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Variations in the Earth’s insolation by latitudes and seasons in certain periods of the Holocene are consid-
ered. A comparative analysis of insolation in boundary years of geochronological periods with modern insolation
(2022) is carried out. The change in summer insolation in the hemispheres is analyzed separately. Quantitative
estimates of changes in the intensity of insolation in the Holocene are assessed with respect to the modern in-
solation. The extremes of summer insolation in the Northern hemisphere are synchronized with the global pa-
leogeographic events of the Holocene: the transition from the cold Pleistocene epoch to the warm Holocene and
the Little Ice Age. It is shown that the change in the summer insolation of the Northern hemisphere is controlled
by the characteristics of the Earth’s orbital motion and is a factor of the noted global paleogeographic events
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that took place predominantly in the Northern hemisphere.
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INTRODUCTION

Changes in the state of the Earth’s cryosphere at
present and in the future are largely determined by its
changes in the past. Therefore, information concern-
ing the possible causes of such changes is relevant.
Solar radiation is the main source of energy that de-
termines the radiation and heat balance of the Earth,
as well as its surface and atmosphere, and the nature
of hydrometeorological processes. The processes oc-
curring in the Earth’s cryosphere are mainly regulat-
ed by changes in the heat balance of the Earth, its
surface and atmosphere. The main component of the
heat balance is the short-wave radiation coming from
the Sun. In this regard, the study of spatial and tem-
poral changes in the incoming solar radiation is of
great importance for understanding the processes oc-
curring in the Earth’s cryosphere, their causes, and
the possibility of predicting. The aim of this work is
to study spatial and temporal changes in the Earth’s
insolation (irradiation intensity, W/m?) in the Holo-
cene.

Variations in the radiant energy coming to the
Earth are mainly determined by two reasons of differ-
ent physical natures. One of the reasons is the change
in the activity of solar radiation. The other reason de-
termining the change in solar radiation coming to the
Earth is celestial-mechanical processes that cause
changes in the elements of the Earth’s orbit and incli-

nation of the rotation axis [ Milankovitch, 1939; Mo-
nin, Shishkoov, 1979]. Tt is known that daily and an-
nual variations in temperature follow daily and an-
nual variations in the incoming solar radiation. The
latter are associated with celestial-mechanical pro-
cesses: the rotation of the Earth around the inclined
axis and the movement of the Earth in an elliptical
orbit around the Sun. Due to the dependence of the
annual temperature variation on the annual insola-
tion variation, the authors calculated the solar radia-
tion coming to the Earth for a period of 12 000 years
towards the past from the present (2022 AD).

METHOD TO CALCULATE INSOLATION

Earth’s insolation (irradiation intensity, W /m?)
was calculated with high spatial and temporal resolu-
tion. The calculations were performed using high-
precision astronomical ephemerides (DE-441, NASA)
[Attp.//ssd jpl.nasa.gov] for the entire surface of the
Earth (excluding the atmosphere) in the interval
from 10 000 BC to 2022 AD. Initial astronomical
data for insolation calculations were: the declination
and ecliptic longitude of the Sun, the distance from
the Earth to the Sun, the difference in the course of
the uniformly current coordinate time (Coordinate
Time), and the universal corrected time (Universal
Time). The Earth’s surface was approximated by a
Geodetic Reference System 1980 (GRS80) ellipsoid
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with semiaxes of 6 378 137 m (large) and 6 356 752 m
(small). In general, the calculation algorithm can be
represented by the expression:

&P n
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where Iis the incoming solar radiation for the elemen-
tary n-th fragment of the m-th tropical year (J); o is
the area multiplier (m?), which is used to calculate the
area differential o(@)dade is the area of an infinitely
small trapezoid — an ellipsoid cell; a is the hour angle;
@1, ¢y are geographic latitudes expressed in radians;
A(t, @, @) is solar radiation at a given moment in a
given place on the ellipsoid surface (W/le) and t is
time (s). The integration steps were: in longitude 1°,
latitude 1°, in time 1,/360 of the duration of the tropical
year, taking into account its change. Changes in solar
activity were not taken into account. The value of the
solar constant (average long-term value of TSI — Total
Solar Irradiance) was taken equal to 1361 W /m?2. The
methodology for the performed calculations of the
solar energy coming to the Earth’s ellipsoid (exclud-
ing the atmosphere) is described in detail in [ Fedorog,
Kostin, 2020].

CHANGES IN IRRADIATION INTENSITY
DURING THE GEOCHRONOLOGICAL PERIODS
OF THE HOLOCENE

For the geochronological periodization of the
Holocene, the authors adopted a modified Blitt-Ser-
nander scheme as interpreted by J. Mangerud [ Man-
gerud et al., 1974] (Table 1). According to the deci-
sion of the INQUA stratigraphic commission, the
lower boundary of the Holocene is limited to 11 700
calendar years ago (BP) [ Walker et al., 2019).

For each geochronological period of the Holo-
cene, the change in the Earth’s insolation by geo-
graphic latitudes and astronomical seasons is studied.
Matrices of insolation change are obtained as the dif-
ference between the matrix of the space-time distri-
bution of solar radiation intensity in the year of the
end of the geochronological period and the matrix of

Table 1. Scheme of geochronological periodization
of the Holocene

Geochronological Start, End,
period years BP years BP
Preboreal 11,700 10,800
Boreal 10,800 8100
Atlantic 8100 5800
Subboreal 5800 2600
Subatlantic 2600 Present

Note: Dates are calibrated and are given in calendar
years [Agafonova, 2021].
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the year of its start. The irradiation intensity matrix
represents the distribution of the Earth’s irradiation
intensity over 5-degree latitudinal zones with a time
resolution of one astronomical month (Fig. 1). Note
that a tropical year is the time interval between two
successive passages of the Earth in its orbital motion
of the vernal equinox point [Fedorov, 1999, 2002].
The tropical year includes two half-years, each of
which consists of two astronomical seasons (spring
and summer, autumn and winter). The beginning of
the first astronomical semester and the end of the sec-
ond astronomical semester are taken as the vernal
equinox. The first astronomical semester corresponds
to the summer semester in the Northern Hemisphere
and the winter semester in the Southern Hemisphere.
The end of the first astronomical semester and the be-
ginning of the second one is taken to be the point of
the autumnal equinox. The second astronomical se-
mester corresponds to the winter semester in the
Northern Hemisphere and the summer semester in
the Southern Hemisphere; it begins at the autumnal
equinox and ends at the vernal equinox. Each season
consists of three astronomical months (AMs). The
beginning of the first AM is taken as the position of
the Earth at the vernal equinox, the beginning of the
fourth AM is at the point of the summer solstice, the
seventh AM begins at the point of the autumn equi-
nox, and the tenth AM begins at the point of the win-
ter solstice. With the relative constancy of the dura-
tion of the tropical year, the duration of half-years,
seasons, and AMs varies significantly. Due to the
change in the eccentricity of the Earth’s orbit and the
longitude of the perihelion, the difference in the dura-
tion of half-years (and seasons) is a function of time.
At present, for example, the difference between the
duration of the first and second astronomical half-
years is about 8 days. Nevertheless, the solar energy
coming to the Earth in the first and second half of the
year is approximately the same. This is determined by
the fact that in a longer half-year, the Earth in orbital
motion passes through aphelion, which is at a farther
distance from the Sun than in a shorter half-year, in
which the Earth passes through perihelion. Changes
in the eccentricity, perihelion longitude, and axial tilt
cause the arrival of solar radiation in latitudes and
seasons to change over time.

First of all, it should be noted that there are ar-
eas (previously the authors named them “dead”
zones), in which there is no radiation during certain
months of the tropical year [Fedorov, Frolov, 2019]
and, hence, no changes in the intensity of insolation.
“Dead” zones appear in the matrix of spatial-temporal
distribution of irradiation intensity for each tropical
year in the time interval under study. Irradiation in
the southern hemisphere is absent during 27 to 5t
AMs in the latitudinal region 80°-90°S, and during
the 3" and 4'h AMs in the latitudinal region 70°—
80°S. In the Northern Hemisphere, solar radiation
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during the 8t to 11 AMs does not enter the latitu-
dinal region 80°~90°N, and during the 9t and 10t
AMs, the latitudinal region 70°—80°N.

Preboreal. From the beginning of the Preboreal
to its end, there was a decrease in the irradiation in-
tensity (IRI) for astronomical spring (15 to 3'4 AMs)
and astronomical winter (10" to 12th AMs). For as-
tronomical summer and autumn, an increase in the
irradiation intensity was mainly observed. The maxi-
mum reduction in the IRI during this period took
place in the 15t and 12t AMs. In the 15t AM, the max-
imum reduction was observed in the latitudinal re-
gion of 10°S-30°N and ranged from 4.05 to
4.28 W/m?; in the 12" AM, in the latitudinal region
of 20°S—-5°N, where it ranged from 3.97 to 4.04 W /m?
(Fig. 1a). The maximum increase in the IRI in the
Preboreal was observed in the 6™ and 7" AMs in the
latitudinal regions of 5°S—-30°N (by 3.98 to
4.09 W /m2), and 35°S—15°N (by 3.92 to 4.26 W /m2).

Boreal. During the Boreal, a reduction in the
IRI manifested itself in the interval from the 15¢to the
4™ AMs and in the 11t and 12" AMs (compared to
the Preboreal reduction, it shifted by about a month
of the tropical year). An increase in the IRI during
was typical for the interval from the 5t to 10t AMs
(Fig. 1b). The maximum reduction in IRI in the 15
AM was localized in the latitudinal region 25°S—
40°N, where is varied from 10.31 to 11.73 W/m? in
the 2" AM, 15°S—-90°N (10.45-13.29 W /m?); in the
3 AM, 15°N-90°N (10.22—-12.15 W /m?). Thus, the
maximum reduction in the IRI took place in the
Northern Hemisphere, in the 15t to 39 AMs. The
maximum increase in IRI during the Boreal was ob-
served mainly in the Southern Hemisphere. In the 7th
AM, it was localized in the latitudinal region of
925°N-45°S (10.12-11.91 W/m2); in the 8 AM,
in the region 15°N-90°S (10.37-13.66 W /m?); and
in the 9" AM, in the region 10°S-90°S (9.94—
11.78 W/m2).

Atlantic. During this period, the decrease in the
IRI was mainly characteristic of the first astronomi-
cal half-year (1%t to 6™ AMs), and the increase was
characteristic of the second half-year (7t to 12th
AMSs) (Fig. 1¢). The areas of pronounced decrease
during the 3" and 4th AMs were localized in the lati-
tudinal regions 0°N-90°N (9.79-15.52 W /m?) and
15°N-90°N (10.32-14.24 W /m?) with minimum IRI
values in the area of the North Pole. The maximum
increase in the IRI during the Atlantic took place
in the 9 and 10 AMs in the latitudinal region
0°-90°S (9.84-11.50 W/m?) and 15°S-45°S
(9.89-10.09 W /m?). Thus, the areas of maximum IRI
reduction in this period (as well as in the Boreal pe-
riod) were found in the Northern Hemisphere, while
the areas of maximum IRI increase were in the South-
ern Hemisphere.

Subboreal. The reduction of IRI during this pe-
riod occurred from the 27 to the 7¢h AM, and the in-

crease in IRI took place in the 15¢ AM and in the in-
terval of 8th—12th AMs (Fig. 1d). The maximum de-
crease was observed in the Northern Hemisphere in
the interval from the 3" to the 5t AMs in the area of
the North Pole. In the 3'9 AM, the decrease gained
maximum (10.29-18.92 W /m?2) in the latitudinal re-
gion from 15°N to 90°N; in the 4 AM, from 10°N to
90°N (10.56-25.14 W /m?); in the 5% AM, from 20°S
to 90°N (9.8-19.61 W/m?); and in the 6t AM, from
25°S to 60°N (9.63-12.03 W/m?). The maximum in-
crease in IRI was observed in the 10t"~12t» AMs in a
vast region from the Northern Tropic to the Antarctic
Circle. In the 10th AM, it covered the area from 30°N
to 65°S (10.55-15.25 W /m?); in the 11th AM, from
35°N to 65°S (10.84-15.93 W/m?2); in the 12" AM,
from 30°N to 40°S (10.41-12.39 W /m?2).

Subatlantic. The decrease in IRI took place in
the 3" AM in the northern Arctic (Fig. 1e); in the 4t
AM, in the area from the Southern Tropic to the
North Pole; in the 5" AM, from 60°N to the North
Pole; in the 6t and 7t in all latitudinal zones; in the
8th AM, in the area from 55°N to the South Pole; in
the 9t AM, from 20°N to the South Pole; in the 10th
AM, in the southern subpolar region. The maximum
reduction in the 4" AM took place in the Arctic and
reached 7.77-8.77 W /m?; in the 5" AM, in the latitu-
dinal region from 25°N to the North Pole (7.77-
10.16 W /m?) (with an increase towards the pole); in
the 6" AM, in the latitudinal region from 45°N
to 15°S (8.38-9.46 W /m2); in the 7" AM, from 10°N
to 45°S (8.47-9.46 W /m?2); in the 8" AM, from 30°S
to the South Pole (8.15-10.29 W/m?); and in the
9th AM, in the southern subpolar region (7.79—
8.81 W /m?).

The increase in IRI during the Subatlantic oc-
curred in the 15t and 12" AMs in all latitudinal re-
gions; in the 24 AM, in all latitudinal regions except
for 80°~90°S; in the 11t AM, in all regions except for
80°~90°N (“dead” zones); in the 3" AM, in the latitu-
dinal region from 50°N to 80°S; in the 4 AM, from
25°S to 70°S; in the 9th AM, from 70°N to 25°N; and in
the 10t AM, from 70°N to 55°S. The maximum in-
creases in IRI took place in the 15 AM in the region
from 35°N to 25°S (8.07-9.14 W/m?) and in the 12t
AM in the region 25°N to 35°S (8.25-9.34 W /m?).
Thus, the pattern of spatiotemporal changes in IRI in
this period was more diverse than in that in previous
periods of the Holocene.

In the Preboreal, IRI increased in the summer
and autumn astronomical seasons and decreased in
the spring and winter astronomical seasons. In the
Boreal, an increase in IRI took place in the last two
months of the summer astronomical season, in the en-
tire autumn season, and in the first month of the as-
tronomical winter. The decrease in IRI was typical
for the entire spring and for the first month of the
summer astronomical season, as well as for the two
months that complete the winter season. During the
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Atlantic, IRI decreased in the first astronomical half-
year (spring and summer astronomical seasons in the
Northern Hemisphere) and increased in the second
astronomical half-year (autumn, winter). In the Sub-
boreal, a decrease in insolation was noted mainly for
two months that end the spring season, for the entire
summer season, and for the first month of astronomi-
cal autumn. The solar radiation increased in the first
spring month, during two final months of the autumn
season, and throughout the entire winter season. In
the Subatlantic, insolation increased in the spring
and winter astronomical seasons and decreased in
summer and autumn.
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Fig. 1. Spatiotemporal changes in the intensity of
the Earth’s irradiation during the geochronological
periods of the Holocene:

a — Preboreal, b — Boreal, ¢ — Atlantic, d — Subboreal, ¢ — Sub-
atlantic.

The maximum changes in insolation took place
in the Subboreal: the maximum decrease in the 4t
AM within the latitudinal region of 10°N-90°N
(10.56-25.14 W /m?), and the maximum increase in
the 11t AM in the region from 35°N to 65°S (10.84—
15.93 W/m?). The change in the intensity of the
Earth’s irradiation in the Holocene is accompanied
by shifts in the areas of decreasing and increasing IRI
in the annual course, which is mainly determined by
climatic precession: a change in the angular ratios of
the apse line (connecting the aphelion and perihelion
of the orbit) and the line of nodes (connecting the
points of the spring and autumn equinoxes).



CHANGES IN THE EARTH’S INSOLATION DURING THE HOLOCENE

COMPARATIVE ANALYSIS OF THE EARTH’S
IRRADIATION IN BOUNDARY YEARS OF THE
CHRONOLOGICAL PERIODS AND AT PRESENT

Previous section presents quantitative estimates
of spatiotemporal changes in the intensity of the
Earth’s irradiation for geochronological periods of
the Holocene. To obtain a complete pattern of the
changes in IRI, quantitative changes in the intensity
of exposure were calculated for the boundary years of
the chronological periods (Table 1) and 2022 AD.
Spatiotemporal changes were calculated by subtract-
ing the irradiation intensity matrix for 2022 from the
matrixes of boundary years (Fig. 2). The data pre-
sented make it possible to obtain an approximate
comparative assessment of the exposure (availability
of radiative heat, without taking into account its
transfer) of individual latitudinal zones in various as-
tronomical months of the boundary years of geochro-
nological periods of the Holocene with incoming so-
lar radiation at the present time. Such estimates have
been obtained for the first time.

11 700 BP, the beginning of the Preboreal. In
that time, the Earth received much more solar radia-
tion in the first astronomical half-year (summer half-
year in the Northern Hemisphere) and much less so-
lar radiation in the second astronomical half-year
than at present (Fig. 2a). The maximum excess of IRI
relative to its current values was noted for the period
from the 27 to the 5t AM, when IRI exceeded pres-
ent-day values in a wide geographical range: from
55°=60°S to the North Pole. The excess value in-
creased in the meridional direction from south to
north from 1-2 W/m? at 55°~60°S to maximum val-
ues in the northern polar region 85°-90°N, where
it reached 29.07 W/m? in the 2" AM, 50.70 W /m?
in the 3" AM, 52.22 W/m? in the 4" AM, and
32.11 W/m? in the 5" AM. Thus, the Northern
Hemisphere in the first astronomical half of the year
11 700 BP received significantly more solar energy
than at present. The maximum excess of the current
IRI values was in the 2"d-5t AMs in the subpolar
and polar regions of the Northern Hemisphere.

The IRI values in 11 700 BP were lower than
current values in the second astronomical half-year
(winter in the Northern Hemisphere). Lower (rela-
tive to the current) values of IRI were in the 8" to
12t AMs in the area from 65°~70°N to the South
Pole, with minimum values in the southern tropical
region; in the 8" AM, in the latitudinal region of 5°—
10°S, they were 20.28 W /m? lower than at present;
in the 9" AM (15°-20°S), by 30.31 W/m? in the 10th
(10°-20°S), by 31.74 W/m?; and in the 11t AM
(10°~15°S), by 24.01 W /m2 Thus, 11 700 BP, in the
second astronomical half-year (winter in the North-
ern Hemisphere), the Earth received significantly less
solar radiation, especially in the latitudinal region
from about 45°N to the southern pole than at present

(2022 AD). The lowest (relative to the current) IRI
values were observed in the 9" and 10 AMs in the
southern tropical region.

10 800 BP, the beginning of the Boreal. In gen-
eral, the distribution of IRI changed little from the
beginning of the Preboreal. In the first astronomical
semester (summer semester in the Northern Hemi-
sphere) 10 800 BP, the Earth still received more solar
radiation than at present; and in the second semester,
less than at present (Fig. 2b). The maximum excess of
IRI over its current values was in the 2" to 5t AMs,
in the area from Southern Tropic to the North Pole
with an increase towards the North Pole. Thus, in the
2nd AM, the excess varied from 10.39 W /m?2 (15°—
20°S) to 26.54 W /m? (85°~90°N); in the 3 AM,
from 10.40 W /m? (25°~30°S) to 49.54 W /m? (85°—
90°N); in the 4" AM, from 9.68 W /m?2 (30°—35°S) to
53.84 W /m2 (85°~90°S); and in the 5" AM, from 9.56
W /m? (35°—40°S) to 35.16 W /m? (85°~90°S).

The IRI values in the second astronomical half-
year (winter in the Northern Hemisphere) were
mainly lower than those at present. The difference
was maximum in the 9 to 12" AMs in the area from
55°N to the South Geographic Pole, especially in the
equatorial and southern tropical regions. In the 8th
AM 10 800 BP, the IRI was lower than that at present
by 16.99 W /m? in the latitudinal region of 0°~10°S;
in the 9t and 10th AMs, in the latitudinal region 15°—
20°S (28.71 W/m? and 32.48 W /m?, respectively);
and in the 11" AM, in the latitudinal region 10°~15°S
(26.81 W /m2).

8100 BP, the beginning of the Atlantic. The
general pattern of the spatial IRI distribution relative
to the current values was preserved. The IRI values
8100 BP exceeded the current ones in the first astro-
nomical half-year and were lower in the second astro-
nomical half-year. However, in the 15* AM, IRI values
at all latitudinal regions were lower than those at
present (Fig. 2¢), and in the 7" AM, they exceeded
the modern values throughout the globe. The maxi-
mum excess of IRI relative to the modern values
somewhat shifted and was observed in the 3" to 6t
AMs. A tendency for a northward increase in the ex-
cess was preserved in the 2 to 5 AMs. In the 6
and 7'h AMs, this tendency was not manifested. In
the 2"d AM, the excess varied from 10.67 W/m? in
the region 55°~60°N to 15.35 W /m? in the 85°~90°N;
in the 34 AM, from 10.08 W/m?2 (10°~15°S) to
37.39 W/m? (85°-90°N); in the 4 AM, from
9.86 W/m2 (25°-30°S) to 48.21 W /m? (85°~90°N);
in the 5" AM, from 10.60 W/m? (35°~40°S) to
36.95 W/m? (85°~90°N). In the 6" AM, the maxi-
mum excess (23.10 W/m?) was localized at latitudes
10°~20°N; in the 7th AM (11.50 W /m?), at 20°~25°N.

The maximum decrease (relative to the present
time) in IRI (by 10.46 W /m?) was in the 15t AM in
the area from 25°S to 15°N. In the 20 to 5th AMs, IRI
values were lower than those at present in the high
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latitudes of the Southern Hemisphere. The most sig-
nificant decrease was observed in the 9th—12th AMs;
its localization shifted in comparison with that 11 700
and 10 800 BP. In the 9th AM, IRI values lower than
those at present by 18.74 W /m? in the region 5°—
10°S; in the 10t AM, by 27.82 W /m? in the region
15°-20°S; and in the 11" AM, by 22.29 W /m? in the
region 0°-5°S.

5800 BP, the beginning of the Subboreal. The
excess of modern IRI values was observed in the 2
AM in the latitudinal region from 60°N to 90°N; in
the 3 AM, from 25°S to 90°N; in the 4th AM, from
45°S to 90°N; and in the 5" AM, from 60°S to 90°N.
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Fig. 2. Spatiotemporal differences between the
Earth’s irradiation in 2022 AD and in boundary years
of geochronological periods of the Holocene:

a— 11700 BP, b — 10 800 BP, ¢ — 8100 BP, 4 — 5800 BP,
e — 2600 BP.

In the 6th and 7th AMs, the IRI values exceeded the
current values in all latitudinal regions (Fig. 2d). In
the 8" AM, excess was recorded in the region from
30°N to 90°S; and in the 9" AM, from 60°S up to
90°S. In the period from the 27 to the 5" AM, the
excess increased towards the North Pole, and in the
8th_gth AMs, towards the South Pole. The areas of
maximum excess in the first astronomical half-year
were observed in the northern polar region (85°—
90°N); the excess reached 5.59 W/m? in the 24 AM,
21.87 W/m? in the 3'9 AM, 33.97 W/m?2 in 4 AM,
and 29.81 W/m? in the 5" AM. In the 6" AM, the
maximum excess of 21.41 W/m? was observed in the
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latitudinal region 10°—15°N; at the 7" AM
(15.94 W /m?), in the latitudinal region 15°-20°S. In
the 8th and 9th AMs, the maximum excess was noted
in the southern polar region (85°~90°S) and reached
14.41 W/m? and 5.14 W /m?, respectively.

The IRI values 5800 BP were lower than the
modern values in the 15t AM in all latitudes. In the
2nd AM, they were lowers in the region from 50°N to
80°S; in the 39 AM, in the region 30°S to 70°S; in the
4th and 5t AMs, in the regions 45°~70°S and 60°—
80°S, respectively. In the second astronomical half-
year, the IRI values in the 8" AM were lower in the
from 30°N to 80°N; in the 9th AM, from 70°N to 60°S;
in the 10" and 11t AMs, from 70° and 80°N, respec-
tively, to 85°-90°S; in the 12" AM, IRI was lower
than that at present in all latitudinal zones. The IRI
values in the 15* AM were lower than those at present
in a wide range (55°N-50°S) with the maximum dif-
ference (15.22 W /m?) in the latitudinal zone 0°—5°N;
in the 10t AM, in the range from 45°N to 65°S with
the maximum difference (18.04 W/m?) in the zone
10°-15°S; in the 11" AM, in the range from 55°N
to 75°S with the maximum difference (23.08 W /m?)
in the zone 10°~15°S; in 12" AM, in the range
from 60°N to 65°S with the maximum difference
(21.77 W /m?) in the zone of 0°~5°S.

2600 BP, the beginning of the Subatlantic. Ir-
radiation intensity 2600 BP was lower than the cur-
rent IRT at the beginning and at the end of the tropi-
cal year (mainly in the 15 to 3" and 10th to 12th AMs)
and exceeded it in the middle of the year (mainly in
4th to 9th AM). In the 15t and 274 AM, it was lower
than at present in all latitudinal regions (except for
the “dead” zones); the difference was maximum in
tropical regions (Fig. 2d). In the 15t AM, the dif-
ference reached approximately 9 W,/m? in the lati-
tudinal region from 30°N to 30°S; in the 274 AM,
6.5 W/m2 In the 8 9th and 10" AMs, the IRI val-
ues were lower than the modern ones in the area from
the northern “dead” zone to 60°N, 25°N, and 55°N,
respectively; in the 11" and 12th AMs, in the latitu-
dinal region from 25°N to 25°S with maximum dif-
ference of 7.18 W/m? in the zone of 5°~10°S) and
9.38 W/m? in the zone of 0°—5°S, respectively.

The modern IRI values were exceeded in the 3™,
4% and 5" AMs from the northern polar region (85°—
90°N) to 45° N, 25°S, and 60°S, respectively. In the
6th and 7th AMs, this was observed all latitudinal
zones. In the 8t 9th and 10th AMs the IRI values
2600 BP exceeded the modern IRI values from the
southern polar region (85°-90°S) to approximately
55°N, 20°N, and 60°S, respectively. The maximum ex-
cess in the 4" AM was in the northern Arctic (from
8.42 to 8.83 W/m?); in the 5" AM, in area from 30°N
to 90°N with the maximum (10.20 W /m?) in the
northern polar zone (85°~90°N). In the 6" AM, the
high excess was in the area from 45°N to 20°S with a
maximum (9.49 W/m?) at 10°~15°N. In the 7" AM,

the excess of modern IRI was in the latitudinal region
from 20°N to 50°S with a maximum (9.47 W /m?) at
10°~15°S. In the 8th and 9th AMs, the excess was re-
corded from the South Pole to 35°S and 75°S, respec-
tively with maximum values (10.29 and 8.80 W /m?,
respectively) near the South Pole.

For an approximate assessment of the obtained
quantitative characteristics, it should probably be
mentioned that the range of IRI changes on the Earth
in the annual course (from aphelion to perihelion of
its orbit) is about 26 W /m?.

Thus, at the beginning of the Preboreal
(11 700 BP), solar irradiation exceeded the current
one in the first astronomical half-year (spring, sum-
mer in the Northern Hemisphere), and was lower in
the second astronomical half-year (autumn, winter).
The maximum excess of insolation took place in the
Northern Hemisphere and reached more than
50 W /m? in the polar region. The lowest (relative to
the present time) values of insolation were in the
tropical regions of both hemispheres. At the begin-
ning of the Boreal (10 800 BP), these features
were preserved. At the beginning of the Atlantic
(8100 BP), the Earth’s irradiation exceeded the cur-
rent one during the last two months of the spring as-
tronomical season, in the entire astronomical sum-
mer, and in the first month of the astronomical au-
tumn. It was lower than that at present in the first
spring month, during the last two months of the au-
tumn, and throughout the entire astronomical winter.
The maximum excess of irradiation was still charac-
teristic of the Northern Polar region. In tropical re-
gions, irradiation was lower than that at present. At
the beginning of the Subboreal (5800 BP), insolation
was less than the current values in the first two
months of the spring season, in the last month of as-
tronomical autumn, and in the entire winter season
(mainly, in the tropical regions). In the last month of
the spring season, during the astronomical summer,
and in the first month of the autumn season, it was
higher than that at present, particularly in the polar
regions of the Northern Hemisphere. At the begin-
ning of the Subatlantic (2600 BP), the Earth’s irra-
diation was lower than the current one mainly during
the spring and winter astronomical seasons and ex-
ceeded it during the astronomical summer and au-
tumn. Areas of maximum differences (max and min)
were located at this time in the tropical regions of
both hemispheres.

CHANGES IN THE INTENSITY OF SUMMER
IRRADIATION IN THE HOLOCENE

It is known that summer insolation is of great
importance to the natural system of the Earth and its
components, one of which is the cryosphere. There
are several mechanisms responsible for this.

First, with an increase in summer insolation,
both the near-surface air temperature and the tem-
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Fig. 3. Changes in the summer insolation of the

Northern Hemisphere in the Holocene:

Chronozones: 1 — Preboreal, 2 — Boreal, 3 — Atlantic, 4 — Sub-

boreal, 5 — Subatlantic.

perature of the ocean surface rise. The consequence of
this is an increase in evaporation and in the concen-
tration of the water vapor in the atmosphere, which,
in turn, leads to a stronger greenhouse effect. As a re-
sult, additional heat appears, which again leads to an
increase in evaporation, an increase in the concentra-
tion of the water vapor in the atmosphere, greenhouse
effect, and, again, the appearance of additional heat.
These processes, repeating again and again, form the
mechanism of warming amplification.

Second, increasing precipitation leads to the re-
lease of latent heat of the transition of water vapor
into water and snow or ice.

Third, decreasing albedo due to a reduction in
the area of sea ice and glaciers leads to heating of a
larger surface area (both continents and oceans) and,
hence, atmosphere. With a reduced summer insola-
tion, obviously, the opposite effects occur. In this re-
gard, we analyzed the change in the summer insola-
tion of the hemispheres through the Holocene
(Fig. 3).

The maximum summer insolation in the North-
ern Hemisphere was probably in the interval approx-
imately from 11 550 to 11 350 BP (Fig. 4).
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Fig. 4. Maximum summer insolation in the Northern
Hemisphere in the Holocene.
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The summer insolation maximum in the North-
ern Hemisphere was synchronized with a global pa-
leogeographic event: the transition from the cold
Pleistocene to the warm Holocene. This paleogeo-
graphic event, lasting about 2000 years, is mainly
dated to the time of 12 000—10 000 BP [ Monin, Shish-
kov, 1979]. In Europe, its beginning is associated with
the onset of the active phase of the destruction of the
Scandinavian ice sheet and its retreat from the Sal-
pausselkd moraine ridges, and in North America with
the completion of the Valders stage. In the same pe-
riod, the thickness and area of the Greenland Ice
Sheet decreased [Sinclair et al., 2016]. It was found
that the global surface temperature of the Earth in-
creased by about 2.0-3.5°C during the Pleistocene—
Holocene transition [ Osman et al., 2021].

The transition from the cold Pleistocene to the
warm Holocene was clearly reflected in the isotopic
composition of oxygen in the ice cores from Green-
land and Devon Island, polygonal ice wedges of East
Siberia, as well as in foraminifera shells from the bot-
tom sediments [Monin, Shishkov, 1979]. This transi-
tion was recorded by changes in floristic and faunal
complexes and habitats [ Subetto et al., 2003; Bolihov-
skaya, 2011], by paleohydrological events (sea level
rise), and by archaeological data from Mesolithic
sites [Smith et al., 2011; Panin, Matlakhova, 2015]. All
this indicates significant changes in environments
during this period. The rate of degradation of glaciers
at that time increased two—threefold or more [ Man-
gerud, 2013]. Warming in the Early Holocene
(10 000-5 000 BP) was followed by a cooling of
~0.7°C during the Middle and Late Holocene with
the lowest air temperatures during the Little Ice Age
(LIA) [Marcott et al., 2013].

According to our data, the minimum of summer
insolation was in the interval from 1400 to 1600 AD
(Fig. 5).

The minimum of summer insolation in the
Northern Hemisphere was synchronized with the
global paleogeographic event — the LIA. The LIA
seems to be the most significant event in the climate
history of the last millennium. The period of cooling
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Hemisphere.
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came after the warm optimum of the Middle Ages,
when all reconstructed temperature characteristics
were higher than the current ones by about 1°C
(~1200-800 BP) [Klimenko et al., 2001]. The LIA
was accompanied by an increase in the area of Arctic
ice and mountain glaciation in Europe. The time in-
terval of the event was quite long (approximately
from 1300 to 1880 AD), with a maximum in the pe-
riod from 1550 to 1880 AD [Degroot, 2018].

The LIA is of particular interest, since during its
last century (1750—1850) the possibility of instru-
mental observations appeared, the documentary re-
cords of which survive to this day; earlier periods are
recorded in many historical sources, in fine art and
literature [Mann, 2003; Fedorov et al., 2021]. Along
with historical sources, the GISP2 core data from
Greenland, as well as numerous dendrochronological,
glaciological, and paleoclimatic data reflect the in-
crease in the global ice volume and cooling in the
North Atlantic, in various regions of Northern Eur-
asia and North America during the LIA, culminating
in the 17 century [Bradley et al., 2003]. On average,
for the Northern Hemisphere, the air temperature
anomaly at the time of the last cooling ranged from
—0.2°C to —0.6°C | Crowley, Lowery, 2000)].

The main causes of the LIA are a decrease in so-
lar activity, an increase in volcanic activity, and pecu-
liarities of circulation processes in the atmosphere
and ocean |Mann, 2003]. However, along with the
possible participation of the noted factors in global
cooling, they are unlikely to be the only causes of this
paleogeographic event. It is clearly synchronized
with the summer insolation minimum in the North-
ern Hemisphere, which suggests that this decrease
in summer insolation could be the main factor of
the LIA.

The absolute maximum of summer insolation in
the Northern Hemisphere (440.01 W /m?) was ob-
served in 11 442 BP; the absolute minimum
(417.61 W/m?), in 1604 AD. Thus the range of varia-
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Fig. 6. Changes in the summer insolation of the

Southern Hemisphere in the Holocene:

Chronozones: 1 — Preboreal, 2 — Boreal, 3 — Atlantic, 4 — Sub-

boreal, 5 — Subatlantic.

tion is 22.41 W/m?, and the duration of the decline
branch is about 10 000 years. If the branches of
growth and decline are in equilibrium, then the full
cycle of changes in the summer insolation of the
Northern Hemisphere has a duration of about
20 000 years. Consequently, the minimum of summer
insolation in the Northern Hemisphere before the
Little Ice Age could be about 21 500 BP, which is syn-
chronized with the maximum development of the last
ice sheet in Europe and North America [ Monin, Shish-
kov, 1979]. The noted cycle of change in summer inso-
lation is determined by the cycle of perihelion longi-
tude, during which the perihelion of the Earth’s orbit
crosses its cardinal points (equinoxes and solstices).
The period of the perihelion longitude cycle is about
21 000 years [Milankovitch, 1939]. This cycle is also
called climatic precession [ Monin, Shishkov, 1979; Fe-
dorov, 1999], which is mainly associated with changes
in the Earth’s irradiation by latitudes and seasons as
described for the chronological periods of the Holo-
cene. Probably, the LIA had a limited development
due to the fact that the minimum of summer insola-
tion in the Northern Hemisphere was observed
against the background of an increase in the annual
meridional insolation gradient (MIG), which regu-
lates the meridional transfer of radiative heat in the
ocean—atmosphere. The increase in MIG began about
9500 BP and was associated with a decrease in the
inclination of the rotation axis, the period of change
of which is about 41 000 years [ Milankovitch, 1939;
Fedorov, 2019, 2021].

A clear minimum of summer insolation in the
Southern Hemisphere is not recorded in the studied
time range. However, its values at the beginning of
the Holocene were probably close to the minimum
(Fig. 6). In this case, summer insolation in the north-
ern and southern hemispheres change asynchronous-
ly. The calculated correlation coefficient of summer
insolation of the hemispheres in the Holocene is
-0.997.

The maximum summer insolation in the South-
ern Hemisphere occurred approximately in the inter-
val from 400 to 600 AD (Fig. 7).
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It is possible that the maximum summer insola-
tion could be very presumably compared with the
warming of the “Roman time”.

From a comparative analysis of extremes in the
summer insolation of the Northern and Southern
Hemispheres and global paleogeographic events in
the Holocene, it follows that the probable cause of
the active phase of degradation of the ice sheet and
the transition from the Pleistocene to the Holocene
and the Little Ice Age, were the maximum and mini-
mum of summer insolation in the Northern Hemi-
sphere, respectively. The participation of the summer
insolation of the Southern Hemisphere in the genera-
tion of these global paleogeographic events is not
confirmed by the results obtained by the authors.
Other well-known global climatic events, such as the
small (medieval) climatic optimum of the Holocene,
can also be caused by extremes in the meridional and
interhemispheric mechanisms of radiative heat trans-
fer [ Fedorov et al., 2021].

CONCLUSION

Based on the results of calculations of the Earth’s
insolation, matrices were obtained that reflect the
features of changes in the Earth’s irradiation by lati-
tudes and seasons in certain geochronological periods
of the Holocene. The Preboreal was characterized by
an increase in irradiation in the summer and autumn
astronomical seasons, and a decrease in irradiation in
the spring and winter astronomical seasons. In the
Boreal, an increase in irradiation took place during
the last two months of the summer astronomical sea-
son, the entire autumn season, and the first month of
the astronomical winter. The decrease in irradiation
was observed in the entire spring and the first month
of the summer astronomical season and in the two
last months of the winter season. During the Atlantic,
the influx of solar radiation decreased in the first as-
tronomical half-year (spring and summer astronomi-
cal seasons) and increased in the second astronomical
half-year (autumn, winter). In the Subboreal, a de-
crease in irradiation was observed in the two last
months of the spring season, the entire summer sea-
son, and the first month of astronomical autumn. The
irradiation was increased in the first spring month,
the last two months of the autumn season, and in the
entire winter season. In the Subatlantic, the irradia-
tion mainly increases in the spring and winter astro-
nomical seasons and decreases in the summer and
autumn seasons.

Matrices reflecting the differences in the Earth’s
exposure by latitudes and seasons in the boundary
years of the geochronological periods of the Holocene
and at present (2022) were constructed. It was deter-
mined that from the beginning of the Holocene to the
beginning of the Subatlantic, the areas of excess of
the current irradiation were mainly located in the
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Northern Hemisphere, with maximum excesses in the
polar region. The areas, in which insolation was max-
imally less than its current values, were located main-
ly in the tropical regions of both hemispheres during
the entire Holocene. In the Subatlantic, the area of
maximum excess in the Northern Hemisphere shifted
to temperate and tropical latitudes.

The global paleogeographic events of the Holo-
cene (the transition from the cold Pleistocene epoch
to the warm Holocene and the Little Ice Age) are
synchronized with the extremes of summer insolation
in the Northern Hemisphere. Consequently, the sum-
mer exposure of the Northern Hemisphere can be the
cause of these events and is the major area of their
vivid manifestation.

The results obtained can be taken into account
when creating paleogeographic and paleogeocryo-
lithological reconstructions for the Holocene and its
geochronological periods. They should also be taken
into account in the stratigraphic correlation of paleo-
geographic and geocryolithological events based on
the oxygen isotope analysis of ice cores from Green-
land and Antarctic.
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