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 This article develops a theme of climate research begun a year and a half ago [1]. We 

recall that we mathematically analyzed data on carbon dioxide and methane concentrations and 

on temperatures for the last 800 thousand years obtained by drilling Antarctic ice [2, 3]. Using 

standard methods, we calculated self-correlations and intercorrelations for three random 

functions of time, T(t), [CO2](t), and [CH4](t). An essential conclusion in this analysis was the 

observation of a noticeable lag (2.5 to 3 thousand years) of CO2 concentration behind the earth’s 

surface temperature and the CH4 concentration, whose variations turned out to be almost 

synchronous. The distributions of the three variables were also unusual: methane had one 

maximum at low concentrations, temperature had two maximums, and the carbon dioxide 

concentration even had three maximums. But the main maximum in all cases was so dominant 

that the integral difference from a normal (Gaussian) distribution turned out to be small. Further, 

we discussed the hypothesis of the primacy of a massive release of methane during an abrupt 

climate change in the stage of exiting from the ice age. We will yet return to that proposition, but 

the main theme of this paper is different: we attempt to use the drilling data to explain anomalies 

of the current climate, to predict the nearest future, and to elucidate the physical picture of the 

past. 

 The standard analysis of random variables also includes calculating the statistically 

averaged relations between them, the regressions. Of course, they were immediately constructed, 

but the result turned out to be so unusual that we did not publish them, limiting ourself to a 

vague comment. The real reason was otherwise: it remained unclear how to relate the data from 

the last 800 thousand years of climate history to the contemporary warming. Examine the graphs 

in Fig. 1 and judge for yourself. The planetary geography has been almost unchanged for a 

million years: the same location of continents, and also no reason for serious changes in the 

winds and ocean currents. This means that the relations of climate variables characteristic for the 

past should also be manifested in our times. But the CO2 and CH4 concentrations have today 

attained unprecedented levels, respectively 390 ppm and 1800 ppb. If we extrapolate the 

regressions to these values, then the temperature should increase by a minimum of 9–12ºC. 

Warming is in fact occurring, but it does not exceed 1ºC compared with the preindustrial epoch, 

when the CO2 concentration was 280 ppm. Can this discrepancy be explained? 

 



   

 

Fig. 1. Temperature variations for 800 thousand years as (a) a function of CO2 concentration (the red and blue points 

are maximum and minimum temperatures) and (b) a function of CH4 concentration according to data from drilling 

the Antarctic ice.  

 The generally accepted approach to understanding climate variations cannot resolve this 

paradox. The Intergovernmental Panel on Climate Change (IPCC) uses the concept of “climate 

forcing.” The idea is as follows. Suppose that one of the external factors (for example, volcanic 

activity) changes. It is associated with a variation in the insolation constant (the net radiation 

power falling on the earth’s surface), which tends to compensate the occurring change. Just this 

is the forcing provoked (in this example) by volcanic eruptions. The forcing from greenhouse 

gases is calculated according to the contemporary temperature variations. Moreover, it is 

asserted that the contemporary CO2 concentration corresponds to a forcing of only 2 W/m
2
. But 

if we formally estimate the forcing from the Antarctic climate history, then the result turns out to 

be 50 to 60 times (!) higher. The reason for the discrepancy is that the concept of “forcing,” 



invented by meteorologists, lacks a sufficient physical basis. The applicability of forcing would 

be admissible under conditions in which the greenhouse gas concentrations (or volcanic activity) 

increased extremely slowly, over millenia. The greenhouse gas forcing is unable to take the 

dynamics of the concentration increase into account. We here propose a different concept taking 

thermal inertia―the ocean heat capacity, in particular, its warm upper layer―into account. 

 

Average temperature 

We can regard the average temperature of the earth’s surface as the basic characteristic of 

the global climate. In the preindustrial epoch, it was equal to 14ºC.  We let T denote the 

deviation from that initial value. 

Comparing the data from drilling the Antarctic ice with the results of the isotopic analysis 

of sediments in tropical latitudes shows that the polar and tropical temperatures changed almost 

synchronously. Therefore, we can describe the climate with just one quantity in the first 

approximation. With a certain measure of irony, climatologists working with large computers 

call this simplified approach the zero-dimensional climate model. On the other hand, there is 

something to criticize in their approach: a detailed description of the geography of the planet and 

all processes in its atmosphere and ocean not only is enormous but also requires introducing 

many parameters, some of whose values are known only approximately or are generally not 

available for experimental verification. We present a characteristic example. Clouds cover 

approximately half of the Earth’s surface. This is a result of the symmetry of convection: vertical 

currents in cloudy cyclones and in cloudless anticyclones are equal. But here is a simple 

qualitative question: during the Ice Age, was the fraction of clouds more than now, or less? We 

know of no theoretical answer, and actual measurements of cloudiness correspond to a narrow 

temperature range and do not yield convincing results [5]. And to model the past climate or the 

future climate, we need the quantitative dependence. Indeed, clouds affect the albedo of the 

planet not less than the action of the ice caps. Unfortunately, the theory of clouds has not been 

developed sufficiently deeply. In brief, computer climate models turn out to be “nontransparent”: 

it is simpler to construct one more model than to verify the previous one. 

“The average temperature of the hospital” is a well-known joke (indeed, it is high in the 

wards but low in the morgue). Such an assertion has no relation to Earth’s climate. We explain. 

The temperature distribution function must be examined: if it is close to a normal distribution 

with one maximum, then everything is fine, but if not, then the average temperature in fact 

means little. For example, the temperature distribution for the Moon’s surface has two 

maximums. The amount of sunlight reaching the Moon’s surface changes slowly: its bright side 

is heated significantly, and its dark side is able to cool drastically. In contrast, the difference 



between daytime and nighttime temperatures on Earth is not very large, and the Earth’s rotation 

is sufficiently fast. Therefore, not only the temperature deviation with the change of seasons at 

each specific location but also the distribution of temperature by latitude are close to the normal 

law [6]. The average temperature of the Earth’s surface almost coincides with the average 

temperature of the ocean surface; this results not only from the expanse of the ocean surface in 

comparison with dry land but also from the significantly greater heat capacity of water in 

comparison with mountain rocks and soil. 

Perhaps, you notice a certain contradiction between these assertions and your life 

experience: a significant portion of dry land is occupied by mountains, and it is much colder in 

the mountains than at the seashore. But there is no contradiction here. The temperature of the 

Earth’s atmosphere in fact decreases with altitude up to the boundary of the troposphere. The 

adiabatic temperature gradient is 6º to 7º per kilometer of altitude, depending on the humidity of 

the air. Therefore, the decreased temperature of the mountainous regions when averaged at the 

Earth’s surface is brought to sea level, and the average temperature of the dry land is increased in 

comparison with the weather data. In fact, the temperature contrast between the dry land and the 

ocean is not very great. 

The surface of the ocean water is heated by the Sun’s rays and mixed only to the depth of 

about 100 m; the temperature rapidly decreases below that layer. The average temperature of the 

surface is about 14ºC; the ocean depths are substantially colder, only 3ºC. The surface layer is 

warmer than the depths and the atmosphere because it absorbs the largest part of the solar 

energy. Convection conducts the absorbed flux upward; at the boundary of the troposphere, at an 

altitude of 8 to 12 km, it is radiated into space in the microwave region of the spectrum. Because 

nitrogen, oxygen, and argon are transparent for those frequencies, the altitude of radiation is 

determined by the small concentrations of greenhouse gases. Each frequency in the range has its 

own altitude determined by the absorption spectra of CO2, CH4, and H2O vapor. 

There is also heat exchange with the deep ocean waters, which occurs thanks to the 

global thermohaline currents, forming the so-called ocean conveyor belt. It begins with cold salty 

waters sinking near Greenland, flows into the Atlantic deeps, bends around Antarctica, and 

surfaces partially near India but mostly in the North Pacific Ocean. The duration of the complete 

journey is 1.5 to 2 thousand years. The age of the water sometimes reaches even 5 thousand 

years; it is determined by the concentration of the isotope 
14

C. The conveyor current is slow, but 

the sinking of cold water in it is far from stationary. It has both seasonal variations and monthly 

pulsations coming from the lunar tides. The planetary climate has been distinguished by stability 

for the last 6 thousand years, and the heat balance of the conveyor has evidently been close to 

zero all that time. But in the glacial period, the thickness of floating ice in the North Atlantic 



interfered with the cooling of the water and thus significantly lowered the intensity of the 

conveyor [7]. It cannot be excluded that it may have stopped at times, but in any case, the 

connection between the climate and deep ocean currents is undoubted. 

Thus, both the atmosphere and the ocean depths influence the Earth’s climate. But the 

time scales of these actions differ because the heat capacities of the atmosphere and the ocean 

are quantities of different orders.  

 

Climate equilibrium hypothesis 

We return to the climate regressions. According to different estimates, the methane 

molecule absorbs microwave radiation 25 to 100 times more strongly than the carbon dioxide 

molecule, but the CH4 concentration in the atmosphere less than that of CO2 by a factor of about 

300. It would seem reasonable to construct the dependence of temperature on the weighted 

contributions of these gases to the greenhouse effect, and the variance of the data about the 

regression line might then be lessened. But taking another circumstance, the lag of the CO2 

concentration behind the temperature, into account yields a much greater reduction in the 

variance. We consider Fig. 2, where the dependence of temperature on the CO2 concentration 

shifted 3 thousand years forward is shown. We restrict ourself to a period of 785 thousand years, 

taking exactly 8 large Milankovitch periods. Moreover, we smooth the original data, applying a 

moving average with a 10 thousand year period. Of course, part of the information is lost 

(maximums become lower and minimums become higher), but the temporal course of the 

climate is clarified. 

 

Fig. 2. Temperature variation for 780 thousand years as a function of CO2 concentration shifted 3 

thousand years forward. The time dependence is smoothed by a moving average with a 10 thousand 

year period. The red and blue points are temperature extremes. 



This graph gives a basis for proposing that a region of climate equilibrium exists and the 

pair of variables (CO2 concentration and temperature) constantly return to it. In principle, this 

equilibrium can be found theoretically: we should solve the problem of the transfer of 

microwave radiation in the atmosphere quantitatively and understand how the time lag of the 

variables arises. Unfortunately, neither task has yet been accomplished reliably. 

Most likely, the climate equilibrium is determined not only by the concentrations of 

greenhouse gases but also by other variables. The most important of them is solar activity. In 

addition to the direct variation in the solar energy flux, there is effect of the solar activity on the 

flux of cosmic rays reaching the Earth, and this in turn influences cloud formation. 

The climate stability region in the the variables (T, [CO2]) turned out to be strongly 

stretched. We can therefore assume that there exists an equilibrium curve Teq([CO2] eq) blurred in 

a narrow region by other climate parameters that are less essential. The Antarctic drilling data 

allow finding a linear approximation of that equilibrium curve. Indeed, it is just the regression 

line: 

Teq = 0.098[CO2] eq – 27.1ºC, 

[CO2] eq = 10.2(Teq + 27.1ºC). 

Here, the equilibrium concentration of CO2 is expressed in ppm. Of course, we could find 

a quadratic correction to this linear dependence, but such an operation would most likely exceed 

the accuracy. The temperature variance (mean squared deviation of the Antarctic data from the 

regression line) is only 0.38ºC, but the indeterminancy of further extrapolations in the region of 

high concentrations is several times larger. A comparison with the quadratic approximation 

indicates that the extrapolation error can reach 2 to 3ºC. 

The CO2 concentration in the preindustrial epoch (280 ppm) corresponds to a temperature 

increase of 0.3ºC (which is within the error limits). But the contemporary concentration of 390 

ppm corresponds to a temperature increase that is 11ºC (!) higher than the temperature today. 

With such a warming, life in the tropics would become simply unbearable, and even in the 

temperate zones, nothing good could be foreseen. Nevertheless, it does not generally follow from 

so fearsome a conclusion that the concept of climate equilibrium itself is a mistake. The reason 

for the discrepancy becomes clearer in what follows. Qualitatively speaking, the point is that the 

surface ocean waters (not to speak of the depths) simply do not yet “know” that in the last 

hundred years we have burned so much coal, oil, and gas, have spoiled the planetary atmosphere, 

and have thus brought the climate out of the stability region. 

Before we use the regression for concrete calculations, we consider whether the climate 

equilibrium is applicable in the limit cases. First, we conduct a thought experiment: we eliminate 

all carbon dioxide from the Earth’s atmosphere. With [CO2] eq = 0, we obtain Teq = –27ºC. In 



other words, the average temperature of the Earth’s surface would drop to –13ºC. This still does 

not mean that the entire ocean is covered with ice. Even in such a case, a weak greenhouse effect 

will still be supported by residual water vapor, which in fact just provides the small elevation 

over the radiative equilibrium temperature of the Earth, 255 K = –18ºC. We should not rely too 

much on the results of such a distant extrapolation of the regression, but we can consider that our 

thought experiment has a satisfactory conclusion. 

Second, we consider whether the proposed equilibrium is suitable at very high 

temperatures and CO2 concentrations. In the Eocene, 50 million years ago, the planet was 10 to 

15ºC warmer than now. The geography was different then: the Atlantic was half as wide, 

Antarctica was not covered with ice, and the sea level was about 100 meters higher than now. 

Therefore, the climate equilibrium itself could differ significantly compared with the last million 

years. The CO2 concentration in the Eocene is not estimated very reliably: its upper limit is high, 

but the minimum value of about 600 ppm with a stretch falls in the error region [8]. Moreover, it 

cannot be excluded that the cloud cover increased noticeably at such high temperatures, 

increasing the reflection of sunlight. The equilibrium curve Teq([CO2] eq) under such conditions 

should pass substantially below its linear approximation.  

 

Interaction between ocean and atmosphere 

So, we suppose that the climate equilibrium exists. Then a perturbation of it (from any 

source) should relax, i.e., the equilibrium should be approached during some characteristic time. 

In other words, the derivative of the deviation with respect to time should be proportional to the 

negative of the deviation itself. 

We test this hypothesis with the example of the absorption of excess atmospheric CO2 by 

the ocean. With sufficient accuracy, it is known how much coal, oil, and gas the world energy 

sector has annually extracted and consumed since the beginning of the 20
th

 century. These data 

can be easily converted into the potential increase P(t) (i.e., that which would be in the absence 

of absorption) of the carbon dioxide concentration (Table 1). The potential increase P(t) is shown 

in Fig. 3a. The atmospheric CO2 concentration has been measured since 1958 at the top of the 

mountain Mauna Loa on the island Hawaii. The variation of the average temperature T for that 

period is also known. Therefore, all the functions of time are known in the relaxation equation 
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and it remains to find the single numerical parameter, the relaxation time of the atmosphere with 

respect to the absorption of the gas. Its optimum value turned out to be in the range τatm = 25.1 to 



27.5 years, and it can be seen from the numerical solution in Fig. 3b that using this equation is 

acceptable. 

 

Table 1. CO2 emissions from burning fossil fuels 

 

Fuel 

 

Carbon content, 

% 

 

Energy content, 

MJ/kg 

CO2 emitted into 

atmosphere, 

ppm/(Tw·yr) 

coal 89 27 0.74 

oil 81 46 0.39 

gas 75 55 0.30 

 

Certainly, there can be some doubt about the applicability of the direct equilibrium for 

calculating contemporary CO2 concentrations. The point is that the atmospheric relaxation time 

we obtain is not very large and the Antarctic data reflect a much slower process, which moreover 

leads to a lag of the CO2 concentration behind the temperature. But we have not yet been able to 

formulate another approach. 

The analogous relaxation equation for the surface temperature works with more 

confidence: 
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Here, τOS is the sought relaxation time for the ocean surface waters. The quantity w(t) multiplied 

by the heat capacity COS of the 100-meter surface layer is the magnitude of the energy exchange 

of the ocean surface with the atmosphere and the ocean depths. 

 

 



   

 

Fig. 3. Change in atmospheric CO2 concentration: (a) Potential increase P(t) of the concentration as the sum of the 

results of burning coal, oil, and gas plus actual CO2 changes per year; (b) Monthly data measured on Mauna Loa and 

the results of numerical integration of the gas relaxation equation for two values of τatm. 

Relaxation equations are easily integrated in general form. But before we compare the 

calculation results with the data, we attempt to obtain a coarse estimate of the time τOS. Heat 

exchange occurs between the ocean surface and the atmosphere, and because their heat 

capacities COS and Catm differ in order of magnitude, their relaxation times also differ:  

 .30
mc

mc

C

C
~

atmN

OSOH

atm

OS

atm

OS

2

2 



 

The mass of the atmosphere is 5.2·10
18

 kg, the mass of the 100-meter ocean layer is 

3.6·10
19

 kg, and the ratio of the specific heat of water OH2
c  and of air 

2Nc is 4.01. The inaccuracy 

of this estimate comes from substituting the gas relaxation time obtained from the dynamics of 

the CO2 concentration for the characteristic time of the heat exchange. Such an estimate should 

be used with caution: we will assume that τOS ≈ 10
3
 years only in order of magnitude. 



Incidentally, a thousand years is in fact about the length of time for one turnover of the ocean 

conveyor belt. 

We make one more estimate, which is important for understanding the further results. 

The average depth of the world ocean is 3.8 km, and its heat capacity and characteristic thermal 

relaxation time is therefore approximately 40 times τOS. We note that this estimate, by 

coincidence, turns out to be close to the small Milankovitch period (40 thousand years), which he 

calculated from the variation of the Earth’s orbit. But there is one more coincidence: in the 

absence of heat loss, the heat flux from the ocean bottom (1 w/m
2
) would raise the ocean 

temperature by 8ºC during that period, which in fact corresponds to the temperature range during 

the Pleistocene. 

In summary, the hierarchy of times is as follows: the atmosphere, shifted from 

equilibrium, returns to the stability region during a period on the order of 20 to 30 years; the 

ocean surface relaxes a perturbation over a period of a thousand years; and the whole ocean 

responds to a slow action in 30 to 50 thousand years. External, astronomical perturbations have 

the Milankovitch periodicity. In the relaxation equations, all the complicated processes of energy 

transfer are summarized in the one function Teq([CO2]eq), which we found in the linear 

approximation. A million-year experiment of Nature itself stands behind its seeming simplicity.  

 

Contemporary warming 

Data on the average temperature of the Earth’s surface are published monthly on the 

Internet (see http://data.giss.nasa.gov/gistemp/tabledata/GLB.Ts+dSST.txt); the temperatures are 

known with less accuracy since 1880. Monthly data on the carbon dioxide concentrations are 

available beginning in 1958 (see ftp://ftp.cmdl.noaa.gov/ccg/co2/trends/co2_mm_mlo.txt). 

With the exception of the last few decades, the temperature changed insignificantly. The 

reason for the climate stability is evidently that the ocean conveyor belt did not influence the 

surface temperature in recent times. We therefore assume that its heat exchange with the ocean 

depths is in balance in the contemporary epoch. We can set w(t) = 0 in the temperature relaxation 

equation. 

We varied the relaxation time so that the solutions of that equation would encompass the 

spread of the data. It turned out that τOS = 650 to 750 years, and that range agrees with the 

previously obtained estimate. The CO2 concentration appearing in the equation should be taken 

from the actual measurements. But with a relaxation time ~10
3
 years, neither its seasonal nor its 

annual variations would affect the answer in any way. Therefore, in calculating the temperature 

dependence, we use the solution for the CO2 concentration that we previously obtained using the 

coal, oil, and gas consumption data. With τatm = 26.3 years, it falls within the limits of the 

http://data.giss.nasa.gov/gistemp/tabledata/GLB.Ts+dSST.txt
ftp://ftp.cmdl.noaa.gov/ccg/co2/trends/co2_mm_mlo.txt


seasonal fluctuations of CO2. Such an approach allows making various suppositions about future 

developments of the structure of the energy sector in the 21
st
 century; different variants of the 

extraction of fossil fuels after 2010 allow calculating the future CO2 concentrations and then also 

the warming prognosis. 

It can be seen from Table 1 that natural gas with respect to atmospheric CO2 emissions 

(ppm/year) is 2.5 times better than coal for equal heat energy production. This allows 

constructing two scenarios of the future energy sector and comparing their consequences. The 

first, inertial scenario follows from the supposition that increase of energy consumption remains 

almost constant. The extraction of all fossil fuels increases equally, and the total CO2 emissions 

grow progressively almost the same as in recent decades by 3% per year. The second, radical 

scenario follows from a stepwise rejection of the consumption of fossil fuels. Of them, the most 

harmful for the atmosphere is coal; we assume that beginning from 2015, the extraction of coal is 

reduced to a total prohibition by 2050. Further, by 2060, we reduce the extraction and, most 

importantly, the use of petroleum and its products for heat and transportation. During all that 

time, the extraction of gas initially only increases, but then even it might be reduced. The growth 

of the energy sector as a whole might be compensated by an accelerated development of the 

nuclear sector, the production of biofuels, and electricity from solar cells. 

Both scenarios and the corresponding solutions of the relaxation equations are presented 

in Fig. 4. Their practical consequences are quite substantial. The main conclusion is that all 

actions to “correct” the atmosphere begin to show an effect on the climate (on the average 

temperature of the planet) with a noticeable delay. Thus, under the radical scenario, the 

maximum CO2 emission occurs in 2030, but its maximum concentration occurs only in 2042, 

and the temperature itself attains some limit (possibly, a maximum) toward the end of the current 

century. And there are more distant consequences. The temperature increase will provoke 

accelerated melting of ice covering Greenland and Antarctica, and that means an accelrated rise 

of the world ocean level. There is no way that this can be halted in the 21
st
 century. 

 



    

 

Fig. 4. Comparison of the inertial and radical scenarios of the future energy sector: (a) Potential increase P(t) of CO2 

concentration together with its components for the radical scenario and extrapolation of the actual growth under the 

inertial scenario. (b) CO2 concentration according to the data measured on Mauna Loa and the results of integrating 

the gas relaxation equation with P(t). (c) Change in the global average temperature according to meteorological data 

and the results of integrating the temperature relaxation equation. 



Thus, the results of even the radical scenario are not very reassuring: a temperature 

increase of 2ºC will lead to substantial changes in the manner of living. The inertial scenario is 

simply fatal for civilization: by the end of the current century, forests and peat bogs in the 

temperate latitudes will burn, and the customary living conditions will be possible only in the 

mountains and the polar regions. 

There is one more unpleasant consequence of warming. It turns out that climate 

perturbations increase in proportion to its derivative with respect to time [9]. In other words, if 

the warming accelerates, then deviations from it grow even faster. Climate perturbations are not 

exactly the same thing as weather in its everyday meaning, but, apparently, something close to it. 

A qualitative conclusion follows from this: weather anomalies will reach their maximum at about 

the time that the CO2 concentration reaches its maximum. This assertion relates to the radical 

scenario; in the inertial scenario, we cannot exclude that a time will come when the climate 

perturbations increase so much that the climate is destroyed in general. 

The stress in the world economy under the restructuring of the energy sector, of course, 

will be associated with colossal expenditures, but they should not be viewed as excessive. 

Evidently, there is simply no other way out. As is known, some calculations show that the 

available reserves of oil and coal will be exhausted by the middle of this century and that the 

CO2 emissions will then be naturally reduced. This assertion seems like a self-deception. The 

potential reserves of carbon compounds in the Earth’s crust are exceedingly large. In the final 

account, the oxygen in the atmosphere is the result of photosynthesis with the consequence that 

carbon is buried in the mineral resources of the planet. The estimates of only methane hydrates, 

which generally have not yet been utilized, exceed all the nearest requirements of the world 

economy. The idea of exploiting extractable fuels until they are exhausted is an attempt to 

postpone unpleasant economic decisions right up to the collapse of civilization.  

 

Energy balance of the Pleistocene climate 

Comparing the calculation results with the oserved increase of temperature and CO2 

concentration gives the idea of the relaxation of the climate to the equilibrium a certain 

credibility. The future extrapolation of the solutions as a whole coincides with the forecasts 

calculated by other methods on supercomputers in world centers for climate research (Table 2). 

All the same, to be convinced of the correctness of the proposed theory, we need additional 

arguments. One of them is that if the model works today, then it should also explain the features 

of the past climate. 

 

 



Table 2. Forecasts of climate warming by the year 2010 

Scientific center NCAR MPIM GFDL HADLEY CSIRO CCCma CCSR 

Temperature rise 2.9 3.6 3.9 4.3 4.4 4.6 5.5 

* NCAR – National Center for Atmospheric Research, Boulder, USA; MPIM – Max-Planck-Institut fürMathematik, 

Bonn, Germany; GFDL – Geophysical Fluid Dynamics Laboratory, Princeton, USA; HADLEY – Hadley Center for 

Climate Prediction and Research, Oxford, Great Britain; CSIRO – Commonwealth Scientific and Industrial 

Research Organization, Victoria, Australia; CCCma – Canadian Centre for Climate Modelling and Analysis, 

Victoria, Canada; CCSR – Center for Climate System research, Tokyo, Japan. 

 

We apply the temperature relaxation equation to the data from drilling the Antarctic ice. 

During the past 780 thousand years, the temperature and CO2 concentration completed eight 

100-thousand-year cycles and entered the Holocene at about the initial level. This means that the 

temperature balance of the ocean surface was zero on the avergae during those eight cycles. 

Using the temperature relaxation equation for this entire period, we can calculate the intensity of 

the heat exchange between the surface waters and the depths and find the balance: 
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In the calculations, the heat capacity of the ocean surface was taken to be COS = 1.5·10
23

 J/K. 

The characteristic relaxation time τOS (approximately 700 years) was obtained by comparing 

calculations with the contemporary temperature behavior. But for greater assurance, we will 

calculate for three different relaxation times: 0.6, 1.2, and 2.4 thousand years. In the original 

data, the temperature as a function of time is a broken line. Therefore, to calculate the derivative, 

we used data smoothed by a moving average with a 10-thousand-year window. This procedure 

eliminates high-frequency fluctuations and random measurement errors but does not affect 

information about slower processes. 

The results of calculating the energy balance of the ocean surface are shown in Fig. 5a. 

The dependences established with different relaxation times manifests a cyclicity with an 

unexpected period of about 40 thousand years. We note that it was not present in the original 

data, where only the 100-thousand-year periodicity was observed. We find the correlation 

functions of this balance (Fig. 5b) and then also the spectrum of the fluctuations, the Fourier 

transforms of the correlation functions (Fig. 5c). The maximums of all the spectra occurs at a 

frequency corrsponding to a period of 39.3 thousand years, which is very close to the small 

Milankovitch period. But the large Milankovitch period also appears in the spectra of the energy 

balance as a lower maximum at a frequency corresponding to a period of 95 to 105 thousand 

years. The relaxation equation equation thus allowed obtaining a dependence in whose spectrum 

appeared both periods dictated by the orbital motion of the Earth. 



 

Fig. 5. Heat balance of the ocean surface for 780 thousand years calculated with three values of the relaxation time: 

(a) power of the heat exchange, (b) autocorrelation of the power, and (c) spectrum of its fluctuations. 



We turn to a physical interpretation of the obtained heat balance of the ocean surface. 

Both the correlation functions and their spectra turned out to be qualitatively close for all three 

values of the relaxation time, but the largest of those values (2.4 thousand years) leads to a less 

plausible spectrum: the additional maximum corresponding to a period of 250 thousand years is 

higher than the physically plausible 100-thousand-year maximum. The choice between the two 

shorter relaxation times remains open; the actual value of τOS is evidently in the range from 0.6 to 

1.5 thousand years. 

The amplitudes of the energy balance are approximately inversely proportional to the 

relaxation time; with the middle relaxation time value, they attain 12 Tw = 1.2·10
13

 w. The 

average magnitude of the power fluctuations over 780 thousand years is close to zero, as it 

should be because an integer number of climate cycles have passed during that time. But the 

mean squared deviations, i.e., the characteristic amplitudes of the energy balance are equal to 8.9 

Tw for τOS = 0.6 thousand years and 4.5 Tw for τOS = 1.2 thousand years. Is this a lot, or a little? 

There are two physical quantities with which we should compare the variations of the 

energy of the ocean surface: the heat of the crust warming the ocean bottom and the power of the 

ocean conveyor belt cooling the ocean depths. The value of the first is 4 Tw. We note that 

calculating this value is far from simple: the specialists joke that estimates of the mean heat flux 

has already increased for several decades. Its last estimate is close to 0.1 w/m
2
. The heat balance 

of the ocean conveyor belt has not yet been measured. Judging from the fact that the climate has 

been almost unchanged for the last six thousand years, the contemporary power of the ocean 

conveyor belt should compensate the heat input from the ocean bottom. Consequently, the 

calculations of the ancient fluctuations of the heat balance of the Earth’s surface have a 

reasonable order of magnitude. 

It follows from the preceding fact that the physical cause of the climate cycles is the 

quasiperiodic fluctuations of the cooling power of the ocean conveyor belt competing with a 

constant flux of heat from the Earth’s crust. The period of those fluctuations turned out to be 

close to the period of the small Milankovitch cycle. He considered that glaciation began from 

long cold winters in the northern hemisphere and that its cause was a substantial increase in the 

albedo of the planet. But a reduction in the activity of the ocean conveyor belt under such a 

orientation of the Earth’s axis with respect to the perihelion of the orbit is also completely 

logical. Multiyear floating ice cannot melt during the short summers, and during the long 

winters, its thickness insulates the salt waters brought by the Gulf Stream, limiting their cooling 

and subsequent sinking. Investigations of the age of the deep waters formed in the North Atlantic 

during the Holocene [10] qualitatively confirm this thought.  

 



Problems, conjectures 

Explaining the rapid transitions from glacial epochs to the warm interglacials remains an 

insistent problem. The hypothesis was advanced [1] that the cause must be sought in the massive 

decomposition of the methane hydrate deposits under the lowering of the ocean level and the 

warming of its deep waters. This idea is now strengthened because the essential role of the 

disbalance between the heat of the crust and intensity of the ocean conveyor belt has been 

elucidated. But the process itself of the methane entering the atmosphere requires a more detailed 

development; it evidently had an explosive character on the time scale of the climate. Here, we 

must correct an inaccuracy in [1], where the flow of water brought to the surface of the sea by 

methane bubbles was estimated according to the relative densities of the water and gas. As is 

shown by the solution of the hydrodynamic problem for a chain of bubbles [11], the entrainment 

of liquid by the rising gas strongly increases the effectiveness of such a “pump”: each gram of 

methane from a depth of the order of 300 meters brings not less than 10 kilograms of bottom 

water to the surface. 

One more round of problems needs to be solved in order to understand the physical cause 

of the thousand-year lag of the atmospheric CO2 concentration behind the temperature. In the 

modern conditions, the sequence of events is reversed, and the characteristic atmospheric 

relaxation time is much shorter, only a few decades. We suppose that the current situation is 

unprecedented: never before has there been such a rapid burning of carbon stored in the Earth’s 

crust. The equilibrium of carbon dioxide with temperature had been determined by slower 

processes. One of them might be the turnover of the waters of the ocean conveyor belt, another 

might be the slowing of formation of glaciers or their melting, changing the level of the ocean, 

and a third might be a delayed response of the intensity of photosynthesis to the change of 

temperature. All three processes might also act together. Modeling them remains to be done. 

The climate heat balance in the recent past, the last two thousand years, can be easily 

obtained in exactly the same way as it was calculated for the 800 thousand years of the 

Pleistocene. The data on the temperature of Europe are almost sufficient for this, and the only 

questions is with what to compare the results of processing them. The hope is in inceased 

information about the age of deep waters in the Holocene [10], which in principle would allow 

estimating the intensity of the ocean conveyor belt. 

And what will happen with it in the future? According to a widespread opinion, the 

climate warming can lead to a change in the Gulf Stream: it will not reach the Arctic and warm 

Europe. I think that such a view has no physical justifications. On the contrary, in the nearest 

decades, the Arctic Sea will become almost free of ice cover by the end of the summer season. 



The formation of a thin ice layer in the winter together with the accompanying increased salinity 

will only strengthen the flow of the ocean conveyor belt and the warming of Europe. 

A much more serious concern is provoked by another idea: could there exist among 

possible scenarios of the future those that lead to a “point of no return”? In other words, climate 

warming can in principle lead to such an overheating that with massive fires, the control over the 

CO2 in the atmosphere is completely lost and there will already be no forces sufficient to return it 

to the stability region. Similar themes also arise in the mathematical analysis of climate 

perturbations [9]. Can the climate be destroyed? At first glance, this is a “philosophical” 

question, i.e., having no answer. In fact, there is an answer; it is “before our eyes.” It is Jupiter. 

In contrast to the remaining planets, there is no climate on Jupiter in the usual sense. An 

enormous vortex, the Great Red Spot, has been observed close to Jupiter’s equator at least since 

the time of Galileo. Its structure and origin are still a riddle. 

 

*  *  * 

Mathematics by itself does not generate additional information. But it is surprising how 

much it can widen the area of our understanding of natural phenomena. A few random functions 

constructed based on the analysis of data from drilling the Antarctic ice, a justified fitting of a 

single parameter (the relaxation time of the ocean surface) ― and as a result of a few 

mathematical operations, an approximate, but compatible, picture of climate variations appears. 

Its internal consistency allows calling the physical construction proposed here the relaxation 

theory of climate. ■ 
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