
Abstract.We review research on long-term variations in Earth's
insolation due to celestial mechanics processes. Based on an
analytical survey of Earth's insolation calculations, general
problems encountered in the physical and mathematical model-
ing of climate are outlined.

Keywords: Earth's insolation, orbital motion, variations,
Eart's climate, climate models

1. Introduction

Climate is a state of the natural environment (system) that is
characterized for a specific region (or Earth) by time-
averaged hydrometeorological, soil±biological, and other
parameters. The problem of the change in the current global
climate and especially in its temperature characteristics is
very important for modern science [1]. This problem is
defined by the need to predict climate change effects on the
natural environment and society. The most important
question in the research on and prediction of climate change
is related to the causes of these changes [2±4].

Earth's radiation and thermal balance, as well as climate,
depend on solar radiation [4, 5±10]. Solar radiant energy is the
main source of energy for hydrometeorological and many
other processes that take place in the atmosphere, in the
hydrosphere, and on Earth's surface. Therefore, the study of
spatial and temporal changes in the amount of radiation that
reaches Earth is of great importance for the study of the cases

of climate change and for the prediction of its future
evolution.

The annual integral of the solar radiation incident on
Earth's atmospheric boundary layer (ABL) averages to
5:49� 1024 J [11±13]. This value is not constant in time and
demonstrates interannual and long-term (secular and peri-
odic) variations. The variations in the incoming radiant
energy are mainly determined by two factors of different
physical natures. One is the variation of solar activity. The
other is the celestial mechanics processes that influence
Earth's orbit parameters [4, 14±16] and the rotation axis tilt.
In this paper, we give a historical overview of the research on
variations caused by celestial mechanical processes, analyze
the current state of the art, and consider the main challenges
that appear when trying to take insolation into account in
climate change models.

We can distinguish two stages in the history of studies of
Earth's insolation variations related to celestial mechanics
processes. The first is the earlier and the longer one. It
corresponds to investigations of low-frequency (secular)
variations and is motivated by the need to explain the causes
of paleoclimate changes. The other stage began relatively
recently. It is related to studies of Earth's high-frequency
(periodic) insolation variations and is motivated by the search
for causes for the current climate change.

2. Secular (low-frequency) insolation variations
(historical development of the astronomical
theory of climate)

Solar radiation variations caused by celestial mechanics
processes are obtained using analytic methods. Earth's solar
climate is defined as the theoretically calculated influx and
distribution of solar radiation over the ABL or over Earth's
surface without taking the atmosphere into account [12, 14].
When studying secular (low-frequency) solar flux variations,
the astronomical parameters of Earth's orbit that undergo
secular perturbations are taken into account. These para-
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meters include the longitude of the perihelion and the
eccentricity, as well as the obliquity of the ecliptic, which
have quite long variation periods [14, 16±22].

The history of studies of secular (low-frequency) solar
radiation variations caused by celestial mechanics processes
reflects the progress in the astronomical theory of climate [4,
11, 16, 23±30]. The appearance of the astronomical theory of
climate was preceded by the development of ideas regarding
the evolution of ice sheets in the course of Earth's history. The
astronomical theory of climate appeared as a physical
explanation and justification of the glaciation theory.

The history of the astronomical theory of climate started
in the middle of 19th century with the work by Adh�emar [31],
where he formulates ideas that the main cause of ancient
glaciers could be the changes in the regular revolutions of
Earth around the Sun. According to Adh�emar's theory, the
glacial climates depended on a 22,000-year precession cycle,
and the ice sheets formed every 11,000 years alternately in one
of the hemispheres, the one where the winter seasons were
longer (the winter season coincided with Earth's position
close to the aphelion). The fundamental idea of Adh�emar that
the northern and southern hemispheres are heated and cooled
alternately was doubted by German geographer AHumboldt
and English astronomer J Herschel. Humboldt, for example,
rightly noted that the average temperature of each of the
hemispheres is determined not by the number of hours (days)
of warm and cold seasons of the year but by the solar-energy
calories it acquires over the year [32]. Nevertheless,
Adh�emar's hypothesis about the connection between possi-
ble climate changes and specific astronomical phenomena
(anticipation of equinoxes) was the foundation for the further
development of theories where astronomical factors influence
climate changes [14, 20, 21, 25, 26, 33±35].

The ideas of a connection between the ancient glacial
climate periods and astronomical processes were developed in
the work of Scottish scientist Croll [14, 36, 37]. Croll
considered the changes in Earth's orbit eccentricity and the
precession cycle to be the main astronomical factors. Using
the expressions due to Leverrier [38], Croll calculated Earth's
orbit eccentricity for a number of moments throughout the
last three million years (seven planets known by that time
were taken into account). This resulted in the derivation of the
cyclic eccentricity variation. After analyzing the obtained
data, Croll made an assumption that the glacial epochs can
be correlated with the occurrence of a maximally elongated
orbit. One of the conclusions of Leverrier's work was that the
overall amount of energy acquired by Earth over a year is
almost independent of the changes in its orbit eccentricity.
However, Croll showed that if Earth's reflectivity (albedo)
changes are taken into account, then the intensity of the
incoming radiation during the astronomical semester depends
quite strongly on the eccentricity changes. As a result, Croll
proposed a theory that explained global climate changes
(glacial and interglacial epochs) based on the seasonal effects
of Earth's orbit eccentricity changes, together with the albedo
and positive feedback influence [14, 25, 26, 33-35, 39, 40].
Croll's ideas were based on two astronomical factors: the
precession cycle and periodic variations in the shape of
Earth's orbit, and they were published in the Philosophical
Magazine in 1864.

Secular variations of the incoming solar radiation were
considered as a mathematical problem by Meech [41]. He
obtained expressions that connected the amount of incoming
radiation (for any latitude) with the secular variation of the

eccentricity, longitude of the perihelion, and obliquity of the
ecliptic. Ball [42] provided a mathematical form for Croll's
theory with two parameters taken into account: eccentricity
and precession. At the same time, the total energy received by
two different hemispheres was influenced by a third astro-
nomical parameter, the obliquity of the ecliptic. Astronom-
ical theory was also developed by Culverwell [43, 44],
Hargreaves [45], and Ekholm [46], but the most detailed
mathematical investigation of the problem was performed
by Milankovitch [14, 16, 24±26, 33±35, 39, 40, 47].

By the end of the 19th century, it was known that the
insolation distribution over Earth's surface (more precisely,
Earth's globe with the atmosphere not taken into account)
depends on three orbital characteristics: the orbit eccentricity,
the obliquity of the ecliptic, and the positions of the
equinoctial points in the precession cycle (variations deter-
mined by the ellipsoidal shape of Earth were not taken into
account). At the beginning of the 20th century, German
mathematician Pilgrim published the results of new calcula-
tions of these astronomical characteristics over the time
period of 1010 millennia prior to 1850 AD [48]. After that,
the calculation of the incoming solar radiation became
possible in principle.

Calculations of secular variations of the astronomical
parameters made by Pilgrim (over a period of 600,000 years)
were later repeated by V Miskovic (director of the Astro-
nomical Observatory in Belgrade). These data were later
used by Milankovitch to calculate secular variations in
Earth's insolation. In his calculations, Miskovic used the
calculations of orbital characteristics and masses of the
planets done by Leverrier. Pilgrim used the data obtained
by Stockwell [49], which had a lower accuracy than
Leverrier's calculations. The accuracy of Miskovic's calcula-
tions was as follows: up to four decimal places for the
eccentricity, up to several seconds for the obliquity of the
ecliptic, and up to several minutes for the longitude of the
perihelion over the time of 100,000 years before and after the
epoch corresponding to the beginning of 1800.

We note that at that time, Newcomb [50] compiled an
extremely precise handbook of planet motion (taking
Uranus, Neptune, and some satellites of the planets into
account), which was used in astronomy until the middle of
the 20th century. However, Milankovitch, for some reason,
did not use this data in his calculations. Leverrier's calcula-
tions were based on the secular perturbations derived by
Lagrange [51]. The values of the planet masses and the
numerical data that Lagrange used to estimate the initial
conditions were not accurate enough (Milankovitch notes
that too). Out of the nine known planets, Lagrange could take
only six into account. Uranus was discovered (byWHerschel
in 1781) when Lagrange was performing his calculations, and
the parameters of this new planet were not determined, even
approximately. Nothing was known about its satellites.
Neptune was discovered (based on Leverrier's calculations
related to the perturbations in the orbital motion of Uranus)
only in 1846. Mars was assumed to have no satellites.
Therefore, for the masses of two planets (Mars and Uranus),
Lagrange could only use rough estimates. Nevertheless, he
succeeded in finding the approximate bounds within which
the eccentricity of the planet orbits and the inclination of the
orbital planes to the ecliptic plane could vary. One of the
conclusions made by Lagrange is of fundamental importance
in the context of this review: the major semiaxis of an orbit
does not demonstrate secular variations. This statement was
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later included by Laplace into his Solar System Stability
Theory [52±55].

Milankovitch defined the climate effects of secular
variations of three astronomical parameters: the obliquity of
the ecliptic e, the eccentricity e, and the longitude of the
perihelion P . The increase in the tilt of Earth's rotation axis
(with respect to the normal to the ecliptic plane) leads to a
decrease in the annually received radiation in the equatorial
region and to an increase in the polar regions, such that the
difference between the equatorial and polar regions becomes
smaller. Reducing the tilt has the opposite effect and enhances
the latitude contrasts in the solar radiation distribution over
Earths' surface (without taking the atmosphere into account).
For e � 0, when both poles remain nonilluminated during the
whole year, the latitude contrasts are maximal [14, 39]. The
changes in the rotation axis tilt result in a relative regular
oscillatory character with an average period of 40,000 years.
At one moment during this period, the latitude contrast
reaches its maximum (for the smallest obliquity of the
ecliptic) with the seasonal difference reaching its minimum,
and at another moment, 20,000 years later, the latitude
contrast reaches its minimum, while the seasonal contrast is
maximally pronounced. These phenomena would be periodi-
cally repeated if they were not superimposed by the influence
of other astronomical elements [14, 39].

The annual influx of solar radiation is also determined by
the duration of the summer and winter seasons (semesters),
which is a function of two of Earth's orbit elements: the
eccentricity e and the longitude of the perihelion P. Due to
variations in e and P, the difference between the incoming
radiation during summer and winter seasons (semesters) is a
function of time. The longitude of the perihelion increases
almost gradually by 360� every 21,000 years, while the
perihelion makes a full circle at an almost constant speed.
The eccentricity e also oscillates with a period of 92,000 years
(with a much smaller amplitude) and remains between the
values of 0 and 0.0677. A change in the difference between
durations of the summer and winter seasons depends on both
e and P, but the influence of the first quantity is much
stronger. This results in oscillations of the difference
(between the incoming radiation during summer and winter
time) around some mean value with a period of 21,000 years,
and the amplitude of these oscillations is modulated with a
period of approximately 46,000 years [14, 39].

The dependence of the secular radiation influx on the
longitude of the perihelion (the longitude of the perihelion of
an orbit is the angle between the directions from the Sun to the
perihelion and to the vernal equinoctial point; currently it
equals 102�080) is expressed as follows. The difference
between the duration of summer and winter semesters equals
zero only if the longitude of the perihelion equals 0� (the
perihelion coincides with the vernal equinoctial point) or 180�

(the perihelion coincides with the autumnal equinoctial point;
equinoctial points are those where Earth's orbit intersects the
plane of the celestial equator). Under this condition, the
semester totals of the incoming solar energy are equal for
both semesters and both hemispheres. Latitude contrasts in
the radiation arriving at Earth's ABL aremaximal in this case
(Fig. 1).

When the longitude of the perihelion increases from 0� to
90�, the duration of the summer semester in the northern
hemisphere increases, while that of the winter semester
decreases. Accordingly, the Sun's radiation intensity
increases for the summer period and decreases for the winter

period. For the 90� longitude of the perihelion (the perihelion
coincides with the winter solsticial point), the duration of the
summer semester in the northern hemisphere reaches its
maximum, while the mean radiation intensity decreases to a
minimum in summer and reaches its maximum in winter.
According to our calculations, such an event took place
around 1250. This means that the seasonal contrasts are
minimal during this period. However, this is true only for
the northern hemisphere. In the southern hemisphere, the
summer semester duration (equal to the winter semester in the
northern hemisphere) decreases, while the amount of radia-
tion supplied to the southern hemisphere during such a short
summer equals the amount that the northern hemisphere
receives during its longer summer. Therefore, in the southern
hemisphere, a shorter summer semester during this period is
characterized by a larger amount of incoming solar radiation,
while a longer winter semester corresponds to a smaller value.
That is why the seasonal differences in the southern hemi-
sphere are maximal at this moment (unlike the northern
hemisphere).

For a 180� longitude of the perihelion (the perihelion
coincides with the autumnal solsticial point), the summer and
winter semesters have the same duration in both hemispheres.
The sum of the incoming solar energy over the semester is
equal for both semesters and both hemispheres. Latitudinal
differences in the radiation falling on Earth's ABL are
maximal in this case. If the longitude of the perihelion equals
270� (the perihelion coincides with the summer solsticial
point), the summer semester duration is minimal in the
northern hemisphere, and the difference between the summer
and winter seasons (semesters) is pronounced most strongly.
This value of the perihelion longitude for the southern
hemisphere results in the opposite situation: a longer summer
season (with a lower intensity of the incoming radiation) and
shorter winter season (with a higher intensity of the incoming
radiation). Seasonal contrasts smooth out in this case.

This means that the latitudinal contrasts are maximal
when the perihelion is located at the equinoctial points, and
smooth out when the perihelion coincides with the solsticial
points. If the perihelion is located at the winter solstice, the
seasonal contrasts are most strongly pronounced in the
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Figure 1. Configuration of Earth and the Sun: (a) when the perihelion

coincides with the winter solsticial point (longitude of perihelion: 90�),
(b) when the perihelion coincides with the summer solsticial point

(longitude of perihelion: 70�).
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southern hemisphere and are smoothed out in the northern
one. On the other hand, if the perihelion coincides with the
summer solstice, the situation reverses; seasonal contrasts in
this case are maximal in the northern hemisphere and are
smoothed out in the southern one [14, 16, 24, 25, 33, 34].

Based on the calculations performed by Miskovic of the
secular variations in the astronomical elements, Milanko-
vitch calculated the values of the summer insolation for the
65� parallel of the northern hemisphere over the last
650,000 years. The insolation dependence graph obtained by
him (in units of latitudinal equivalents) was first published in
1924 in the paper by K�oppen and Wegener ``The Climates of
the Geological Past'' [56] (Fig. 2). By latitudes equivalent to
the latitude of 65�N, one assumes those latitudes which at the
current moment acquire the same amount of solar energy as
the latitude of 65�N was receiving previously. A decrease in
the equivalent latitude means a decrease in the incoming
radiation and vice versa (for example, the amount of solar
radiation that was incident on the latitude 65� N
590,000 years ago is characteristic of the latitude of 72� N
during the epoch of 1800).

Instead of calculating the overall solar radiation during
the summer and winter semesters, Milankovitch used caloric
semesters. Caloric semesters are defined as the semesters with
the same duration (T0=2), when at a given latitude any value
of the daily insolation during the summer semester is larger
than any value of the daily insolation during the winter
semester. The tropical year duration (the period between
two consecutive Earth's positions at the vernal equinoctial
point) was assumed to be constant. The calculations were
performed using canonical units (the solar constant value of
2 cal minÿ1 cmÿ2 or 1395.6 W mÿ2 corresponded to
1 canonical unit; the tropical year duration corresponded to
100,000 canonical units). Later, Milankovitch calculated the
insolation variations for eight parallels located between 5�

and 75� north latitude. The main results of his investigations
are presented in [14].

The calculations done by Milankovitch were further
improved by a number of authors. Their calculations were
based on new solutions of the secular perturbation theory that
were obtained for the whole Solar System in 1950 by Brouwer
and Van Woerkom [57]. The calculations were based on the
latest data concerning themass and themotion of planets and
included second-order effects caused, for example, by long-
period variations in the motions of Jupiter and Saturn.

Detailed calculations of the solar radiation incident on
Earth's ABL were performed by Soviet astronomers Sharaf
and Budnikova [17±19]. They found errors in the initial values
of the longitude of the Venus and Earth nodes used by
Brouwer and Van Woerkom. Based on the corrected values,
Sharaf and Budnikova recalculated the integration constants
and derived trigonometric expressions for the precession and

the rotation axis tilt, which included second-order terms for
the eccentricity and the tilt. As a result, they calculated the
insolation variations for the time period of 30 million years in
the past and 1 million years into the future. It turned out that
the eccentricity values oscillated in the range from 0.0007 to
0.0658 (the current value is 0.01675) mainly with periods of
approximately 0.1, 0.425, and 1.2 million years. The varia-
tions of the rotation axis tilt occurred with the periods of
41,000 and 200,000 years, and its values were in the range
between 22:068� and 24:568�. The deviation of the parameter
e sinP from its value in 1950 oscillated in the range from
�0:03 to ÿ0:07 with a mean period of about 21,000 years.
Variations in the equivalent latitudes were found in the range
from 58� to 79� (quite a broad one) with dominating periods
of 41,000 years and 1.2 million years. The variations in the
equivalent latitudes obtained by Sharaf and Budnikova are
plotted in Fig. 3.

The values obtained by Sharaf and Budnikova for
variations in the axis tilt, eccentricity, and longitude of the
perihelion were used at the Institute of Oceanology of the
Russian Academy of Sciences to calculate the insolation
values for a million years in the past and into the future
from the modern epoch (the early 1950s) with a time step of
5,000 years and latitude step of 10� [4, 16].

The integral of the incoming radiation over the caloric
semesters was calculated based on the relation

QS;W � I0T0

2p

�
S�j; e� � sinj sin e� 4

p
e sinP cosj

�
; �1�

where I0 is the solar constant (equal to 2 cal minÿ1cmÿ2 or
1395.6 W mÿ2), T0 the tropical year duration (assumed to be
constant), S the function that describes the annual insolation
over the meridian, j the geographical latitude, P the long-
itude of the perihelion, e the eccentricity, and e the obliquity
of the ecliptic. We can see from (1) that QS;W depends on the
axis tilt e and on Earth's orbit elements r0 (via I0 and T0), e,
and P [16]. Calculations based on expression (1) have shown
that the insolation anomalies during the caloric semesters are
maximal in the summer polar regions, where they reach
�250 MJ mÿ2, and decrease for the winter polar regions. It
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is noted that the anomalies change in a quasiperiodic way
with a period of about 40,000 years [4, 15, 16].

Calculations of secular variations of Earth's orbit ele-
ments and insolation were repeated by Vernekar [59]. Later,
Berger [20] suggested an improvement to the solution by
Brouwer and Van Woerkom (by including third-order terms
in the eccentricity and axis tilt) and calculated the variations
of both the orbit elements and the insolation. Calculated
variations of the incoming solar radiation are compared in
Fig. 3. It can be seen that the last maximum in the incoming
solar radiation for the northern hemisphere was reached
approximately 10,000 years ago (which agrees with general
estimates of the degradation period for the inland ice in
Europe and North America, as well as with the positioning
of Earth's orbit perihelion at the vernal equinoctial point).
After this moment, the amount of the incoming solar
radiation gradually decreases and, as indicated by Sharaf
and Budnikova's calculations, this process will continue for
approximately 10,000 years [17±19]. By that time, Earth's
orbit perihelion will reach the vernal equinoctial point [60].

Recently, Smulsky and Krotov [61] suggested a new
method for the insolation calculation based on an exact
solution of the two-body problem (Earth and the Sun). At
specific Earth latitudes, the authors calculated the insolation
for the time period of 200,000 years before the current epoch
(1950). The deviation of the calculation results from Milan-
kovitch's results [14] is not more than 0.1% in the specified
time interval [61]. The results obtained by Smulsky and
Krotov, as noted by the authors, are in good agreement with
Sharaf and Budnikova's calculations, but there are significant
divergences at the extremum points with the results by Laskar
and colleagues. This inconsistency is explained by the
difference in the initial conditions of the insolation calcula-
tion [17±19, 61]. The authors of [20, 21] note a good
agreement between the calculated insolation values obtained
by Berger and the results by Sharaf and Budnikova [17±19].

We note that approximate analytic solutions of problems
related to orbital movement are based on physical and
mathematical simplifications (for example, the interacting
bodies are regarded as point masses or as bodies with some
specific shapes, etc.). This leads to higher possible errors in the
calculations for longer time periods (which is why Milanko-
vitch assumed that reliable results can be obtained only for a
time period of 600,000 years). Sharaf and Budnikova
improved the initial data together with the precession
solutions and calculated the insolation for a time period of
30 million years. Berger and Loutre performed the calcula-
tions for time periods of 5 and 3 million years [58, 62], while
Quinn and colleagues calculated the insolation variations for
a 3 million year period [63]. Laskar and colleagues improved
the secular perturbation theory and calculated the insolation
variations for a 200million year period, but due to the chaotic
behavior of the main characteristics they came to the
conclusion that the results can be reliable only in the range
from 20 million years in the past to 10 million years in the
future [64±66]. These methods, calculation programs [58, 62,
67], and insolation data are used for numerical experiments in
paleoclimate modeling.

Generally, the historical development of the astronomical
theory of climate went by a series of calculations for secular
(low-frequency) variations of the incoming solar radiation
(Earth's solar climate) that are determined by secular
variations of Earth's orbit elements (eccentricity, longitude
of perihelion) and the rotation axis tilt. The calculation results

obtained by various scientists for the secular variations of
solar radiation are slightly different due to the difference in
the initial conditions and the calculation methods (see Fig. 3).
There is still no unique solution to the problem of global
climate changes (glaciation development) in the framework of
the astronomical theory of climate. One may search for
correlations between periods when the incoming radiation
reached its extremes and periods when the glaciation was
maximal or minimal [37, 68]. However, without taking into
account how the atmosphere, ocean, and other factors affect
global climate formation, these investigations turned out to
be inefficient and did not reveal the causes of climate change.
Such an approach is additionally complicated by a number of
phenomena such as the metachronism of glaciation [40, 69,
70] or the absence of glaciation during long geological periods
(for example, during the Cretaceous). This means that the
amount of solar radiation incident on Earth's ABL is not the
only critical parameter on the geological time scale. Other
such factors can be Earth's rotation speed, the motion of the
poles, continental drift, the topography and shape of the
continents and oceans, the trajectories of ocean currents, the
atmospheric composition, the character of atmospheric
circulations, volcanic activity, and others [71±78]. Solar
climate variation is assumed to be the primary climate-
formation factor when analyzing climate changes on short
time scales, where the influence of the above-mentioned
factors (for example, the motion of continents and poles or
the change in the shape of continents and oceans) can be
ignored (or can be assumed to be constant).

The time span of investigations related to the astronom-
ical theory of climate is set by the study of secular (low-
frequency) variations in the incoming solar radiation, which
is connectedwith themain problem: explaining global climate
events on geological time scales. In the astronomical theory of
climate, the secular solar radiation variations are calculated
through secular perturbations of two orbital elements: the
orbit eccentricity and the longitude of the perihelion together
with the rotation axis tilt (or the obliquity of the ecliptic). It is
assumed that the ``perturbations can be of two types:
periodical with very small amplitude and secular. The first
ones have almost no influence on the Earth's illumination and
are therefore of no interest for us'' [14, p. 37]. The calculations
performed by Milankovitch show that the ``amounts of
radiation obtained during the astronomical spring and
summer are the same, just as for the amount of radiation
obtained during autumn and winter.'' It also follows that
``every latitude in the southern hemisphere during its summer
semester receives the same amount of radiation as the same
latitude in the northern hemisphere during its summer
semester; the same applies to winter semesters'' [14, p. 33].
In studying secular variations, it is assumed that both the
major semiaxis of Earth's orbit (Laplace's stability theorem)
and the time of Earth's revolution around the Sun (Kepler's
third law) are constant [14]. However, we note that the Kepler
laws are valid for nonperturbed motion. It is also important
that the Laplace theorem is valid only when there is no
commensurability in the mean motion of the large planets
[53, 54, 79]. However, the mean motions of Earth and the
closest planetsÐMars, Venus, and JupiterÐdemonstrate
commensurabilities (2=1, 2=5; and 12=1, respectively) or the
orbital resonance effect [80]. This means that neither Earth's
orbit major semiaxis nor the period of Earth's revolution
around the Sun is precisely constant in reality. Periodic
variations in the major semiaxis, revolution period, and
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rotation axis tilt due to orbital resonances result in weak
periodic variations in Earth's solar climate [81±87].

All calculations of the incoming solar radiation described
above share one property: they were performed for a range of
low-frequency variations. As correctly noted by Lagrange,
Laplace, and Milankovitch, when considering Earth's solar
climate on geological time scales, the periodic (high-fre-
quency) perturbations are negligible with respect to secular
(low-frequency) perturbations. For short time periods
(several tens to hundreds of years), high-frequency variations
in Earth's solar climate can play an important role together
with other factors influencing today's global climate change.

Earth's insolation should be calculated in the range of
high-frequency variations due to several reasons. The first is
the constant update of initial astronomical data for insolation
calculations (that take advances in the perturbation theory
into account). The second reason is that the response of
Earth's climate system is not determined precisely over the
time of secular (low-frequency) variations, while in the range
of periodic (high-frequency) variations, it is very poorly
studied.

Studies of Earth's solar climate variations in the range of
high-frequency variations on the modern short time scale is
considered to be promising due to a number of other reasons.
First, this time period is supplied with astronomical data that
are currently the most precise ones. Second, it is also backed
by thorough climatological information, which allows per-
forming detailed investigations of the connection between
climate element variations and the amount of incoming solar
radiation. Such connections could be used in paleogeographic
reconstructions (based on the actualismmethod, which is well
known in geology) or in paleoclimate modeling. Such a time
scale is also convenient for comparing solar radiation
variations of various natures (due to celestial mechanics
processes or the Sun's activity). It provides an opportunity
to determine the character of Earth's climate system response
to solar radiation variations of various natures.

3. Periodic (high-frequency) insolation variations

Calculations that take periodic perturbations of Earth's orbit
elements and the resulting high-frequency variations of the
incoming solar radiation into account were started at the
Voeikov Main Geophysical Observatory in Russia [88, 89].
However, no further steps in that direction followed. High-
frequency insolation variations are currently being studied at
the InstituteofAstronomyandGeophysicsGeorgesLemaõÃ tre,
Belgium [90, 91]. The insolation calculations (based on the
solution of the two-body problem) were performed for this
range at the Institute of Earth's Cryosphere (Tyumen) by
Smulsky and Krotov [61].

We have also performed insolation calculations in the
high-frequency variation range [92±94]. The incoming solar
radiation was calculated using data on high-precision astro-
nomical ephemerides [95, 96] for all of Earth's surface
(without taking the atmosphere into account) within the
interval from 3000 BC to 2999 AD. As the initial astronom-
ical data for the insolation calculations, we used the Sun's
declination and ecliptic longitude, the distance from Earth to
the Sun, and the difference between the local mean solar time
and the local apparent solar time. Earth's surface was
approximated by an ellipsoid (Geodetic Reference System,
1980, GRS80) with semi-axes 6,378,137 m (major) and
6,356,752 m (minor). Generally, the calculation algorithm

can be described by the expression

Inm�j1;j2��
�t2
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��j2

j1

s�H;j�
��p
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�
dj
�
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where Inm [J] is the incoming solar radiation per elementary
nth fraction of themth tropical year, s [mÿ2] is the area factor
used to calculate the area differential s�H;j� da dj (of an
infinitely small trapezoid) of the ellipsoid section, a [rad] is the
hour angle, j [rad] is the geographic latitude, H [m] is the
height of the ellipsoid surface above Earth's surface,
L�H;j; t; a� [W mÿ1] is the insolation at the specific moment
and in the specific region of the ellipsoid, and t [s] is time.
Integration steps were 1� for longitude, 1� for latitude, and
1=360 of the tropical year duration for time [82]. The value of
the total solar irradiance was assumed to be 1361Wmÿ2 [97].
Solar activity variationwas not taken into account. A detailed
description of the performed calculations for the solar energy
incident on Earth's ellipsoid (without taking the atmosphere
into account) is given in [93, 94].

The main differences between our approach [92±94] (with
respect to time, space and initial data) and other calculations
of the low-frequency insolation variations well-known from
the astronomical theory of climate are as follows.

(1) Milankovitch and his followers calculated Earth's
insolation (with the atmosphere not taken into account)
over long time periods (from several hundred thousand to
millions of years) with only secular variations related to the
changes in the eccentricity, longitude of the perihelion, and
Earth's rotation axis tilt (with periods of several dozen
thousand years) taken into account. The time resolution in
calculations was approximately from 5000 years in the work
by Milankovitch [14], Sharaf and Budnikova [17±19], and
Monin [16] to 1000 years in the papers by Vernekar [59] and
Berger [20±22, 58]. Milankovitch and his followers calculated
daily or yearly insolation for some initial year (for example,
1850 or 1950) for a specific latitude. A time step (from 1000 to
5000 years) was then made into the past (or into the future)
and the calculations repeated (taking the changes in the
eccentricity, longitude of the perihelion, and axis tilt into
account). Periodic variations in insolationwere not taken into
account (the duration of the tropical year was assumed to be
constant). In our calculations, we considered both secular and
periodic variations (in the Earth±Sun distance, tropical year
duration, rotation axis tilt, etc.). The time resolution in
integration was 1/360 of the tropical year duration (approxi-
mately one day) taking variations in this value into account
[82, 84, 93].

(2) Milankovitch and all his followers performed the
calculations only for specific geographic parallels (latitudes),
and Earth was assumed to have a spherical shape. In our
investigations, the insolation was calculated for Earth's
surface approximated by an ellipsoid (also for specific
latitudinal regions). Spatial resolution in integration was 1�

for longitude and 1� for latitude.
(3) The calculations byMilankovitch were based on long-

term astronomical ephemerides calculated by Miskovic for
the eccentricity, the longitude of the perihelion, and Earth's
rotation axis tilt. These values were further improved by
Milankovitch's followers [17±22, 57±59, 98]. Smulsky and
Krotov [61] based their calculations on the solution of the
two-body problem (this is associated with a number of
limitations in the initial astronomical data). Our calculations
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of insolation used the parameters given in expression (2),
which took secular and periodic variations of Earth's orbit
elements and its rotation axis into account. As the initial data,
we used high-precision astronomical ephemerides calculated
at the Jet Propulsion Laboratory of the California Institute of
Technology (in the time range from 3000 BC to 3000 AD)
available at the NASA internet resource [96].

The differences between our approach to the analysis
of high-frequency insolation variations and the methods
employed by Y P Borisenkov, M-F Loutre, S Bertrand,
and their colleagues are, first, the initial astronomical data
used in the calculations and, second, the way the calculations
treat Earth's surface. Third, these approaches deal with
different time periods. As the initial data, Borisenkov and
colleagues used the Ephemerides calculated at the Institute
of Theoretical Astronomy of the USSR Academy of Sciences
(e-mail correspondence with A V Tsvetkov, 2015). The
calculations performed by Belgian researchers [90, 91] were
based on the VSOP82 ephemerides [98]. Our calculations
were based on the JPL Planetary and Lunar Ephemerides
DE-405/406 [96, 99].

Earth's surface was assumed to be spherical in the
calculations of our predecessors and only specific parallels
(latitudes) were considered. Borisenkov and colleagues [88,
89] obtained data only for the latitudes of 20�N, 40�N, 60�N,
and 80� N. In the investigations by Belgian scientists [90], the
calculations (in mid-July or at the 120� geocentric longitude
point) were performed only for the latitude of 65� N, and at
the equinoctial and solsticial points they were done for the
equator and latitudes of 30�, 60�, and 90� in each hemisphere.
We recall that the geocentric longitude of the Sun is the angle
between the directions from the center of Earth to the vernal
equinoctial point and to the Sun. The vernal and autumnal
equinoctial points are points where Earth's orbital plane
(ecliptic) intersects the celestial equatorial plane [100].

In the paper by Bertrand and colleagues [101], the
insolation was calculated, as above, for July (at the point
with the geocentric longitude of 120�) in the latitudinal region
from 65�N to 70�Nover the time of the past millennium. The
values for the latitudinal region were calculated as the mean
product of the data for the limiting 65� N and 70� N parallels.
Smulsky and Krotov performed their calculations for the
parallels of 0�, 10�, 25�, 45�, 65�, 80�, and 90� in each
hemisphere. In our calculations, Earth's surface was approxi-
mated by an ellipsoid and the incoming radiation was
calculated not for specific parallels (latitudes) but for the
surfaces of specific latitudinal regions (with the latitude
resolution of 1�) and for the whole Earth.

The time resolution in the high-frequency variation
calculations by Borisenkov and colleagues was approxi-
mately a day [88]. However, the calculations were performed
only for summer and winter semesters (and only for the
northern hemisphere) in the period from 1800 to 2100. In
[90], Loutre and colleagues performed the calculations for the
period of 5000 years (in the past) with one-year resolution and
only for July (a specific point with the geocentric latitude of
120�), the equinox, and the solstice. In [101], Bertrand and
colleagues performed the insolation calculations for the past
millennium, but only for one month, July (with one-year
resolution). Moreover, the value of the solar constant used in
our calculations was 1361Wmÿ2 [97], equal to 1368Wmÿ2 in
the investigations by our predecessors [91, 101], 1367 W mÿ2

in the papers by Borisenkov and colleagues (e-mail corre-
spondence with Tsvetkov, 2015) and by Loutre and collea-

gues [90], and 1366 W mÿ2 in [67]. Smulsky and Krotov used
the same value for the solar constant as Milankovitch did,
1395.6 W mÿ2 [14, 61].

Our calculations are based on high-precision ephemer-
ides, use a new value for the solar constant (1361 W mÿ2),
consider the period of 5999 years in more detail, and provide
data for the whole surface of Earth. In our investigations,
Earth is not regarded as a sphere, andwe approximate it by an
ellipsoid. The obtained results fill the spatial and temporal
`gaps' in the insolation calculations for the period from
3000 BC to 2999 AD, which provides opportunities for a
detailed analysis of Earth's insolation and its solar climate in
the specified time interval.

An analysis of the calculated insolation shows that in the
modern epoch there is a minor tendency toward a decrease
[92, 93]. According to our data, in the period from 3000 BC to
2999 AD, the amount of incoming solar radiation decreased
by 0.005% [93]. This tendency is associated with a low-
frequency variation in Earth's orbit eccentricity (with a
period of approximately 92,000 years) [14, 16, 19, 27]. The
decrease in insolation during the modern epoch (in the
summer semester at 65� N latitude) is also visible in the
calculations shown in Fig. 3. However, more significant
insolation changes appear according to latitude and season
of the year (Fig. 4).

The overall amount of solar energy arriving at Earth's
ellipsoid during the tropical year experiences a small decrease.
However, in the regions below the 45� latitude of each
hemisphere, we observe a more pronounced tendency
toward an insolation increase, while for the latitudes above
45�, the opposite. This is another tendency for the variation in
the incoming radiation in the modern epoch: an increase in
the latitudinal contrast (inter-latitude gradient) of the insola-
tion [84, 92]. Similar behavior of the insolation distribution
over latitudes was noted for the modern epoch in [61]. The
analysis of Earth's insolation demonstrates that during the
winter semesters of the hemispheres, the amount of solar
radiation incident on the ABL increases, while during the
summer semesters it decreases, and we therefore observe the
smoothing of seasonal contrasts in the insolation (Fig. 5).

The decrease in the amount of radiation incident on
the latitudinal region from 65� N to 70� N (at the ABL)
in the past 1000 years for mid-July (the point with the
geocentric latitude 120�) was also noted in investigations by
Belgian scientists [91]. The observed low-frequency variations
(increase in the latitudinal contrast and smoothing of
seasonal differences) in Earth's insolation are related to a
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secular tendency of Earth's rotation axis to decrease its tilt
(with respect to the normal to the ecliptic plane) due to
precession (with a period of 40,000 years). It was noted
above that the increase in the rotation axis tilt leads to an
increase in the amount of solar radiation incident on the polar
regions, which means smoothing of the latitudinal contrast in
the hemispheres and an increasing seasonal difference. As the
tilt angle decreases, the amount of incident radiation increases
for the equatorial region and decreases for the polar region.
At the same time, the latitudinal contrasts grow and the
seasonal differences smooth out [4, 14, 16, 39]. According to
our calculations, the decrease in Earth's rotation axis tilt
during the period from 3000 BC to 3000 AD is approximately
0:7� [93].

Simultaneously with the observed tendencies, which are
mostly underlain by the low-frequency oscillations of the
eccentricity and rotation axis tilt, the amount of radiation
incident on the ABL is modulated with high-frequency
variations (Fig. 6), which appear due to periodic perturba-
tions of Earth's orbit elements caused by the Moon and
planets of the Solar System. We note that we consider high-
frequency variations in Earth's insolation in units of Earth's
revolution period around the Sun, that is, one year [82, 92,
93]. This period characterizes the most important oscillation
in Earth's climate system.

These high-frequency oscillations, as we have noted, were
not taken into account in the calculations based on the secular
variations of the eccentricity, longitude of the perihelion, and
Earth's rotation axis tilt i [14, 16, 17, 20, 21, 39, 59].

In [88], Borisenkov and colleagues apply spectral analysis
to the calculation results for the radiation incident on the
ABLduring a period of 300 years (1800±2100) and distinguish
the variation periods of 2.7, 4.0, 5.9, and 11.9 years. The first
three frequencies, as the authors believe, correspond to the
perturbations introduced by Venus and Mars. The 11.9 year
variation agrees with the Jupiter perturbation. An 18.6 year
period is also observed, and it is related to the lunar node
period [88]. The data calculated by Smulsky and Krotov for
the incoming radiation over the time period of 200,000 years
in the past reveals variation periods of 2.75, 3.98, 11.86, and
18.6 years (the 18.6 year period corresponds to the perturba-
tion of Earth's rotation axis caused by theMoon) [61]. Loutre
and colleagues from the Institute of Astronomy and Geo-
physics Georges LemaõÃ tre also applied spectral analysis to the
data on insolation calculated for the time period of 6000 years
in the past [90]. The authors revealed a large number of
variations with periods of 2.67, 3.98, 5.92, 8.1, 11.9, 15.7, and
18.6 years [90]. The variations with periods of 2.67, 3.98, and
8.1 years are considered to be related to Venus, while the
periods of 5.93 and 11.9 years relate to Jupiter's motion. The
period of 15.7 years is attributed to the motion of Mars and
the 18.6 year period to the lunar node period. Bertrand and
colleagues note that the insolation periods of 2.7 and 4.0 years
found by them in the insolation dependence over 1000 years in
the past can be attributed to the relative motion of Earth and
Venus, while the periods of 5.9 and 11.9 years can be
attributed to the motion of Jupiter. The period of 18.61 years
is attributed to the lunar node motion [91].

Insolation calculations were recently performed by
researchers at the National Technological University of
Argentina and at the Harvard-Smithsonian Center for
Astrophysics (USA) for the time period from 12,000 years
in the past to 1000 years in the future using new astronomical
ephemerides (DE-431). A spectral analysis revealed a
characteristic set of high frequencies [102]. The authors
associate variations with the periods of 2.69, 3.98, 7.88, and
8.1 years with the interaction between Earth and Venus.
Perturbations in the mean motions of Mars and Earth are
attributed to the periods of 2.42, 2.9, 3.56, 5.26, and
15.76 years. The periods of 11.86 and 6.0 years are
attributed to Jupiter's motion. The periodicity of 18.6 years
is assumed to correspond to the nutation cycle. The highest
spectral density is observed in the range of periods from 2 to
3 years and around the period of 20 years. Spectral analysis
also reveals frequencies with longer periods, which are
associated by the authors with the periodic motion of the
distant planets (Saturn, Uranus, Neptune) [102]. These
insolation calculations were performed for specific latitudes
of Earth's sphere with the daily change in the Sun longitude
taken into account. At the same time, the change in the
tropical year duration was not accounted for.

We believe that real periodic influences of planet motion
on Earth's motion can be manifested by periods with only
integer values (multiples of one year), because the primary
motion of Earth has a period of one year. The same relation
should be valid for the high-frequency components of Earth's
insolation variation.

Among the periodicities mentioned above and found in all
considered high-frequency insolation calculations, the common
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ones are 2.7, 4.0, 11.9, and 18.6 years. We note that the authors
of [90, 102] also distinguish a periodicity of approximately
8 years. The series obtained by us also demonstrates periodicity.
The observed periodicity is not hidden, and therefore spectral
analysis is not needed [81, 82, 92].

The solar constant, the tropical year duration, and inso-
lation calculated by us all clearly demonstrate variations with
2-year and 3-year cycles, which form alternating series with the
durations of 8 �2� 3� 3� and 11 �2� 3� 3� 3� years [81, 82,
84, 92]. The maximum of the spectral density is observed at
the value of 2.7 years. Because the studied time period
includes approximately 70% of full 3-year and 30% of full
2-year cycles, the period of 2.7 years obtained from the
spectral analysis is defined precisely by the ratio between
2- and 3-year cycles in the insolation evolution [82, 84].

It is known that the parameters of planetary and satellite
motion satisfy a number of peculiar relations due to the
existence of commensurabilities and resonances [79, 80, 103].
The resonance conditions are defined by coincidences
between frequencies of forced oscillations (those under an
external action) and of natural oscillations. We consider this
in more detail. The sidereal or orbital period of planet
revolution is the time that it takes a planet to perform a full
revolution along its orbit around the Sun. The sidereal
period of Venus is 224.701 days (0.61521 tropical year),
that of Mars is 686.980 days (1.88089 tropical years), and
Earth's sidereal year is 365.526 days (1.00004 tropical years).
The planet revolution frequencies (o � 2p=T ) are
0.0279624 daysÿ1 for Venus, 0.0091460 daysÿ1 for Mars,
and 0.0171894 daysÿ1 for Earth. This means that
2oMars (0.0182920 daysÿ1)ÿoEarth (0.0171894 daysÿ1)�
0.0011026 daysÿ1 and 3oVenus (0.0838872 daysÿ1)ÿ5oEarth

(0.085947 daysÿ1)� ÿ0.0020598. Thus, there is a commen-
surability between the orbital motion of Earth and the nearest
planets Mars and Venus (a type of coupling between the
orbital objects). The resonance is 2/1 for Earth andMars and
5/3 for Earth and Venus [80, 103].

This means that the position of Earth and Mars with
respect to the Sun is repeated every 2 years and the relative
position of Earth and Venus every 3 years. These effects cause
periodic resonant perturbations of Earth's motion and hence
variations in the solar constant, the tropical year duration,
and Earth's ABL insolation. The ratio of 2- and 3-year
oscillations in the tropical year duration and insolation
dependences should probably indicate the ratio of the
influence of these planets. Approximately 70% of the cycles
in the studied time dependence are formed by 3-year cycles,
which are determined by Earth's motion perturbation by
Venus (3-year periodicity). The rest of the time dependence,
approximately 30%, manifests 2-year cycles, which are
determined by a weaker perturbation of Earth's orbital
motion by Mars [82, 84, 93].

Alternating 11-year and 8-year cycles (formed by the sums
of 2- and 3-year cycles) result in a 19-year cycle, which
influences the trajectory and the speed of Earth's orbital
motion (the second high peak in the spectrum). Thus, the
reasons for the observed periodicity (2, 3, 8, 11, and 19 years)
may be in the resonant insolation perturbations caused by the
commensurability between the orbital motion of Earth,
Mars, and Venus, as well as in the nutation related to the
lunar node period and, possibly, Metonic cycle [84, 104]. This
means that the high-frequency variations in Earth's insola-
tion demonstrate synchronization of 2- and 3-year periodi-
cities with 8- and 11-year phases of the 19-year cycle. The

2- and 3-year cycles form 8-year �2� 3� 3� and 11-year
�2� 3� 3� 3� series corresponding to the phases of the
19-year cycle. Spectral analysis slightly distorts the real
picture due to the shifts of the real harmonics and the
emergence of superficial ones like 4.0, 6.0, and others [90].
Small variations in the insolation and its distribution over
Earth's ABL are determined by the orbital resonances
between Earth, the Moon, and the nearest planets, Venus
and Mars. Correlations of the high-frequency insolation
variations found by various researchers with the periodicity
in the motion of distant planets [90, 103] are not justified.
However, one of the reasons for occasional violations of
the correct sequence of 8- and 11-year cycles could be the
influence of Jupiter, because its mean motion is in a weak
resonance with the mean motion of Earth (1/12).

For simplicity in determining the spatial structure of the
19-year variation, we analyzed the difference in the incoming
solar energy for the tenth and the first year of the decades for
the corresponding latitudinal regions. Indeed, as we have
noted, the phases of the 19-year cycle are characterized by
8- and 11-year periods [81±84, 93]. The analysis demonstrates
regular changes in the spatial structure of Earth's insolation
in different phases of the 19-year cycle. For one of the phases,
the amount of the incoming radiant energy decreases in the
polar regions and increases in the equatorial region. During
the other half of the cycle, the situation is reversed: incoming
energy is lower for the equatorial region and higher for the
polar ones (Fig. 7). Such behavior is associated with nutation.
The lunar orbit slowly rotates and after 18.61 years finishes a
round trip and returns to the initial position (this means that
the Moon will cross the ecliptic at the same point only after
18.61 years). This period determines the effect of nutation
(change in Earth's rotation axis due to irregularity in the
action of the Moon) and is therefore called the nutation cycle
or period [79, 100, 103].

One of the phases of the 19-year nutation cycle enhances
the noted tendency of the secular variations to increase the
latitudinal contrast, while the other phaseweakens it.Maximal
amplitudes of the high-frequency variations are detected for
19-, 11-, and 8-year cycles. They are most pronounced in the
polar regions of the winter hemispheres and are equal to
0.0678% in all of the cycles. The amplitude of 2- and 3-year
variations during winter seasons at these latitudes is char-
acterized by a value of 0.0538% [83, 84, 92, 93]. This is
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determined, first, by large variations in the axis tilt due to
nutation in polar regions and, second, by small values of
winter insolation. Such variations in the polar regions have
the same order of magnitude as the total solar irradiance
(TSI) variations in the 11-year cycle (around 0.07%) [105].
The localization of the maximal amplitudes of the 18.6-year
period insolation variation in the polar regions was also
observed in [61, 89].

An interesting relation between the synodic month and
the mean solar year was found in 433 BC by the Athenian
astronomer Meton: 235 synodic months almost precisely
correspond to 19 solar years. This means that the insolation
variation can include two frequencies related to the Moon.
One is determined by the periodic influence on Earth's
rotation axis (nutation) and is connected with lunar orbit
drift (lunar nodes). The other frequency is determined by the
differences in the distance between Earth and the Sun caused
by the action of the Moon on Earth's orbital motion [100].

The calculations helped to identify small and regular high-
frequency insolation variations caused by periodic perturba-
tions of Earth's orbital motion and its rotation axis tilt [61, 88,
90±92, 102]. These variations can be enhanced by the
resonance response of Earth's climate system if the period of
the orbital motion perturbation is a multiple of one year
(natural period of the climate system). Moreover, we can
expect an effect of stochastic resonance: the response of a
bistable or metastable nonlinear system to a weak periodic
signal in the presence of noise with specific power [106].The
insolation variations discussed above can be considered weak
periodic signals for Earth's climate system in the presence of
noise.

As our results show, Earth's climate system (global
climate) has a stronger response to variations in the
latitudinal and seasonal distributions of the incoming solar
radiation (related to the axis tilt variations) than to variations
in its amount [60, 86, 93, 107, 108]. These variations in the
solar radiation distribution over latitudes and seasons are
much stronger than those in the total amount of the
radiation.

Based on our calculations, we have published an open-
source database on the amount of incident solar energy for all
of Earth's latitudinal regions (5� wide) per astronomical
month of each year in the period from 3000 BC to 2999 AD
[109]. Earth's insolation values are given as data arrays in
three different units, J, J mÿ2, and W mÿ2. These dimensions
correspond to the overall radiant energy, specific energy, and
intensity. The data presented in this database corresponds to
the variations in solar radiation that are caused by celestial
mechanics processes. These values can be used as the input
energy signal in the physical±mathematical climate models.
The calculated insolation data can also be used for precise
calculations of Earth's radiative balance, because the ABL is
a conditional reference surface for the radiant energy incident
on Earth (Fig. 8) [110±115]. By taking the spatio-temporal
variations in the solar radiation incident on the ABL (i.e.,
variations in the initial conditions) into account in the
calculations of the radiative and thermal balance of Earth,
its surface, and its atmosphere, one can improve both the
accuracy of the calculations and the quality of predictions.
This is because small deviations in the initial conditions (in the
case of nonlinear processes) can lead to the difference in the
calculation results increasing in time.
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Figure 8. Components of Earth's radiation balance [113].
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The value of 341 W mÿ2 at the input (at the ABL or on
Earth's surface without taking the atmosphere into account)
is the ratio of the solar constant (for Fig. 4, 1364 W mÿ2)
and 4. The solar constant is the radiant energy incident on a
unit area of Earth's disk (for a distance of 1 a.u.), while the
area of a sphere is 4 times the area of its great circle. In our
database, the input radiation signal is calculated not with
respect to the area of a sphere but with respect to the area of
an ellipsoid [84, 92, 93, 116].

We note that in investigations of the insolation variations
caused by celestial mechanics processes, the calculations are
performed for a given value of the solar constant (the TSI
value averaged over many years) and are not normalized to
distance. When studying the TSI variations, calculations are
performed with respect to a constant distance between the
Sun and Earth, 1 a.u. (averaged over a year).

Because solar radiation is the main source of heat in
Earth's climate system, its values are used in climate
modeling. However, despite the success in the measurement
and calculation of the incoming solar radiation, some
significant unsolved problems can be identified in the review
of the incoming radiation variations given above.

4. General problems of including incoming
solar radiation variations in physical
and mathematical climate models

4.1 Incoming energy signal
In agreement with the IPCC, it is recommended to use the
following data for the external energy signal input into the
radiation block of physical±mathematical models of climate
(CLIM-5): data obtained in [117] from radiometric measure-
ments of the total radiation flux (since 1978) and TSI
reconstruction (starting in 1610 with yearly resolution and
in 1882 with monthly resolution) [118]. Reconstruction of the
total solar irradiance was performed based on solar activity
variations (the number of spots and flares). This recon-
structed data do not reflect the insolation contrast changes,
which are related to the enhancement of the interlatitude
thermal exchange (work performed by a ``heat machine of the
first kind'') [6] and to the many-year variations in the surface
air temperature (SAT), ocean surface temperature (OST), sea
level (SL), and distribution area of sea ice [85, 86, 93].
Insolation contrast is the difference between the yearly
incoming radiation in the regions from 0� to 45� (heat
source) and from 45�ÿ90� (heat sink) in each hemisphere
(for Earth, we consider the value averaged over hemispheres).
Insolation contrast manifests the character of the meridional
energy transfer to the ABL.

Due to several reasons, it is incorrect to use the above-
mentioned measured and reconstructed TSI [118] as the input
energy signal in climate models. First, this data reflects the
change in the total amount of radiation incident on Earth. As
Earth's insolation calculations show, such changes are
negligible for the modern epoch (around 0.005% every
6000 years) [92, 93]. These variations in the incoming solar
radiation can also be calculated for different latitudinal
regions as the cosine of latitude (the change in Earth's
rotation axis tilt is not taken into account). But because the
variations in the incoming radiation are small, the variations
in the latitudinal regions are also small. It is important to
include not the variations of the total irradiance but the
variations in its distribution over the latitudinal regions due

to changes in Earth's rotation axis tilt (for a period of
6000 years, these variations have an amplitude of about 3%)
(see Fig. 4).

Precisely these variations determine the trends in the
changes in the global SAT of Earth (and its specific
latitudinal regions) [85, 86, 93]. First, in the implementation
of the incoming radiation variations in modern climate
models, the process mentioned above are ignored (as are the
changes in the energy transfer to the ABL and hence in the
ocean±atmosphere system). Second, the models do not
account for the time-resolution-dependent changes in the
ratio between the TSI variations of different physical natures
and their different influence on climate formation and
change. We let TSICMP denote the variations related to
celestial mechanics processes and TSISA denote the varia-
tions related to solar activity.

4.2 Relation between variations of different physical
natures in TSI fluctuations
It follows from the calculated data on incoming radiation
[93] that the relation between variations of different physical
natures changes with the time resolution, even for small
fluctuation amplitudes. For example, 55% of the interann-
ual insolation fluctuations in the monthly resolution range
(Fig. 9) are determined by celestial mechanics processes
(TSICMP), while 45% are determined by solar activity
variations (TSISA).

The differences between the components of the TSI
interannual fluctuations determined by celestial mechanical
processes (TSICMP) and changes in the solar activity (TSISA)
have the specific character of annual variation. Interannual
variations related to solar activity (TSISA) are higher than the
interannual variations determined by the celestial mechanical
processes (TSICMP) for 4 months (1/3 of a year): June, July,
December, and January. Time periods of the TSISA variation
domination are chronologically localized in the vicinity of the
summer and winter solsticial points. During the remaining
8 months (2/3 of a year), the interannual TSI fluctuations are
dominated by variations determined by the celestial mechan-
ical processes (TSICMP). Maximum values of the dominant
variations (TSICMP) are observed during periods in the
vicinity of the equinoctial points. For the period of satellite
radiometric observations from 1978 to 2008, the average ratio
is characterized by theweighted values of 45.71% (TSISA) and
54.29% (TSICMP) [93].
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Figure 9. Ratio between the TSISA and TSICMP variations (shown with

dark background) in the TSI interannual fluctuations (in%) for the period

from 1882 to 2008 with monthly resolution [93].
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The suggested IPCC values of the reconstructed TSI do
not account for this effect. The obtained results show that for
the input energy signal in climate modeling, one should take
the insolation and/or the insolation contrast into account.
The connection between the latter and the many-year
variations in the SAT and OST anomaly was analyzed and
estimated in [85, 86, 93, 94, 107, 108].

4.3 Changes in the energy transfer over the ABL
The main blocks of physical±mathematical climate models
are the atmospheric general circulation model (AGCM) and
the ocean general circulation model (OGCM). These blocks
are described by a system of hydrodynamic equations that
correspond to the principal physical laws (matter, energy, and
momentum conservation laws). However, these equations
describe the averaged and static atmosphere and ocean [7,
119] and, for example, do not take changes in the radiant
energy transfer over the ABL (and in the ocean±atmosphere
system) into account. Insolation calculations [93] show that
due to the elliptical shape of Earth, the equatorial region
receives more radiant energy than the polar regions. The
inhomogeneous distribution of the incoming radiation on the
ABL leads to the appearance of an interlatitudinal insolation
gradient, which determines the energy transfer over the ABL.
A gradual increase in the radiant energy transfer from the
equator to the polar circles is observed in each hemisphere
(Fig. 10).

The physical process of energy transfer is radiation.
Maxima of the meridional radiant energy transfer are
localized approximately in the region of the 65th parallel in
each hemisphere (near the polar circles). A slight decrease in
the radiant energy transfer is observed in the polar regions
(from the polar circles to the poles). This means that in each
hemisphere there is a region with an increasing (from the
equator to the polar circle) and decreasing (from the polar
circle to the pole) radiant energy transfer. The maximal
increase (by 2:61� 1015 W or 1.25%) is observed near the
polar circles (65� latitude) in each hemisphere (``turbulent
region''). The maximal decrease in the transfer (by
3:3� 1015 W or 2.56%) is observed in the polar regions (85�

latitude).
The mean energy transfer in the ocean±atmosphere

system [7, 119] is linearly dependent on the mean energy
transfer over the ABL [93]. The correlation coefficient is 0.98.
Because the mean annual energy transfer in the ocean±
atmosphere system is determined by the mean annual energy
transfer over the ABL, the fluctuations observed in this

transfer in the modern epoch (from 3000 BC to 2999 AD)
can also manifest themselves in the ocean±atmosphere
system. The energy transfer determines the interlatitudinal
thermal exchange (work performed by a heat machine of the
first kind), which is currently increasing due to the decreasing
tilt of Earth's rotation axis [85±87, 93]. The obtained
variations in the meridional energy transfer over the ABL
should also be taken into account in the atmospheric system
of hydrodynamic equations (equations for the mass, momen-
tum, and energy conservation laws, and the gas state
equation) [120, 121] used for numerical experiments in the
physical±mathematical climate models. The hydrodynamic
equations used in the AGCM and OGCM describe the static
atmosphere and ocean, which is not the actual case.

Recent calculations of Earth's insolation variation can
provide solutions to these general problems, which may lead
to an improvement in physical±mathematical climate models
and climate change predictions.
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