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Abstract: The evolution of the atmospheric temperature in the past, resulted from the EPICA project
(European Project for Ice Coring in Antarctica) for the analysis of air bubbles in ice deposits near
three weather stations in Antarctica, includes several glacial cycles. According to these studies, the
glacial cycle consists of a slow cooling of the Earth’s surface at a rate of about 10−4 ◦C per year for
almost the entire time of a single cycle (about 100 thousand years) and of a fast process of heating
the planet, similar to a thermal explosion. The observed cooling of the planet follows from the
imbalance of energy fluxes absorbed by the Earth and going into its surrounding space, and this
imbalance is four orders of magnitude less than the accuracy of determination of the fluxes themselves.
The inconsistency of the popular Milankovich theory is shown, according to which glacial cycles in
the evolution of the Earth’s thermal state are associated with changes in the Earth’s orbit relative to
the Sun. In considering the glacial cycle as the transition between the warm (contemporary) and cold
thermal states of the Earth with a difference in their temperatures of 12 ◦C according to measurements,
we construct the energetic balance for each of Earth’s states. The fast transition between the Earth’s
cold and warm states results from the change of the Earth’s albedo due to the different volcano
activity in these states. There is the feedback between the aggregate state of water covering the
Earth’s surface and volcanic eruptions, which become intense when ice covers approximately 40% of
the Earth’s surface. Dust measurements in ice deposits within the framework of the EPICA project
confirms roughly a heightened volcano eruption during the cold phase of the glacial cycle. Numerical
parameters of processes related to the glacial cycle are analyzed.
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1. Introduction

Glacial cycles are long-term, almost periodic, changes in the Earth’s temperature.
The period of these changes is approximately hundreds of thousands of years; the difference
between the maximum and minimum temperatures reaches 15 ◦C. Currently, the warm
stage period of the glacial cycle is occurring. Moreover, all of human civilization has existed
during the warm phase of the glacial cycle.

The most reliable information about the evolution of the Earth’s temperature during
the glacial cycle follows from the study of ice deposits of Antarctica within the framework
of the EPICA project (European Project for Ice Coring in Antarctica). These studies allow
one to restore a temporary evolution of the Earth’s temperature of an Antarctica region,
which has an almost periodic character and within a single period can roughly be divided
into two stages. The first stage includes a sharp rise in the temperature over a short time
compared to the period of the glacial cycle, whereas a slow decrease in the temperature
during the second period lasts almost the entire cycle. The task of the analysis carried
out in this paper is to treat the data of the EPICA project to understand the nature of the
evolution of the Earth’s thermal state.

2. Variation of the Earth’s Temperature in Glacial Cycle

To study the Earth’s thermal state, a set of paleontology methods has been created
based on the study of sediments (for example, [1–4]). In this way, the most productive is
the analysis of air bubbles in ice deposits. This program was implemented in the most
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detailed way during the study of temperature evolution in the Antarctic region within
the framework of the EPICA project. The main results are based on ice deposits near the
Antarctic weather stations Vostok [5–7] and Dome C [8–10]. The data obtained on the basis
of ice deposits near the Dome F [11] weather station are close to the results of these two
weather stations.

Figure 1 gives a map of Antarctica, and the positions of the weather stations are
indicated from where the samples for measurements are taken. They are mainly taken near
the Vostok and Dome C weather stations. As is seen from the map in Figure 1, ice samples
for research are taken from nearby areas.

Figure 1. Map of the Antarctica region [9]. The positions of the weather stations, where the ice
samples studied subsequently were taken, are marked with stars.

Figure 2 characterizes the evolution of the air temperature and carbon dioxide concen-
tration in the surrounding atmosphere over the past hundreds of millennia in Antarctica.
These data are obtained from the analysis of air bubbles located in samples of ice deposits,
which were extracted from a pit near the Dome C weather station [8–10]. Since the mea-
surement results from samples, obtained from different weather stations, are nearby, we
will consider them to be identical later. The above analysis allows us to determine the
considered parameters of the atmosphere in the past up to 800 thousand years ago.



Foundations 2022, 2 1116

Figure 2. Evolution of the atmospheric carbon dioxide concentration and Earth’s surface temperature
in past near Antarctica, obtained by analyzing ice deposits in Antarctica near the weather station
Dome C [8–10].

In analyzing air bubbles extracted from pieces of ice, the depth of ice samples allows
one to determine a time of their formation. The time of bubble residence inside the ice
is confirmed by the relative concentration of the deuterium isotope in it. In addition, the
concentration of carbon dioxide in the bubbles is of that during the formation of these
samples in this Antarctic region.

The air temperature in the bubbles at a time of their formation is determined from the
analysis of the isotopic composition of oxygen-contained molecules. In the Earth’s crust,
the oxygen isotopes 18O and 16O are present in the proportion 0.2% and 99.76% [12], corre-
spondingly. However, since the energy of zero oscillations in carbon dioxide and oxygen
molecules differs slightly for these isotopes of the oxygen atom, then under thermodynamic
equilibrium in atmospheric air, the concentration of the oxygen isotope 18O in O2 and CO2
molecules is different.

Because of the difference in the energies of zero-oscillations for oxygen and carbon
dioxide molecules, the concentration of the isotope 18O in these molecules depends on the
temperature. Of course, this difference is small, but isotopic methods are characterized by
a high accuracy. One can estimate the accuracy of this method by the coincidence of results
of measurements from different weather stations. Evidently, the question arises of what
temperature of which area these measurements give. However, it is clear that for different
times, the temperature relates to the same area.

Indeed, the isotope equilibrium is established through the oxygen isotope 18O formed
under the action of cosmic rays and proceeds according to the scheme

18O +16 O −16 O �16 O +18 O −16 O; 18O +16 O −12 C −16 O �16 O +18 O −12 C −16 O

Isotopic equilibrium between the oxygen atoms of carbon dioxide and oxygen molecules
is established as a result of the exchange reactions involving oxygen atoms formed under
the action of cosmic rays. Then the isotopic distribution for carbon dioxide molecules and
oxygen molecules is determined by the temperature that is realized in these processes.
Although, due to the low intensity of cosmic rays, the time for establishing isotopic equilib-
rium is long, the temperature analysis of the atmosphere is also associated with long times
of the processes taking place. Figure 3 contains the relative deviation for the concentration
of the oxygen isotope δ18O in carbon dioxide molecules for the atmosphere near the corre-
sponding Antarctic weather stations. The value difference from the two weather stations
characterizes the accuracy of the measurements.
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Figure 3. Relative change in the concentration of the oxygen isotope δ18O in carbon dioxide molecules
located in bubbles according to measurements in ice deposits near the Dom C weather station (solid
line) and the Vostok weather station (dots) in past near Antarctica [8].

As it follows from the data of Figure 2, the concentration of atmospheric carbon dioxide
in the course of the past half a million years has varied from 172 to 280 ppm. In particular,
this is also confirmed by the study of deposits in the Sierra Leone area in the Atlantic Ocean
near the west coast of Africa, according to which the concentration of atmospheric carbon
dioxide was between 213 ppm and 283 ppm in the time period between 900 thousand years
and 2.1 million years ago [13]. Currently, the concentration of atmospheric carbon dioxide
molecules is now approximately 416 ppm according to measurements from the Mauna Loa
observatory, which is noticeably higher than this value in the past.

From the data of Figure 2, the correlation follows between the change in the tempera-
ture and the concentration of atmospheric carbon dioxide. Data of Figure 2 indicate the
periodic character of evolution of these parameters in time, and in Figure 2, at least four
glacial cycles are included. The maximum difference between the maximum and minimum
temperatures reaches 15 ◦C [9]. Below, we use the value 12 ◦C as a typical amplitude of
the Earth’s temperature change during the glacial cycle. As is seen, this contradicts the
main statement of the Paris agreement 2015 on climate change [14], according to which
2 ◦C is the maximum value of the global temperature change, and its exceeding leads to
irreversible changes in the thermal Earth’s state.

Note other features of the evolution of the global temperature, shown in Figure 2.
The glacial cycle, the period of which is approximately 100 thousand years, includes a
sharp transition from a cold state of the Earth to a warm one and a slow decrease in the
temperature as a result of the transition from a warm thermal state to a cold one. At the
same time, the evolution of the Earth’s temperature is not monotonous, and consists of a
large number of small jumps.

Being guided by the above data obtained on the basis of some measurements, we will
further assume that a current value of the global temperature, i.e., the average temperature
of the Earth’s surface, is T = 288 K [15]. Transferring from a change in the temperature to a
change in the energy flux that falls on the Earth’s surface, we use the translation coefficient,
the so-called climate sensitivity S [16]. This value is characterized by a low accuracy, and
we will use an average value over some papers as S = 0.5 K· m2/W [17]. This results in
a change in the average energy flux absorbed by the Earth’s surface during one glacial
period to be 24 W/m2. At the same time, due to a low accuracy, the results obtained further
should be considered as estimates.

3. Solar Radiation in the Glacial Cycle

The energetic processes occurring in the Earth’s atmosphere and on its surface begin
from solar radiation entering the Earth’s atmosphere. Therefore, first of all, it is necessary
to analyze the role of solar radiation in changing the thermal state of the Earth, leading to
the glacial cycle. Then changes in the thermal state of the Earth should be associated with a
change in the flux of solar radiation interacted the Earth. Let us first consider the change in
solar radiative fluxes during past centuries. Such changes are oscillatory in nature and, in
particular, the solar activity oscillates with a period of 11 years. Although this was established
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from the analysis of the number of sunspots in 1801 [18], even earlier, this value followed
from the periodicity of grain prices presented by the economist Adam Smith in 1776 [19].

Since solar radiation is the basis of energetic atmospheric processes and determines
the Earth’s thermal state, the climate change may be a result of processes associated with
changes in solar radiation. First of all, we will analyze the change in the global temperature
owing to natural oscillations of the solar radiative flux entering the Earth’s atmosphere.

Precise measurements of variations in the solar radiative flux at near-ground atmo-
spheric layers over two periods of solar activity in the 21st century based on satellite
measurements showed that variations in the solar radiative flux during this time did not
exceed 0.3 W/m2 [20,21]. In accordance with the magnitude of climate sensitivity, this
change corresponds to global temperature variations of 0.15 K, which is less than the global
temperature change observed in our time. Therefore, the present warming is not associated
with variations in the solar activity. The recent change in the flux of solar radiation passing
through the Earth’s atmosphere is shown in Figure 4.

Figure 4. Evolution of the radiation flux generated by the Sun and entered in the Earth’s atmosphere
over the past centuries [22,23].

The trajectory of the Earth as it rotates around the Sun is an ellipse that is close
to the circle [24]. The distance from the Earth to the Sun varies from 147.1 million km
to 152.1 million km, which corresponds to the eccentricity of its trajectory as an ellipse
ε = 0.0167 [24]. Since the solar radiative flux at the ground level is inversely proportional
to the square of the distance to the Sun, the relative seasonal change in the radiation flux is
2ε ≈ 3% and corresponds to a change in the average flux by 10 W/m2, which is comparable
to, although somewhat less than, the change in the energy flux to the surface of the Earth
during the ice cycle.

The long-term change in the average flux of solar radiation incident on the Earth’s
surface can be associated with the theory of Milankovich [25,26]. Indeed, the elliptical orbit
of the Earth itself, along which the Earth moves around the Sun, is stable, and its small
perturbations will further lead to the return of the orbit to a stable state. As a result of
these disturbances, three types of oscillations of the elliptical orbit along which the Earth
is moving can occur. Namely, the three types of oscillations include the oscillation of the
trajectory plane, the angle between the axis of the Earth and the plane of its orbit, as well
as the eccentricity of the orbit, which is characterized by the minimum and maximum
distances between the Sun and the Earth when it moves along the orbit. The analysis of
long-term variations in the trajectory of the Earth’s motion around the Sun allows us to
track climate changes over a long time.

The character of change in radiative fluxes to the Earth’s surface in the course of
oscillations of the Earth’s orbit is shown in Figure 5. From the point of view of the Earth’s
long-range climate change, the most important are the oscillations of the seasonal average
distance from the Earth to the Sun. The oscillation period for this parameter is approxi-
mately one hundred thousand years, which more or less corresponds to the period of the
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glacial cycle. The fastest type of oscillations due to changes in the Earth’s orbit corresponds
to a change in the angle of inclination of the Earth’s axis to the plane of its orbit, which
varies from 22.1◦ to 24.5◦, and the period of such oscillations is 41 thousand years. The
current angle of inclination of the Earth’s axis to the plane of the orbit is 23.44◦. Changes in
radiation fluxes due to each type of oscillations are shown in Figure 5.

Figure 5. Evolution of the solar radiation flux in the visible range of spectrum as a result of oscillations
of the Earth’s orbit relative to the Sun. The time dependence for the flux of solar radiation entering
the Earth’s atmosphere is presented in the case of each of oscillation types for the Earth’s orbit relative
to the Sun within the framework of the Milankovich model [27].

Let us return to Milankovich’s theory, according to which the periodic change in the
Earth’s temperature over time is associated with the perturbation of the Earth’s orbit under
the action of other celestial bodies. Let us compare the forces acting from different celestial
bodies on the Earth. This force is proportional to the parameter

ξ =
M
R2 , (1)

where M is the mass of a celestial body interacting with the Earth, and R is the distance
between them. Obviously, among the planets of the solar system, Jupiter can have the
strongest influence on Earth’s trajectory. Its distance from the Sun is 4.95 times greater than
the distance from the Earth to the Sun, and the mass of Jupiter is 1047 times less than the
mass of the Sun [28]. Accordingly, the ratio of the parameters (1) for the Jupiter and the
Sun with respect to the Earth is about 4 × 10−6. For the Moon, this ratio is greater and is
6 × 10−3 [29]. However, the parameters of the glacial cycle require a change in the distance
between the Earth and Sun by an amount of about 10 million km, i.e., the Moon cannot be
responsible for the changes under consideration. From Figure 2 follows another feature of
the evolution of the Earth’s thermal state during the glacial age, according to which the
evolution of the Earth’s temperature is asymmetric in the case of an increase and decrease
in the Earth’s temperature during the glacial cycle. This is an additional argument for the
failure of Milankovich’s theory.

4. Energetic Balance between the Earth and Its Atmosphere

The glacial cycle is the result of a long-term change in the thermal state of the Earth,
during which an energy equilibrium is maintained with the participation of the Earth and
the atmosphere. In Figure 6, the energy equilibrium between the Earth and the atmosphere is
presented within the framework of the standard atmosphere model [15], which uses averaging
of atmospheric parameters over the surface of the globe and time. In this case, the parameters
of the atmosphere depend only on the altitude above the Earth’s surface, and the time to
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establish this equilibrium does not exceed one year [17] such that the energy state of the Earth
and its atmosphere can be considered stationary if they change slightly over several years.

Figure 6. Energetic balance of the Earth and its atmosphere in the form of average energy fluxes
expressed in W/m2 for indicated channels [30]. The absorbed energy fluxes are given inside the
corresponding rectangles. The values of the energy fluxes themselves are given near the arrows.

Shown in Figure 6, the energetic balance is based on different sources of this informa-
tion; the error in energy fluxes exceeds 1 W/m2. This equilibrium indicates its stationary
nature during times significantly exceeding the season time. In reality, the stationarity of the
equilibrium given in Figure 6 means the fulfillment of three conservation laws for energy
fluxes. Namely, the average energy fluxes absorbed and emitted by the Earth, the atmosphere
and the surrounding space coincide with the accuracy of about 1 W/m2. For example, for a
surrounding space, this means that the average flux of solar radiation penetrating the Earth’s
atmosphere is equal to the sum of the average fluxes of reflected solar radiation from the
atmosphere and the Earth’s surface, as well as the sum of fluxes of thermal radiation that are
emitted into the surrounding space by the atmosphere and the Earth’s surface.

The energetic equilibrium for the Earth’s surface and atmosphere, shown in Figure 6,
includes energy fluxes which are initiated by solar radiation. Typical energy fluxes in this
case are tens and hundreds of W/m2. We now consider the energy exchange between
the inner and surface parts of the Earth. The energy flux from the Earth’s interior to the
outside is approximately 0.09 W/m2 [31,32]. This flux results from the decay of radioactive
nuclei in the Earth’s crust, as well as resulting from the restructuring of the inner part of
the Earth as a continuation of the process of Earth’s formation. The decay of radioactive
nuclei 238U, 235U, 292Th, 40K creates approximately 50% of the energy flux from the Earth’s
bowels to the surface [33]. Processes which are responsible for the creation of these fluxes
determine the nature of evolution of the Earth’s interior in the past [34,35]. This heat flux
does not play a role in the development of the glacial cycle since it changes slightly during
one period of the glacial cycle.

One can add to this the anthropogenic energy flux, which is created by burning fossil
fuels. In reality, the internal energy of the Earth in this case is transported to its surface and
then is converted into thermal energy on the Earth’s surface. The total power generated by
burning fossil fuels is 1.8 × 1013 W, which corresponds to the average energy flux, which is
slightly less than 0.04 W/m2.

However, it is impossible to summarize these energy fluxes to obtain the total one
because of a low accuracy of the imbalance between incoming and outgoing energy fluxes.
This imbalance for each object is less than 1 W/m2 and is less than the accuracy of determi-
nation of basic energy fluxes. In particular, measurements [36] show that the imbalance of
energy fluxes from the surrounding space and back was (0.34 ± 0.67) W/m2 for the period
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1985–1999, as well as (0.62 ± 0.43) W/m2 for the period of 2000–2012 years. Note that the
positive value of the imbalance for energy fluxes corresponds to the heating of the Earth.

In any case, the positive imbalance of average energy fluxes currently leads to the melting
of glaciers. If the melting ice is uniformly distributed over the Earth’s surface, as a result of
the totality of measurements, the layer of the annually melting ice layer is approximately
7 mm [30]. This ice melting rate requires an energy flux of 0.08 W/m2. It should be noted that,
at present, the total energy flux as a result of industrial human activity is half of this value.

It should be noted that in the above analysis of the energetic balance, we deal with the
average energy fluxes. Hence, we implicitly assume that the powers of processes under
consideration relate to the entire surface of the Earth. This is more or less true for basic
fluxes presented in Figure 6. Low energy fluxes involving the near-surface interior of the
Earth have a local character. This takes place in the case of energy release during the decay
of radioactive nuclei, which occurs only in specific structures, such as granite, the melting
of glaciers, as well as a result of industrial human activity. In these cases, average energy
fluxes are used only for comparison with other ones.

In addition to the diagram of Figure 6, we construct also the energetic balance related to
the cold phase of the glacial circle on the basis of the Antarctica data. Let us assume that the
global temperature during the cold period of the glacial cycle is 12 ◦C lower than its current
value, i.e., for the model of standard atmosphere, it is equal to T = 276 K. In addition, for the
sake of certainty, we assume the concentration of carbon dioxide molecules in a cold phase of
the glacial cycle to be less twice compared with the contemporary value. The error of energy
fluxes for the cold phase of the glacial circle is larger than that for the warm period, where this
error is 1 W/m2. The reliability of the data obtained below is determined by the proximity of
parameters of the energetic balance for the warm and cold periods of the glacial cycle.

Parameters of the energetic balance for the Earth, the atmosphere and a surrounding space
are shown in Figure 7. The method to obtain these parameters is given below. We assume that
the Earth’s surface emits as a black body. Then, in accordance with the Stephan–Boltzmann
law, we obtain for the average radiative flux from the Earth’s surface the value of 329 W/m2

instead of the value of 393 W/m2 for the warm period of the glacial cycle. We assume that,
as in the case of the standard atmosphere model, the temperature gradient remains constant
up to the boundary of the troposphere, located at the altitude of 11 km. Then this atmospheric
temperature gradient for the cold phase will be 5.4 K/km instead of 6.5 K/km for the warm
time of the glacial cycle. Assuming that the coefficient of convective thermal conductivity is
linear with respect to the temperature gradient, we obtain for the average heat flux transferred
from the Earth’s surface to the atmosphere as 34 W/m2. For the warm period of the glacial
cycle, this value is 41 W/m2.

In analyzing the processes involving water, we use the following model [37] for the
distribution of atmospheric water. Namely, the number density of water molecules is
connected with its number density at the saturated vapor pressure so that in the cold period
of the glacial cycle, the number density of atmospheric water molecules is about 6% lower
than that in the warm period. We obtain for the average energy flux from the Earth’s
surface to the atmosphere as a result of water evaporation the value of 60 W/m2 instead of
64 W/m2 in the warm period.

An important component in the energetic balance of the Earth and its atmosphere is
clouds, consisting mainly of water microdroplets. The mass of atmospheric water contained
in clouds is a small part of atmospheric water (approximately 0.5% for the contemporary
atmosphere). This smallness is determined by the nature of water condensation in the
atmosphere [37], which occurs as a result of mixing for jets of warm air from the near-
surface atmosphere and cold air from higher layers of the atmosphere. Assuming that the
mass of condensed water in the atmosphere is proportional to the square of the density
of water molecules in the near-surface atmosphere, we obtain that the mass of condensed
atmospheric water for the cold phase of the glacial cycle is about 12% less than this value
for the warm stage. Let us take into account that the radiation emitted by the Earth and
leaving the atmosphere is mainly determined by passing through clouds in the frequency
range corresponding to the atmospheric transparency window [30]. Then we obtain for the
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average radiative flux emitted by the Earth’s surface and going beyond the atmosphere the
value of 23 W/m2 instead of 21 W/m2 in the warm phase of the glacial cycle. Accordingly,
the infrared radiative flux emitted by the Earth’s surface and absorbed by the atmosphere
is 306 W/m2 instead of 372 W/m2 in the warm phase of the glacial cycle.

Atmospheric water microdroplets play a primary role in the absorption and scattering
of solar radiation by the atmosphere. We assume that the corresponding fluxes are propor-
tional to the mass of condensed water in the atmosphere. Then we obtain for the average
flux of solar radiation reflected from the atmosphere the value of 76 W/m2 instead of
86 W/m2 in the warm period of the glacial cycle, and for the average flux of solar radiation
absorbed by the atmosphere, the value of 62 W/m2 instead of 71 W/m2, which refers to
the warm period of the glacial cycle.

Figure 7. Energetic balance of the Earth and atmosphere for the cold period of the glacial cycle.
The presented average energy fluxes are expressed in W/m2 for these processes. Absorbed energy
fluxes are given inside the corresponding rectangles, and the values of energy fluxes themselves are
given near the arrows.

Atmospheric emission in the infrared spectrum range is created mainly by three
greenhouse components, namely, water and carbon dioxide molecules, as well as water
microdroplets that form clouds. Changes in the radiative fluxes of the atmosphere towards
the Earth during the transition between warm and cold glacial stages are determined
by changes in the concentration of greenhouse components, as well as changes in the
temperature of the atmosphere, and the second factor dominates. In particular, a twice
decrease in the concentration of carbon dioxide in the atmosphere leads to a change in
the average radiative flux from the atmosphere to the Earth’s surface by about 1 W/m2,
whereas we obtain the change of the total radiative flux from the warm stage to the cold
one as 43 W/m2 on the basis of the computer code [38] for the greenhouse effect.

Other parameters of the energetic balance of the Earth and atmosphere in the cold
phase of the glacial cycle, which are given in Figure 7, follow from the energy equilibrium
for each of the three objects, the Earth’s surface, the atmosphere and a surrounding space.
The average energy flux generated by the Earth’s surface is the sum of fluxes of thermal
radiation, heat transfer due to convection, and as a result of extraction of the hidden energy
from water condensation in the atmosphere. This total energy flux for the emission of
the Earth’s surface is 423 W/m2. Requiring the total absorption flux to be equal to this
value, one can find that the average solar radiation flux absorbed by the Earth’s surface
is 131 W/m2.

The energetic balance of the Earth’s atmosphere in the cold glacial period uses the
total energy flux absorbed by the atmosphere, which is equal to 462 W/m2. Equating the
total energy flux created by the atmosphere to this value, we find the average radiative flux
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of 170 W/m2 going beyond the atmosphere. Next, from the surrounding space comes the
average energy flux in the form of solar radiation, equal to 341 W/m2. We equate it to the
average outgoing energy flux, which consists of the flux of thermal radiation generated by
both the atmosphere and the Earth’s surface, and going beyond the atmosphere, as well as
reflected solar radiative fluxes from the Earth’s surface and atmosphere. Hence, we find
that the average solar radiative flux reflected from the Earth’s surface is 72 W/m2 instead
of 19 W/m2, which refers to the warm phase of the glacial cycle. From the values obtained
above, the energetic balance of the Earth’s surface and atmosphere is formed during the
cold stage of the glacial cycle, which is presented in Figure 7.

5. Processes of Glacial Cycle

The character of evolution resulted from the glacial cycle is based on Antarctic mea-
surements, including the data of Figure 2. A simplified version for this character of the
glacial cycle consists of a transition between the warm and cold thermal states of the Earth
and a reverse transition. The Earth’s cooling is slow and can be explained by a small
imbalance between the energy fluxes which are determined by processes involving the
Earth’s surface. The energy loss of the Earth–atmosphere system is accumulated and leads
to a slow temperature decrease of the Earth.

Another stage of the Earth’s evolution in the course of the glacial cycle is a sharp
transition from a cold thermal state of the Earth to a warm one. This stage resembles a
thermal explosion, which is accompanied by a sharp increase in the temperature of the
system as a result of intense heat release. In this case, we cannot associate a sharp increase
in the temperature with an intense heat release. The transition under consideration occurs
as a result of changes in the optical properties of the Earth’s surface. In other words, the ice
surface of the Earth is covered with the products of a volcanic eruption, which changes the
energy balance of the Earth and the atmosphere. The process of glaciation of the Earth’s
surface is slow, taking into account the seasonal nature of formation and melting of snow.
On average, during the cold stage, its boundary moves from the poles to the equator.

In order to determine numerical parameters of the processes under consideration, we
analyze the change in the albedo of the Earth’s surface as a result of transition between the
warm and cold thermal states of the Earth over the course of the glacial cycle. On the basis
of the Earth’s energetic balance for the warm and cold stage of the glacial cycle, given in
Figures 6 and 7, we have that the atmospheric albedo changes from 0.25 to 0.22, and the
albedo of the Earth’s surface changes from 0.11 to 0.36 on average in the transition from the
warm thermal state of the Earth to the cold one. As is seen, the albedo of the atmosphere
varies slightly in the course of development of the glacial cycle, while the reflectivity of
the Earth’s surface changes significantly. Therefore, the change in the thermal state of the
Earth during the glacial cycle is associated with the evolution of the ice covering the Earth’s
surface, and not with a change in the atmosphere covering of clouds.

Let us compare the observed albedo of the Earth’s surface with the albedo of some
materials. If the Earth’s surface is covered with ice completely, its albedo would be 0.84,
and if it was covered with a green forest, the albedo would be 0.14 [39]. The albedo of open
ocean water is 0.06, and the albedo of green grass is 0.25 [40]. Since land occupies 31%
of the Earth’s surface area, one can consider the cold state of the Earth during the glacial
cycle, when the entire land and an additional 10% of the ocean surface are covered with ice.
As is seen, about 40% of the Earth’s surface is covered with ice in the cold thermal state
of the Earth, i.e., the cooling process of the glacial cycle is over when the Earth’s surface
is covered with ice partially. Because the cooling stage of the glacial cycle stops when a
restricted part of the Earth’s surface is covered with ice, the limit of the cooling process is
not connected with this process. From this, one can conclude that the transition from the
cold state of the Earth to the warm one during the glacial cycle occurs as a result of energy
release inside the Earth.

One would expect that the cold state of the Earth corresponds to the complete glacia-
tion of the Earth, and evidently, it is formed as a result of an imbalance of energy fluxes
for the most intensive processes of the Earth’s energetic balance, shown in Figures 6 and 7.
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A sharp increase in the Earth’s temperature during the stage of its growth results from
volcano eruptions when the Earth’s surface is covered with ash, which leads to a change
in the energetic balance for some area of the Earth’s surface. Since the surface ice is trans-
formed into water, subsequently, the solid products of volcano eruption go under water,
and glaciation may recur. Because in addition to hard rocks, volcanic eruption products
contain salts that are dissolved in surface water, this increases the temperature of water
solidification. Therefore volcano eruptions stop the glaciation process on the Earth.

Thus, because the glaciation process, due to the imbalance of incident and outgoing
energy fluxes for the Earth, stops when the Earth’s surface is covered partially with ice,
there is the feedback between the surface and inner Earth’s energetic processes. The more
probable version of inner Earth’s processes corresponds to volcano explosions. Definitely,
an explanation of the character of the glacial cycle may be followed from the dependence of
the probability of a volcanic eruption on the penetration of water into the Earth’s interior
where the volcanic eruption is preparing. One can assume that water penetration in the
magma and subsequent evaporation of this water reduces the magma temperature that
slows down the volcanic eruption. If the area over the region of eruption is covered with
ice, the penetration of water into the Earth’s interior becomes difficult. This establishes the
feedback between the probability of a volcanic eruption and the aggregate state of water
located over the region of eruption. Therefore, one can explain the glacial cycle as the
transition between the warm and cold thermal states of the Earth.

Note that according to the above analysis, the transition from the cold stage of the
glacial cycle to the warm one is caused by the eruption of volcanoes. At the same time,
the maximum activity of volcanoes refers to a small time interval when this transition is
carried out. Since the eruption of volcanoes is accompanied by the release of a large mass
of material from the near-surface interior of the Earth, and then their products cover the
Earth’s surface, this process should manifest itself in sediments so that the solid rock in
these sediments is associated with the eruption of volcanoes. Then the time dependence for
the dust mass in ice deposits has a resonant character, and the resonances themselves are
due to a high activity of volcanoes when the transition from the cold phase of the glacial
cycle to the warm one occurs. This character is confirmed more or less by the data of
Figure 8 [41–43], where the relative amount of dust in ice deposits is given.

Figure 8. The relative mass of dust in ice deposits near the weather station Dome C [8]. The value of
mg/kg means the mass of dust of 1 mg per 1 kg of ice.

Let us pay attention to another feature of the analysis. The temperature of the near-
surface atmosphere and the concentration of carbon dioxide molecules, obtained on the
basis of the analysis of deposits in the glaciers of Antarctica, we attributed to the whole
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globe. This is not entirely correct, but because of the qualitative character of the analysis,
this fact does not affect the reliability of the conclusions.

6. Discussion and Conclusions

The experience of this work shows that thorough research allows one to gain a deeper
understanding of the object. In this case, research within the EPICA project leads to
contradictions with the simple description of the glacial cycle and allows us to obtain a
more correct scheme of this phenomenon.

In this case, the air temperature near the Earth’s surface in the Antarctic region in the
past follows from the analysis of air bubbles located in the ice deposits of Antarctica. This
analysis allows one to describe the glacial cycle as the evolution of the thermal state of the
Earth. According to the measurements carried out, our planet has been slowly cooling during
almost the entire glacial cycle, which lasts about one hundred thousand years, and the rate of
the temperature decrease of the planet during this period slightly exceeds 10−4 ◦C.

This value is more than an order of magnitude lower than the energy flux currently
generated by burning fossil fuels in the energy industry of the contemporary world. Since
this value is small, when analyzing it, the internal energy of the Earth must be included
in the energy balance of the Earth and the atmosphere. Then, there is a sharp increase in
temperature, in its form resembling a thermal explosion. According to measurements, this
behavior of glacial cycles has been observed for at least 1 million years.

At present, glacial cycles in the evolution of the Earth are explained by the Milankovich
theory [25,26], according to which the evolution of the Earth’s temperature is associated
with a change in the Earth’s orbit relative to the Sun. However, the observed change in the
temperature of the Earth’s surface during the glacial cycle requires a strong impact on the
Earth of other celestial bodies, which is unrealistic. In addition, the rates of temperature
rise and fall during the glacial cycle within the Milankovich theory have the same order of
magnitude, which contradicts the observed data.

The analysis carried out above shows that the transition from a cold thermal state
of the Earth to a warm one during the glacial cycle can be explained by a change in the
albedo of a part of the Earth’s surface, which is first covered with ice, and then byproducts
of volcanic eruptions. The latter leads to a change in the energy balance of the Earth as a
result of changes in the albedo of the Earth’s surface. This transition causes a sharp increase
in the temperature of the Earth.

The cooling of the Earth is due to a slight imbalance between the energy flux of solar
radiation penetrating the Earth’s atmosphere and the energy flux of radiation leaving the
atmosphere. This imbalance of energy fluxes leads to a change in the average temperature
at a rate of 10−4 ◦C/year. According to the measurements, our planet has slowly cooled
during almost the entire glacial cycle, which lasts about one hundred thousand years, and
the decrease in the planet temperature during this period has slightly exceeded 10 ◦C. Then
there was a sharp increase in the temperature, in its form resembling a thermal explosion.
According to measurements, this behavior of glacial cycles has been observed for at least
1 million years.

However, the process of glaciation of the Earth’s surface ends at the moment when
a limited part of the Earth’s surface is covered with ice. It follows from this that the end
of the glaciation of the Earth’s surface is determined by other processes, and not by the
process of glaciation. If the process of glaciation of the Earth’s surface continued further
and the entire surface of the Earth was covered with ice, photosynthesis would end, and
life on Earth would cease. Thus, the limited coverage of the Earth’s surface by ice as a result
of volcanic activity of the Earth plays an important role in the development of life on Earth.

In addition, we note that the Earth has been in the warm phase of the glacial cycle for
about the last ten thousand years. All of human civilization has existed in this time. Since the
cooling of the Earth and the process of glaciation are characterized by low energy consumption,
human civilizations have changed this process. Obviously, the imbalance of the Earth’s energy
was compensated for by human activity at the beginning of our era. Therefore, the glacial
cycle of the evolution of the Earth’s temperature will not continue in the future.
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Next, the dependence of the degree of glaciation of the Earth on time shows that only
a part (about 40%) of the Earth’s surface is covered with ice at the coldest stage of the
process. This leads to the conclusion that the end of glaciation is determined by additional
thermal processes, rather than by the process of the glaciation of the Earth. Finally, the
abrupt nature of the heating of the Earth can be explained only by changing the parameters
that determine the thermal balance of the Earth. The only such parameter is the albedo of
the Earth, and we associate the change in the albedo of the Earth to be a result of volcanic
activity of the Earth with the glacial cycle.

Note that the connection of the volcanic activity with the covering of the Earth’s
surface with water or ice is the only suitable explanation for the measurements. Thus, from
the observed nature of the quasi-periodic change in the Earth’s temperature during the
glacial cycle, it follows that the volcanic activity of the Earth depends on the covering of its
surface with water or ice. In other words, careful measurements of the evolution of Earth’s
temperature in the past within the framework of the EPICA project suggest a connection
between the phase state of water on the Earth’s surface and volcanic activity.

Some confirmation of this follows from the data of the EPICA project itself, concerning
the amount of dust in glaciers depending on the time of its precipitation. The dependence
of this value on time is quasi-periodic, as is the temperature of the Earth. In any case,
the results of the project provide a direction for further research to better understand the
evolution of the Earth’s thermal state in the past and the processes that are responsible for
this. In the first place, it is necessary to establish the correlation between the glacial cycle
and volcanic activity.

Thus, the measurements of the Earth’s temperature in the past based on the analysis of
air bubbles located in the ice deposits of Antarctica allow a deeper understanding of some
aspects of the glacial cycle as evolution of the thermal state of the Earth. According to these
measurements, our planet has slowly cooled during almost the entire glacial cycle, which
lasts about one hundred thousand years, and the decrease in the planet temperature during
this period slightly exceeds 10 ◦C. Then there was a sharp increase in the temperature, in its
form resembling a thermal explosion. According to measurements, this behavior of glacial
cycles has been observed for at least 1 million years.

At present, glacial cycles in the evolution of the Earth are explained by the Milankovich
theory [25,26], according to which glacial cycles in the evolution of the Earth’s tempera-
ture are associated with a change in the Earth’s orbit relative to the Sun. However, the
observed change in the temperature of the Earth’s surface in the course of the glacial cycle
requires a strong impact on the Earth of other celestial bodies, which is unrealistic. In
addition, rates of temperature rise and its fall during the glacial cycle within the framework
of the Milankovich theory are of the same order of magnitude, that contradicts to the
observed data.

Next, in the end of the glaciation process, only a part (about 40%) of the Earth’s surface
is covered with ice during the coldest stage of the process. This leads to the conclusion that
the end of glaciation is determined by additional processes established the thermal state
of the Earth, rather the process of the Earth’s glaciation. Finally, the abrupt nature of the
Earth’s heating can only be explained by a change in the parameters that determine the
Earth’s thermal balance. The only such parameter is the albedo of the Earth, which allows
one to associate a change of the Earth’s albedo as a result of the Earth’s volcanic activity
with the glacial cycle.

We note that the connection of volcanic activity with the covering of the Earth’s
surface with water or ice is the only suitable explanation of measurements. Thus, the
observed character of a quasi-periodical change in the Earth’s temperature during the
glacial cycle shows that the volcanic activity of the Earth depends on the covering of its
surface with water or ice. In other words, careful measurements of the evolution of the
Earth’s temperature in past within the framework of the EPICA project suggest a connection
between the phase state of water on the Earth’s surface and volcanic activity.

Some confirmation of this follows from the data of the project EPICA itself, relating to
the amount of dust in glaciers, depending on the time of its precipitation. The dependence
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of this value on time is quasi-periodic, as is the temperature of the Earth. In any case, the
results of the project provide a direction for further research in order to better understand
the evolution of the Earth’s thermal state in the past and the processes which are responsible
for this. In particular, in the first place, the correlation must be established between the
temperature change in the course of glaciation cycle and volcanic eruptions.
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