rise above a weU watered surface". Using monthly 
averages of daily maximum temperatures he identified 
the Hmiting temperature for land stations which had not 
exhausted their soil moisture as about 92°F (33.3°C). 
Priestley and Taylor (1972) found that the Bowen ratio 
(ratio of sensible to latent heat flux from the surface to 
the atmosphere) decreased monotonically with increas­
ing temperature, suggesting that sensible heat flux be­
came negative (flows from the atmosphere to the sur­
face) at temperatures above about 32° C. A reversal of 
the heat transfer between pla&t leaves and the air in the 
vicinity of 33°C (i.e., heat moving from the air to the 
plant at temperatures above 33°C) was reported earHer 
by Linacre (1964). A review of the Bowen ratio data by 
Brutsaert (1982 fig. 10.3) placed the apparent sign rever­
sal near 30°C. Newell and Dopplick (1979) sought to il­
lustrate the physics of this situation. Holding the surface 
atmospheric conditions fixed at 27° C and 65% relative 
humidity, they computed a requirement of 30 W/m^ in­
cremental flux to warm the water 1°C. This paper has 
been widely and vehemently condemned as unrealistic 
for not aEowing the air to warm and to increase its water 
vapor content. Since then, two papers have come to my 
attention which estimated the thermal inertia of the sur­
face waters of the eastern Mediterranean {Assaf, 1983) 
and of the Tropical Pacific {Niiler, 1981) to be 40 W/m^ 
per degree C. (Professor Newdl told me that , since the 
cited paper appeared, he and his coEeagues have been 



essentiaUy black baUed by those alloting climate research 
funds. It is my impression that the paper aroused great 
animosity in the cHmate research community—almost as 
.great as that aroused by the papers of Idso {Luther and 
Cess, 1985)). 

Flohn (1982) stated: "Above warm heated waters, 
the air is heated from below and thus unstable, water 
vapour is transported rapidly upward with atmospheric 
turbtdence and the relative humidity cannot increase above 
a certain threshold (near 78 percent)," and that due to 
"the exponential increase of saturation vapour pressure 
with SST: above about 29C (at a maximum 29.5C) the 
available net radiation—see Hastenrath and Lamb (1978, 
19[79])—is no longer sufficient to maintain the process of 
evaporation." 

The palaeocHmatologists, Matthews and Poor (1980), 
proposed the working hypothesis that the surface tem­
peratures of the tropical oceans are tied to the solar 
constant and have maintained their present values back 
even through the Cretaceous—the period of warmest ter­
restrial cHmate yet documented {Barron et at, 1981). 
In their reconstruction of the climate of 18,000 YBP, 
CLIMAP (1976,1981) found very Httle change in tropical 
ocean surface temperatures other than that attributed to 
stronger Chile and Benguela ocean currents and stronger 
equatorial upwelHng. 

AU of these various types of information make it ap­
pear extremely unHkely that doubUng the atmospheric 
concentration of CO2 will cause tropical ocean SSTs to 
warm by as much as 2°C, much less 4°C as predicted 
by the GISS model {Hansen et al, 1984), particularly 
since continuum water vapor absorption wiE prevent any 
significant increase in net downward radiation over these 
oceans from increased CO2 {Kiehl and Ramanathan, 1982). 

3. General CHmate Model Deficiencies. 

Below is offered a general disgnosis of the causes of 
some of the problems with the models cited above. These 
are at best educated guesses and could only be substan­
tiated, if at aU, by substantial additional model experi­
ments. They are offered primarily as a stimtdus to attract 
additional attention to this important problem. They 
are based primarily on comparative analyses of the four 
principal GCM models analyzed by Crotch (1988); i.e., 
the GCMs of the modeUng groups at NCAR, i.e., the 
CCM {Washington and Meehl, 1984), GFDL {Manabe 
and Wetherald, 1986; Manabe et al, 1981), GISS {Hansen 
et al, 1984) and OSU {Schlesinger, 1982). 

a. Convection and Sumjner Precipitation.-One rather 
broad generaHzation is that the models, as noted above, 
do not handle atmospheric convection, particularly deep 
convection, at all weU. This shows up in the mainly 
convective precipitation of summer. To varying degrees 
(OSU most, GISS least) the models underestimate con­
vective precipitation generaEy, as in the South Pacific 
Convergence Zone (which if Jaeger (1976) and Schutz and 
Gates (1971,1972) can be beHeved, is even stronger in the 
SH winter than in summer) but particularly over land in 

summer. Outstanding examples of deficits in summer 
precipitation occur over Central America and north and 
central South America, over the Caribbean in general and 
along the Antarctic Convergence. On the other hand, the 
models tend to overestimate summer precipitation over 
continents. In their disgnoses of the GISS models Strauss 
and ShuMa (1988a,b) and Rind (1988) frequently note 
that the discrepances with observations are greater in 
summer and that continental precipitation is excessive in 
summer by a factor of 2. After experiments with models 
of different space resolutions, EintI (1988) reported: "Our 
true uncertainty in climate sensitivity is probably of the 
order of 100%, ..." 

b. Radiation Errors Suggested by Continental Sununer 
Temperatures.-A second broad generaHzation is that the 
models are quite diverse in their handling of radiative 
transport and in so far as they disagree in this respect 
they are probably aE in error since no single model stands 
out as better than the others in this respect. The strongest 
evidence here is the poor agreement in computed land 
temperatures in summer (see Grotch, 1988). In as much 
as the model agreements in sea surface temperature and 
in land surface temperatures in winter are m.ore or less 
imposed by the essentially prescribed ocean temperatures 
on the one hand and the strong latitudinal tem.pera-
ture gradients in the winter hemisphere on the other, 
the above weakness of the models is particularly discour­
aging. Hansen et al. (1988) pointed out, that despite 
the overall lesser variabiUty of the models compared to 
observations—particularly in the upper troposphere and 
stratosphere, the models show unreaUsticaUy large sur­
face temperature variabiHty over the continents in sum­
mer. "The largest fiiscrepancy in the [GISSj model is 
the overestimate of variabiHty in continental areas dur­
ing summer, with the model yielding a variabiHty about 
twice as large as in the observations" {Hansen and Lebe-
deff, 1987; Hansen et al, 1988). 

Additional evidence for this particular type of error 
is provided by the positions and intensities of the con­
tinental summer heat lows. Both the CCM and GFDL 
models compute excessively strong continental heat lows, 
particularly over Australia (the smaUest continent) and 
they also place the N. Am.erican heat low in the eastern 
rather than the southwestern US (far east and north of 
its observed position). This latter error, in particular, 
would appear to be clearly due to errors in the radiation 
calculations, possibly m.ediated by errors in water vapor 
and soil moisture distributions. 

This comparative analysis of the results of the 4 prin­
cipal GCM models tends to cast doubt on the validity of 
the GFDL {Manabe et at, 1981) prediction of reduced 
soil moisture in mid-latitudes as a result of doubled CO2. 
As shown in Grotch (1988 figs. 6-7, 6-8 and 6-9), for 
the land areas of Africa, Western Europe and the US, 
only GFDL computed a decrease of precipitation in sum­
mer for doubled CO2. But as shown in Grotch (1988 
fig. 5-17), GFDL also predicted the largest warming for 
NH land areas in summer and particularly over N. Amer­
ica and the US. These higher summer temperatures will 



strongly affect soil moisture levels as weU as vice versa. 
However, there is Httle room for complacency here. That 
is, while the predicted decreases in soil moisture in mid-
latitudes may not be beUevable, both the models and 
theoretical analysis suggest greater aridity in the already 
dry subtropics with increased CO2 {EUsaesser, 1987). It 
should be noted that in discussions of soil moisture, few 
of the contributers on this subject have discussed, or even 
mentioned, the tendency of enhanced CO2 to reduce the 
degree or daily period that plant stomata are open and 
thus to reduce evapotranspiration and the plant's water 
needs. TMs is particularly surprising since the theoretical 
basis for this effect is just as strong as that for enhance­
ment of the greenhouse effect and the supporting exper­
imental evidence is for greater {Idso and Brazel, 1984; 
Idso, 1988). 

The OSU model appears to stand out in placing the 
subtropical anticyclones, or at least the areas of minimum 
precipitation usuaUy associated with them, over, rather 
than to the west of the subtropical continents. The cause 
for this is not apparent but may again be a result of the 
improper calculation of radiative transport as suggested 
above. 

c. Strong Band of Warming at 65°S.-A third serious and 
general problem is revealed by the strong bands of 
warming-—even in summer—computed for a doubHng of 
CO2 at approximately 65° S by aU of the models except 
OSU. For the NH summer all models computed a dou­
bled CO3 warmng of less than 2°C at the North Pole 
(see Grotch, 1988 fig. 5-4), yet in the SH summer (DJF) 
they computed wannings of 4 to 8°C at 60 to 70°S (see 
Grotch, 1988 fig. 5-3), a region where the current annual 
range in temperature is held to about 1°C due to the 
deep oceanic overturning in this area. This error sug­
gests that the control model computed excess ice cover 
which melted with doubled CO2. 

d. Disagreement with Observations.-In addition to the dif­
ferences in predicted and observed changes pointed out 
above, the more detailed observations of changes in atmo­
spheric structure observed since 1957 show even stronger 
departures from the uniform monotonic polax-ampUfied 
type of warming suggested by the models. This is per­
haps most apparent from Angell's (1988) analyses of up­
per air sounding data. During this later period, again 
the SH warmed more than the NH at the surface. How-

^ ever, most of the wanning has been in low latitudes and 
Antartica such that the equator-to-pole temperature gra­
dient increased in the NH while decreasing in the SH. In 
the mid to lower troposphere (850- 300 mb) the merid­
ional temperature gradient also increased in the NH while 
remaimng essentially unchanged in the SH. During the 
most recent 15 years, 1973-87, Angell's (1988) data i n ^ -
cate surface warming in aU cHmatic zones except the two 
polar zones; i.e., cooHng occurred in those zones where 
"greenhouse" warming is computed to be a maximum. 
TMs resulted in an increase in meridional temperature 
gradients in both hemispheres in this significant layer of 
the troposphere, again contrary to the expected effect of 
increased greenhouse gas. 

Even more troubling is Angell's (1988) finding of cool­
ing in the 300-100 mb layer, particularly in the tropics 
where this layer in within the upper troposphere and 
where the models generaUy compute greater warming 
than at the surface. This has been cited as a "signifi­
cant discrepancy" by several researchers even though An-
geU (1988) himself caUed it a "neutral finding." 

4. The Turf Factor. 

You are aU no doubt aware of the tendency for each 
profession to find the solution to problems to lie within 
its own area of expertise, i.e. within its own turf. The 
CO2 problem has actuaUy been taken over by a specialty 
within a specialty—the specialists in radiation transport. 

This is not particularly surprising. Radiation trans­
port is a complex subject requiring a huge volume of 
detailed physical data of various types and specialized 
mathematical methods. Even now there are compara­
tively few speciaHsts capable of reworking the CO2 prob­
lem from first principles. Those who were able to do so 
were given m.ajor roles in cHmate model development and 
for the most part emerged as the spokesmen of the cH­
mate modeHng effort. This in itself would not be bad 
except that the training requirements for exceUing in the 
field and the demand for their special talents in most 
cases left Httle time for becoming comparably fanuHar 
with the other important meteorological and climatic pro­
cesses. As a corroEary, many meteorologists, even though 
they have strong reservations about the model predic­
tions, have rem.funed silent rather than reveal, or be ac­
cused of, ignorance with regard to radiation transport. 
This combination of circumstances has led to a tendency 
to interpret aE cHmatic processes in terms of radiation 
transport and, in particular, in the on-going cHmatic de­
bate to exaggerate the role of radiative transport com­
pared to other processes of equal or even greater impor­
tance in cHmatogenesis. 

E . T H E P A L A E O C L I M A T I C R E C O R D . 

Based on several types of evidence, but mainly on 
variations in the isotope 
Oxygen-18 in drilHng cores from the ocean floor, the cli­
matic history of the Earth has been reconstructed in con­
siderable detail {Crowley, 1983). 

1. The Last MiEion Years. 

Other than the estimated 10° C cooHng from the Cre­
taceous peak about 100 miEion years ago, the outstand­
ing feature of this history is the waxing and waning of 
continental glaciers over cycles approximately 100 thou­
sand years in duration. These cycles have been asymmet­
ric, involving long periods of staged, multi-step glacial 
buildup—caEed the glacials; which last about 90 thou­
sand years each and are terminated abruptly by rapid 
transitions to warm periods—the interglacials; which last 
about 10 thousand years each. Over the past two million 
years there have been at least 17 such cycles. The peri­
ods and phasing of the more regidar records of the past 
7 of these cycles have appeared (until recently Winograd 



et al, 1988) to be related to changes in received solar 
radiation due to the periodic variations in the Earth's 
orbit around the sun. But the quantitative relationships 
as to how such weak changes, mostly in the seasonal and 
latitudinal distribution of sunHght, can cause such large 
clinaate variations remain a puzzle. These cycles have 
been accompanied by oscillations in the average surface 
air temperature of the Ear th estimated at 3 to 5°C in 
the global average, somewhat less in the tropics and 2 
to 3 times greater near the poles {Crowley, 1983). The 
present interglacial, caEed the Holocene, is believed to 
have begun approximately 11 thousand years ago {Crow­
ley, 1983). Thus, the available evidence suggests that the 
onset of the next glacial is, if anything, overdue. 

2. The Last 10,000 Years. 

The oceanic sediments from which the above cUmatic 
record was derived accumulated at rates of miEimeters 
to centimeters per thousand years, so the records axe 
greatly sm.oothed by the creatures Hving on the ocean 
floor and burrowing in the bottom ooze. Polar glaciers 
buildup ten to a thousand times more rapidly than ocean 
sediments, have few burrowing Ufe forms and also have 
a temperature-indicative variation in Oxygen-18 about 5 
times larger than that of ocean sediments. However, they 
are subject to other sources of confusion of the record— 
melting and glacial flow. StiE, if cores are driEed at points 
perenniaEy below freezing and forming a summit of the 
glacier, any flow should be outward in aU directions so 
the layers below shotdd be subject only to thinning with 
no relative displacement from one layer to the next. 

Ice cores from such sites in both the Greenland and 
Antarctic Glaciers have given us an even more detailed re­
construction of cHmatic history back through the last in­
terglacial, or approximately the last 130 thousand years. 
In addition to the temperature changes indicated by Oxygen-
18, the ice layers record past atmospheric levels of dust, 
radioactive tracers, chemicals such as sulphate, and even 
the greenhouse gases, such as COj and methane. While 
the CO2 levds appear to have varied from about 200 ppm 
during the glacials to 265 to 280 ppm during the inter­
glacials, the e-vidence suggests this is as much a result of 
the temperature changes as a cause of them. 

Such reconstructions of the history of past temper­
ature also show superimposed osciEations about 2,500 
years in duration; with warmer periods centered about 
1,000, 3,500 and 6,000 years ago and colder periods cen­
tered in between them {Crowley, 1983). It was during 
the Medieval Little Optimum, centered about 1,000 years 
ago, that the sea ice m d t e d back in the North Atlantic 
and the Norsemen were able to settle Iceland and Green­
land and may even have reached Labrador. Similarly, it 
was during the foUowing cold part of the cycle, The Little 
Ice Age (usually assigned to 1430 to 1850 AD), that the 
Greenland colony died out and history recorded glacier 
advances and abandonment of farms and viEages in parts 
of Europe. The CHmatic Optimum (6,000 years ago) and 
the Medieval Little Optimum (1,000 years ago) appar­
ently had mean temperatures 0.5 to 2°C warmer than 
today. Since current evidence indicates that CO2 was at 

the preindustrial level during those periods, higher levels 
of CO2 are apparently not needed for the temperature to 
rise above the present level. 

As noted above, in the present cHmatic epoch, there 
have been some seventeen glacial/interglacial cycles and 
the present interglacial is beHeved to have begun approx­
imately 11 thousand years ago. Thus, by present knowl­
edge there is no reason not to anticipate the onset of the 
next cycle of 90 thousand years of glaciation beginning 
at any time. In this connection, I find it remarkable that 
one rarely if ever hears the suggestion that increased car­
bon dioxide in the atmosphere is just what is needed to 
prevent or delay the onset of the next period of glaciation 
which, if anything, is apparently already overdue! Also, 
on the longer time scale (100 milHoa years), the Ear th 
has been cooHng and the atmosphere has been losing car­
bon dioxide. Most plants are not expected to be able 
to sur-vive at CO2 concentrations below about 100 ppm, 
i.e., about half the levels reached during the most re­
cent glacials. Yet no one seems to dare to suggest that 
man might be fertilising rather than fouling his nest, or 
that turning to the consumption of fossil fuels was an act 
of such providencial foresight for the preser-vation of the 
biosphere that it could only have been divinely inspireS. 
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