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Chapter 1

Millennial oscillations of solar
irradiance and magnetic field in
600-2600
Valentina Zharkova

Abstract

Daily ephemeris of Sun-Earth distances in two millennia (600-2600) showed
significant decreases in February-June by up to 0.005 au in millennium M1 (600-1600)
and 0.011au in millennium M2 (1600-2600). The Earth’s aphelion in M2 is shorter
being shifted towards mid-July and perihelion longer as shifted to mid-January that
naturally explains two-millennial variations (Hallstatt’s cycle) of the baseline solar
magnetic field measured from Earth. The S-E distance variations are shown imposed
by shifts of Sun’s position towards the spring equinox imposed by the gravitation of
large planets, or solar inertial motion (SIM). Daily variations of total solar irradiance
(TSI) calculated with these S-E distances revealed TSI increases in February-June by
up to 10-12 W/m2 in M1 and 14-18 W/m2 in M2. There is also positive imbalance
detected in the annual TSI magnitudes deposited to Earth in millennium M2 compared
to millennium M1: up to 1.3 W/m2, for monthly, and up to 20-25 W/m2 for daily
TSI magnitudes. This imbalance confirms an ascending phase of the current TSI
(Hallstatt’s) cycle in M2. The consequences for terrestrial atmosphere of this additional
solar forcing induced by the annual TSI imbalances are evaluated. The implications of
extra solar forcing for two modern grand solar minima in M2 are also discussed.

Keywords: Sun: solar activity –Sun: magnetic field – gravitation – solar inertial
motion – solar irradiance

1. Introduction

Solar activity is usually classified by the numbers of sunspots appearing on the
solar surface as locations of magnetic loops generated by electro-magnetic solar
dynamo in the solar interior [1] with the number of sunspots on the solar surface to
change periodically over an eleven-year cycle [2, 3]. Babcock [4] found that a solar
background magnetic field (SBMF) surrounding sunspots has the polarities opposite to
the leading sunspot polarities, and these are also changing periodically every 11 years.

The magnetic polarities of SBMF and leading polarities of sunspots are shown
to be in anti-phase, e.g. having opposite polarities, as found by comparing solar
background and sunspot magnetic fields for cycle 21 [5], and 23 [6]. Furthermore,
the SBMF was found to be the leading force defining timing and locations of
sunspot occurrences on the solar surface and migration to the equator accounting
for north–south asymmetry of solar activity [6]. This investigation highlighted the
important role of SBMF in generation of sunspots by dynamo actions and their
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Solar irradiance oscillations

appearance on the solar surface, thus, defining the solar activity. The link between
SBMF (poloidal field) and sunspot (toroidal) magnetic field defines the action of the
solar dynamo [1] and it would be beneficial to link a proxy of solar activity to the
solar background magnetic field as it is systematically measured in the past 45 years.

Zharkova et al. [7] explored the solar background magnetic field and found the
eigen values of the own oscillations of the Sun , by applying Principal Component
Analysis (PCA) to the low-resolution full disk magnetograms captured in cycles 21-23
by the Wilcox Solar Observatory. This approach allowed authors to replace a complex
magnetic field seen on the solar surface, the photosphere, with the separate wave
components, eight plus eigen vectors, which appeared in pairs [8]. The pair of the
two principal components (PCs) are the strongest waves of solar magnetic oscillations
covering about 67% of the data by standard deviation, with the nearly-equal largest
eigen-values, which oscillate with not equal periods of about 11 years [9, 10]. The
PCs are shown to be two magnetic waves generated by the dipole magnetic sources
produced by the double solar dynamo action [10, 11] in the inner and outer layers of
the solar interior [12].

These waves start in the opposite hemispheres while travelling with an increasing
phase shift to the Northern hemisphere (in odd cycles) and to the Southern hemisphere
(in even cycles) [7, 10]. The summary curve of these two waves is found close to the
averaged sunspot numbers, which define the current solar activity index [9, 10]. This
summary curve of solar magnetic waves is proposed as a new proxy of solar activity,
which allows us to predict solar activity on any timescale and also to add a magnetic
polarity of the background field for a given cycle, known to be opposite to leading
polarity of sunspots [6]. The maximum of solar activity for a given cycle (or double
maximum for the double waves with a larger phase shift) occurs at the times when
each of the waves approaches its maximum, so that at the equal amplitudes the two
waves can have a resonant interaction, naturally accounting for often-reported North-
South asymmetry of solar activity [6, 13–15].

In order to test further predictions of solar activity with the summary curve of two
magnetic waves generated by double dynamo in the Sun in two layers, the summary
curve was extended using the mathematical formula from the current time forwards to
3200 and backwards to 1200 [10] (see Fig. 1). This led to a discovery of grand solar
cycles (GSCs) of solar activity with a duration of 350–400 years, evidently caused
by the interference (beating effect) of the two magnetic waves with close but not
equal frequencies [10]. There were far fewer sunspots seen during some periods, for
example, during the Dalton minimum (1790–1820), and practically none during the
period known as the Maunder minimum (1645–1715) [16]. Such dramatic reductions in
solar activity, which are longer than a single eleven-year sunspot cycle, are known as
grand solar minima (GSMs).

The timings of previous GSMs are found to closely fit the Maunder minimum
(1645–1715) [16] and Wolf minimum (1280–1350), and to predict the two upcoming
modern GSMs (2020–2053 and 2375–2415). Furthermore, by extrapolating the
summary curve backwards to 1000 BC the further GSMs are fit by the curve: Oort’s
(1040–1080), Homeric (780-720 BC) and many others [17]. This restoration of
summary curve [17] clearly gives a better accuracy of solar activity definition, in
comparison with the prediction of sunspot activity restored from the past TSI derived
with carbon-14 isotope dating [18].

Then, as the next step, Zharkova and co-authors [19] derived the magnitudes of a
baseline (zero-line) magnetic field for each 22-year sets and discovered rather rigid
periodic variations of this baseline magnetic field with a period of about 2000–2100
years. This period resembles the period of 2200 years of Hallstatt’s cycle reported
from the restoration of solar irradiance in the Holocene [20–22]. It is rather difficult to
find any mechanism in the solar interior that can account for much weaker and longer
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Figure 1.
The summary curve (in arbitrary units) of solar activity calculated for 1200 to 3200 years from the ’historical’
period (1976-2008, cycles 21−23). Positive magnitudes of the summary curve represent northern magnetic
polarity while the negative ones - southern magnetic polarity. Reproduced from the data of Zharkova et al. [10].

oscillations of the baseline of magnetic field. This led us to look for a some kind of
periodic forcing linked to the orbital motion of the planets.

Jose [23] first suggested that solar activity on a longer timescale can be affected by
the motion of large planets of the solar system. This suggestion was later developed
by many researchers [see for example 24–27] who found that the Sun, as a central star
of the solar system, is a subject to the inertial motion around the center-of mass, or
barycentre, of the solar system induced by the motions of the other planets (mostly
large planets, e.g. Neptune, Jupiter, Saturn and Uranus).

Solar inertial motion (SIM) is the motion of the Sun around this barycenter of the
solar system inside the circle with a diameter of about ∆ = 4.3RSun, or ∆=4.3 × 6.95 ·
105 =2.9885 · 106 km, where RSun is a solar radius as shown in Figs. 4 and 5 in [19]
reproduced from [27, 28]. This schematic drawing [see Fig. 4 in 19] illustrates sudden
shifts in the Sun from the location in the ellipse focus, where it is supposed to reside
by Kepler’s laws, because the Sun travels in an epitrochiod-shaped orbits about the
center-of mass (barycentre) of the solar system.

The SIM orbits are induced the tri-fall positions of large planets achieved for
different planet configurations changing approximately within different periods of
370 or 2200-2400 years related to the planet positions and their rotation around the
Sun [29, 30]. Hence, a joint effect of the orbital effects introduced by the combined
motion of the Earth on the orbit and the Sun about the barycentre of the solar system
can be the important factors in defining the observed long timescale variations of solar
irradiance at the Earth and terrestrial temperature, which has not been explored yet,
despite the Sun is the main source of energy of all the planets.

Solar irradiance is accepted to be one of the important factors defining temperature
variations on the Earth and other planets as it is the main source of the energy for
all planets. During the Maunder minimum, solar activity was significantly reduced
for six solar cycles of 11 years and so was the terrestrial temperature in the Northern
hemisphere. This was considered to be a result of a reduction of solar irradiance during
the Maunder Minimum.

More recent reconstruction of the cycle-averaged solar total irradiance back to 1610
suggests that since the end of the Maunder minimum in 1710 until 2010 there was the
increase of the irradiance by a magnitude about 1 − 1.5 W/m2 [34]. This increase is
correlated somehow with the increase of the baseline terrestrial temperature since the
Maunder minimum (e.g. recovering from the little ice age) [35]. Although, it is not
clear yet if this trend in variations of the terrestrial temperature and solar irradiance is
caused by the increased solar activity itself, which, in fact, started to decrease in the
past decades, or by some other factors of the solar-terrestrial interaction and by human
activities, or by the combination of all the three factors.
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Authors Maunder minimum 2000 - 2012
Lean et al.1995 [31] 1363 1366

Steinhilber et al, 2012 [22] 1364 1366
Shirley et al, 1990 [26] - 1370

Wolff and Hickey, 1987 [32] - 1371
Lee et ak, 1985 [33] - 1372

Table 1.
The solar irradiance in W/m2 restored and measured since Maunder Minimum

In the current chapter we analyse the observational variations of Sun-Earth
distances derived from the published ephemeris in the two millennia 600-2600 and
relate them to the variations of solar irradiance at the Earth and explore their possible
links oscillations of the baseline solar magnetic field and with the reported planetary
motions.

2. Observed millennial oscillations of solar irradiance and baseline solar
magnetic field

2.1 Millennial oscillations of solar irradiance

Reconstruction of cycle-averaged total solar irradiance (TSI) back to 1610 suggests
an increase of the solar irradiance by a value of about 3 W/m2 (see Fig. 2) [31, 39], or
about 0.22% of the total solar irradiance since the end of the Maunder minimum (see
Fig. 2, left plot).

The space observations in 80s of the total solar irradiance obtained by NIMBUS 7
instruments show pretty wide range of magnitudes varying up to 1370W/m2 [26], to
1371 W/m2 [32] or 1372 W/m2 [33].The wide variety of the measured magnitudes of
solar irradiance indicates that this physical parameter from the Sun is not as constant
as many researchers assume. Although, these changes of solar irradiance from the
MM until present times are, in general, small, compared to the tens of watts occurring
during seasonal and latitude differences, which may have a noticeable impact on the
Earth temperature.

Note, we do not include in this comparison the most recent restorations of the solar
irradiance [34, 40], who considered the re-normalised solar irradiance after Maunder
minimum and used a magnetic flux transport model with strongly averaged past solar
magnetic fields, which make rather difficult to compare these magnitudes of solar
irradiance with the non-normalised early observations.

The variations of the solar irradiance recovered for the Holocene from the
variations of the carbon 14C isotope abundance in the terrestrial biomass [37] (see
Fig.3, top plot), demonstrate weak oscillations with a period of about 2200 years,
or Hallstatt’s cycle [20, 21], which are imposed onto the longer-term (16-20K years)
orbital oscillations (possibly, one of Milankovich cycles) [41, 42]. The solar irradiance
oscillations restored over the past 12 000 years [20, 43] were also tested with the
wavelet transform spectral analysis, which clearly demonstrate the similar period
of 2200 years [22] or up to 2400 years [44]. These baseline oscillation periods are
very close to the 2200 year period called Hallstatt’s cycle reported from the other
observations of the Sun and planets [21, 22, 24, 45].
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Figure 2.
The variations of solar irradiance (left) [31] and terrestrial temperature (right) [36]recovered from the
Maunder minimum, which demonstrates a significant drop of the solar irradiance and terrestrial temperature
during the previous GSM, Maunder minimum (see the text for details).
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Figure 3.
Top plot: the millennial oscillations with a period (2100-2200) (Hallstatt cycle) of the carbon 14C isotope
abundances reported in parts per thousand (per mille, %) used for solar irradiance dating in the IntCal09
data from Reimer et al [37]. This period is similar to that derived from the solar irradiance restored in the
past 12,000 years with a wavelet transform by Steinhilber et al. [22] (see their Fig.4). The positive sign means
excess and the negative sign means deficit of abundances. Bottom plot: The oscillations of the baseline (zero
line, see for details section 2.2) of solar background magnetic field (left Y axis, arbitrary units, navy line)
with a period of about 2000±95 years over-plotted on the oscillations of the reduced summary curve (right
Y-axis, arbitrary units, cyan line). Positive magnitudes of the summary and baseline curves represent northern
magnetic polarity while the negative ones - southern magnetic polarity. Adopted from Zharkova et al. [19].
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Figure 4.
Top plot: The close-up view of the current cycle of the baseline magnetic field (dark blue curve, arbitrary units,
see for details section 2.2) with the minimum occurring during Maunder Minimum. The scale of the baseline
variations are shown on the left hand side of Y axis, the scale of the summary curve variations - on the right
hand side Y-axis. The irradiance curve (magenta line) taken from [20, 37], their Fig. 3 (top plot), over-plotted
on the summary curve of magnetic field (cyan curve) [19]. The irradiance curve had to be reduced in magnitude
to avoid full overlapping with the baseline magnetic field curve. The black line defines the slop of the baseline
terrestrial temperature from [35]. Adopted from Zharkova et al. [19]. Bottom plot: The variations of terrestrial
temperature (red lines) and total solar irradiance (measured in W/m2) (blue lines) during each solar cycle
(thin lines) and the one averaged per cycle (thick lines) derived by [38].
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2.2 Millennial oscillations of the baseline magnetic field

Recently, Zharkova et al. [19] reported the similar millennial oscillations of the
baseline (zero-line) of the solar background magnetic field (SBMF) calculated from
the summary curve obtained with Principal Component Analysis (PCA) [10]. The
baseline magnetic field is defined from filtering out large-scale 22 year oscillations,
or finding the mean point between two 11 year cycles for the expanded summary curve
of 120 thousand years. As result, we detect weak two millennial oscillations of the
SBMF baseline with a period of 2000±95 years [19] shown by the navy curve in Fig.
3 (bottom plot). Although, the scale of these baseline oscillations is much smaller
(ranging from -10 to 10) than the 11 year magnetic field variations of the summary
curve (ranging in -400,400) that is shown in Fig. 3 (bottom plot) for the redacted
summary curve (cyan curve) calculated backwards between 70 and 90 thousand years
[19]. Note, the summary curve presented by cyan curve in Fig. 3 (bottom plot) has
different appearance from that in Fig.1 (top plot) [19] because it was redacted to a
single point per year instead of 13 points (for Carrington rotations ) originally used
[10, 17].

Hence, the baseline magnetic field in Fig.3 (bottom plot) reveals the very stable
oscillations with a period of Tbase = 2000 ± 95 years [19]. Evidently, these baseline
oscillations are normally incorporated into the magnetic field measurements of the
summary curve (cyan curve) and, thus, are not detected in the unfiltered observations.
The baseline oscillations of magnetic field have a very stable period maintained during
the whole duration of simulations of 120 thousand years meaning these oscillations of
the baseline magnetic field on a millennial timescale to be induced by a rather stable
process either inside or outside the Sun.

The variations of the magnetic field baseline oscillations for the current Hallstatt’s
cycle are shown in Fig.4 (top plot, navy line) (from [19]) indicatng that it started at
Maunder minimum and is in ascending phase now [20, 43] and the reduced summary
curve of magnetic field (cyan line). The irradiance curve was reduced in magnitude
by factor 3, in order to distinguish this curve from the baseline oscillations (e.g.
Spearman’s correlation coefficient between these two curves is about 0.68). After the
MM the magnetic baseline curve is growing towards northern polarity, while the solid
dark line showing the rate of increase of the baseline terrestrial temperature [35].

From the close-up plot of the current millennial baseline cycle in Fig.4 (top plot)
it becomes evident that from 1600 the baseline magnetic field was shifting towards
the northern polarity approaching its maximum in about 2600. This increase of the
baseline magnetic field of northern polarity is likely to coincide with the increase of
solar irradiance curve [20, 43]. The baseline terrestrial temperature curve is shown
increasing by 0.5◦C per 100 years [35] and has a slope (shown by the black line in
Fig.4 top plot) close to that of the magnetic field baseline increase (navy line) [19]. At
the same time, the variations of the terrestrial temperature versus solar activity shown
in Fig. 4 (bottom plot) [38] reveal that in the past few decades the Earth temperature
increase goes against the solar activity showing the signs of decrease. This raised some
reasonable questions about the cause of the terrestrial temperature increase and led to
suggestions of substantial extra-heating of the Earth atmosphere caused by greenhouse
gases.

3. Millennial variations of the Sun-Earth distance

The observations of solar irradiance and magnetic field baseline oscillations with
the period of about 2100-2200 years are believed to be imposed on the Sun by the
gravitational effects of Neptune and Saturn causing SIM [30, 46]. In this section we
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carry out the investigation of Sun-Earth distance variations over a millennial scale in
an attempt to establish if they follow or deviate from Kepler’s laws.

3.1 Ephemeris of the Sun-Earth distances in 600-2600

Let us now explore the daily Sun-Earth (S-E) distances over the two millennia
(600-2600) derived from the ephemeris of VASOP87 - Variations Seculaires des
Orbites Planetaires [47] http : //neoprogrammics.com/vsop87/planetarydistancetables/.
Note that the VSOP87 data up to 6 digits after the decimal coma coincide with the
widely used JPL ephemeris [48].

The daily Sun-Earth distances for every month of the three years for each
millennium: M1 (600, 1100, 1600) and M2 (1700, 2020, 2600) are presented in
Figs. 5 (January-June) and 6 (July-December) for the millenniums M1 (600-1600)
(left column) and millennium for M2 (1600-2600 (right column). The Sun-Earth
distances change rather differently over the two millennia M1 and M2 from what one
would expect from the elliptic motion of the Earth about the Sun where the perihelion
(shortest distance) and aphelion (longest distance) occur on the semi-major axis of the
ellipse and the distances are defined by Kepler’s third law (see Fig. 15 and Eqs. (6) in
Appendix A).

However, instead of it, one can observe a significant reduction of the Sun-Earth
distances in January - June (Fig. 5) and their increase in July-December (Fig. 6).
Furthermore, the maximal differences, or differences between the S-E distances at the
start and end of each millennium considered presented in Fig. 7, reveal these maximal
differences reaching 0.005 au in April-May (Fig. 5) in millennium M1 and up to 0.011
au in April-May in millennium M2. These are followed by significant increases of
the S-E distances in August-December shown in Fig. 6 and 7. Moreover, the daily
double differences, e.g. the differences between the maximal differences of the S-E
daily distances in M1 and M2, taken from Fig. 7, plotted in Fig. 8 demonstrate that in
March-June there is a large reduction of the S-E distances in M2 compared to M1.

In order to evaluate if these changes are symmetric, let us present the mean
monthly S-E distance variations during each sample year considered plotted in Fig. 9.
This, in fact, reveals that in M1 the increases/decreases of the S-E distances (left plot)
are nearly symmetric over each year and centred about the summer solstice in June and
winter solstice in December while in the millennium M2 the distance curve is skewed
(right plot) with the maximal and minimal Sun-Earth distances being noticeably shifted
in time towards a mid-July for aphelion and mid-January for perihelion. Namely, in
M1 the local perihelion and local aphelion are shifted forward by 5-6 days to 26-27
December and 26-28 June, respectively, from the summer and winter solstices on 21
June and 21 December accepted for elliptic orbit of the Earth revolution about the
ellipse focus. While in M2 the local perihelion and aphelion in 2600 are shifted from
the elliptic orbit positions for the winter and summer solstices forward by up to 25-26
days (to 15-16 January and 15-16 July, respectively, seen in the right column of Figs. 5
and 6.

This asymmetry in the changes of the S-E distances in M2 compared to M1 is
more clearly demonstrated by the annual variations of the double differences between
the S-E distance shown in Fig. 8 after they are averaged for each month and presented
over a year in Fig. 10 for each sample years considered. It clearly shows that the shifts
in the S-E distances are reduced more in the April - September and increase more in
October-February of each year of millennium M2. This means that the input of solar
irradiance to the Earth is not evenly distributed over time of the Earth revolution, or
over the Earth location on the orbit.

9
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Figure 5.
Variations of the Sun-Earth distances (in astronomical units, au) versus days of the month (X-axis) in January-
June for three sample years in the millennium M1 (600-1600) (left) and M2 (1600-2600) (right). Left column:
blue - year 600, red -1100 and green -1600 ; right column: blue - year 1700, red - 2020 and grey - 2600.
10
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3.2 Proposed interpretation of the S-E distance variations

If the Earth revolves about the Sun located in the focus of the ellipse, the Sun-
Earth distance has to change depending on the Earth position on the orbit following
Kepler’s 3rd law (see Eq. 6 in Appendix A). Earth orbit is a stable elliptic orbit with
little changes of the major and minor axis, as established in Appendix C with the help
of Appendices A and B. However, the S-E distance reductions and growths reported
here deviate from the Kepler’s third law (Eq. 6 in Appendix A). By comparing the
mean-by-time and mean-by-arc S-E distances for an elliptic orbit (see Appendices B)
with the expected changes imposed by the calculated shifts of aphelion and perihelion
[51] shown in Appendix C, it is evident that the real S-E distances derived from the
ephemeris are different from Kepler’s 3rd law (see Eq. 6 in Appendix A).

This can can only happen if these S-E ephemeris reflect the additional motion:
the revolution of the Sun about the barycentre, which is induced by the action of
large planets of the solar system. The similar effect is observed in the stars, which
have planetary systems, leading to a wobbling star effect that is used to trace possible
exoplanets [52, 53]. The shift of S-E distances reported above should be caused by
the increasing shift of the Sun’s location from the focus of the ellipse, where it is
supposed to reside, according to Kepler’s laws, towards the spring equinox of the Earth
orbit. This shift of the position of the Sun with respect to the barycentre has been
recognised as the solar inertial motion - SIM [25, 27, 30]. The resulting S-E distances
are defined by the superposition of these two motion: Earth revolution and SIM.

In fact, the variations of the S-E distances during the two millennia are likely to
be affected by the gravitational effects of Jupiter, Saturn, Uranus and Neptune on the
Sun’s inertial motion [30] revealing the oscillations of the planet orbits with a period
of 8.5 thousand years (see Fig. 1 in [30], affecting SIM. From the whole period of
8.5 thousand years reported in the paper the semi-period with maximum of 4.2-4.3
thousand years with the ascending part of 2.1 thousand years are similar to the period
of decreasing S-E distances reported in section 3.1 for 600-2600. Also the reported S-
E distances reveal the noticeable shifts of the aphelion and perihelion from the major
axis of the ellipse that coincides also with the oscillations of magnetic field baseline
[19, 49] and solar irradiance [22]. It seems that in the two millennia 600-2600 the
large planets continuously shifted the Sun from its focus towards the spring equinox
as detected from the S-E ephemeris in Figs. 5 and 6.

Therefore, it can be noted that owing to SIM, the shortest and longest Sun-Earth
distances (perihelion and aphelion) in the elliptic orbit of the Earth are shifted to the
local aphelion and perihelion, which are located on the shorter axis of the ellipse than
the major axis. This line has an angle φ to the semi-major axis roughly defined by the
formula for tan φ:

tan φ =
2ds

f
, (1)

where f is a distance between the foci of the ellipse and ds is the shift along the semi-
minor axis b of the Sun from the focus of the ellipse. Naturally, by the definition of an
ellipse, this line is shorter than the semi-major axis a of the Earth elliptic orbit, which
is the longest axis in the ellipse.

Furthermore, the calculations of the double differences between the maximal
distance shifts occurred in millennia M1 and M2 (M1-M2) for daily data shown in
Fig.8 and their annual variations shown in Fig. 10 reveal that the double differences
become negative in April and remain such until the end of October. This means that
in M2 (1600-2600) the S-E distance decreases in April -July and its increases in July-
December are much larger that in M1 (600-1600). This also indicates that in M2 the
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Sun becomes closer and closer to the Earth during April-October before the Earth
revolution will make the S-E distance increases in November -February, since these
increases are larger than expected from Kepler’s third law. This, in turn, can lead to
a significant solar radiation input to the Earth in millennium M2, which needs to be
processed by the Earth atmosphere and ocean that will be discussed below in section 4.

These long-term SIM effects can explain the reported above significant S-E distance
decreases in January-June and the similar increases in July - December during the both
millennia. The magnitudes of the S-E distance oscillations are smaller for M1 (up to
0.005 au) and twice larger for M2 (0.011 au) shown in Figs. 5 and 6, and specifically
in Fig. 7 producing daily differences in the S-E distances for each month of the years
for the two millennia considered. In the next two millennia this trend is expected to
return back to the level in 600 and then in the next 4.2 thousand years to change to the
opposite one, e.g. producing the Sun shift to the autumn equinox and the shifts of the
local perihelion and aphelion for considered years towards early December and June,
respectively, following the calculations by [30].

Interestingly, the annual variations of the S-E distances shown in Fig. 9 can explain
the oscillations of the baseline solar magnetic field (Hallstatt’s cycle) shown by dark
blue lines in Fig. 3 and in Fig. 4 (top plot) [19] by the oscillation of the Earth aphelion
and perihelion from the major axis. In M1 the Sun’s location is closer to the ellipse
focus of the Earth orbit resulting in a smaller magnitude of the Sun’s shift in the
direction of the minor axis that leads to the minimum of the baseline magnetic field
of northern polarity, shown by the dark blue line in Fig.3 (bottom plot) [19, 49]. While
in M2 the Sun shifts much further from the focus towards the spring equinox position
of the Earth orbit, so that there is a shift of the longest S-E distance (local aphelion)
from 21 June (when the aphelion on the major axis of ellipse is approached) to 16 July
when the aphelion is shifted from the major axis to the line of the ellipse connecting
the ellipse centre and displacement of the Sun from the ellipse focus and directed
under the angle φ (see Eq. 1) to the major axis.

Hence, in 1600 -2600 the Earth will be turning closer to the Sun for up to 25
additional days after the summer solstice, while turned towards the Sun with its
Northern hemisphere, before it approaches the local aphelion. This is likely to cause
a small rise to the baseline magnetic field of northern polarity as shown in Fig.3 (dark
blue line) [19]. And given the periodic variations of the gravitational effects of four
large planets described by [30], one can expect the similar periodic variations of the
baseline magnetic field linked to the positions of the local aphelion and perihelion
for a given epoch. Therefore, this confirms the hint expressed earlier [19, 49] that
the baseline magnetic field oscillations derived there purely from the magnetic field
observations are, indeed, caused by the gravitational effects of large planets on the
Sun, or by solar inertial motion.

4. Millennial oscillations of solar irradiance with the Sun-Earth distances

4.1 Method of inverse squares

Following the variations of the S–E distances discussed in section 3, let us
evaluate the variations of total solar irradiance (TSI) imposed by a change of these
S-E distances in the millennia M1 and M2 using the method of inverse squares. A
magnitude of the total solar irradiance S variations at the solar-Earth distance d by
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Millennial oscillations of solar irradiance with the Sun-Earth distances

Figure 6.
Variations of the daily Sun-Earth distances (in astronomical units, au) versus days of the months in July-
December of three sample years selected in the millennium M1 (600-1600) (left) and M2 (1600-2600) (right.
Left column: blue - year 600, red -1100 and green -1600; right column: blue - year 1700, red - 2020 and grey -
2600.
13
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Solar irradiance oscillations

Figure 7.
Maximal daily differences for each months of the Sun-Earth distances (in astronomical units, au) between the
years 600-1600, M1 (blue curves) and 1700-2600, M2 (red curves). X-axis shows days of the months.
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Millennial oscillations of solar irradiance with the Sun-Earth distances

considering the Sun as a point body emitting radiation with an intensity I⊙ [50]:

S =
I⊙
d2 . (2)

Hence, the solar irradiance S can vary either because of the variations of intensity I
of solar radiation at the Sun itself or because of the variations of a distance d between
the Sun and Earth. The variations of the solar intensity I is caused by the variations of
solar activity induced by the electro-magnetic dynamo action in the solar interior.

If the intensity I⊙ of radiation on the Sun is considered to be constant at a
given time (I⊙=const), then the solar irradiance S can also change because of a
variation of the Sun-Earth distance caused by the Earth orbital motion itself leading
to the terrestrial seasons and by solar inertial motion whose effects are not yet fully
investigated. In any case, by knowing the ephemeris of the S-E distances and using Eq.
(2) above for calculating solar irradiance at two different distances d1 and d2, one can
find the relationship between the solar irradiance, S1 and S2 at these distances, which
follows the inverse square law [50]:

S1 · d2
1 = S2 · d2

2. (3)

Therefore, if at a distance d1 the average solar irradiance is 1366 W/m2 [22, 31]
then if the distance is changed to d2, the solar irradiance S should also change
following the Eq. (3). For example, if the distance d2 between the Earth and Sun was
to be decreased by 0.016 au (as shown in section 3 for two millennia 600-2600) so
that the initial irradiance of 1366 W/m2 divided by the square of the new distance
results in the irradiance of 1411 W/m2. The difference in the irradiance is 1411-
1366=45 W/m2, that is 3.3% that is exactly the magnitude mentioned in the first
paragraph of the last section of paper [19].

In section below the solar irradiance is explored in more details for the two
millennia from 600 to 2600 AD for the S-E distances presented in section 3.

4.2 Orbital variations of solar irradiance in the millennia 600-2600

As established in section 3, the Sun-Earth distances are changing accordingly to
the ellipse curve as Kepler’s 3rd law assigns. Instead, these distances are defined by
the two motions: the Earth and Sun about the barycentre of the solar system with the
latter caused by the gravitational effects of large planets of the solar system, or solar
inertial motion (SIM). Therefore, the daily variations of solar irradiance over a year
will be affected by the combination of the Earth revolution on its orbit and the Sun’s
revolution about the barycentre.

By using Eq. (3) let us calculate the solar irradiance at any day of a year during
the two millennia M1 and M2. For the TSI normalisation the magnitude of S1=1366
W/m2 [31] can be used for the longest distance in June 1700. Then the daily TSI
magnitudes for every month of a year for three years for each millennium: M1 (600,
1100, 1600) and M2 (1700, 2020, 2600) are presented in Figs. 11 (for January-
June), and 12 (for July-December) with their annual variations compared in Fig. 13.
The small differences (≤ 0.001 au) between the S-E distances of 1600 and 1700 are
considered when calculating the total solar irradiance for M2. The overall variations of
the sum of the TSI deposited to Earth in each year are presented in Fig. 14 calculated
for: a) the mean TSI magnitudes averaged for every month, e.g by adding the TSI
magnitudes for 12 months (left plot) and b) the daily TSI magnitudes, e.g. by adding
the TSI magnitudes for all days in each year considered.

15
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Figure 8.
The differences between the maximal variations of the daily Sun-Earth distances (in astronomical units, au) in
millennium M1 (600-1600) and M2 (1700-2600) shown in Fig. 7. X-axis shows days of the months.
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Millennial oscillations of solar irradiance with the Sun-Earth distances

Figure 9.
Variations of the annual Sun-Earth distances (in astronomical units, au) versus months of the year in the
millennia M1 (left) and M2 (right). Left plot: blue curve - year 600, red curve -1100 and grey curve - 1600;
right plot: blue curve -1700, red curve - 2020 and grey curve - 2600.

Figure 10.
Annual variations of the differences between the mean maximal monthly differences in the Sun-Earth distances
(in astronomical units, au) in millennium M1 (600-1600) and M2 (1700-2600) taken from Fig. 8. Axis X shows
months of a year.
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In M1 the increase of solar irradiance during the months January-June is nearly
balanced by its decrease from July to December (Figs. 11 and 12, left column) while
in M2 the solar irradiance is noticeably higher in February-July when the atmosphere
is heated by the Sun than in July-December when the atmospheric cooling occurs (see
Figs. 11 and 12, right column). This is more evident in the annual variations of the
monthly averaged TSI magnitudes (Fig.13) revealing a steady increase of the solar
irradiance input in millennia M1 and, especially, in M2 during spring-summers and
decrease during autumn-winters in the Northern hemisphere in each century caused by
the variations of S-E distances shown in Fig. 9 discussed above.

Because of a reduction of the S–E distances in the first half of a year caused by
SIM, the TSI deposition from years 1700 to 2600 is increased by about 11 W/m2

(0.95%) in February-March (and decreased by the close amount in August-September),
by 15 W/m2 (1.2%) in April-May (decreased in October-November) and by 7-8 W/m2

(0.5%) in June-July (decreased in December-January) (see Figs. 11 and 12). These TSI
variations can naturally explain a wide variety of the measured TSI magnitudes in the
earlier space observations of 1370 W/m2 (Shirley et al. 1990), 1971 W/m2 (Wolff &
Hickey 1987), or 1972 W/m2 (Lee III et al. 1995) if they are measured during May-
June or July-August. The numbers of TSI variations during a first half of a year can
be added to produce more than 2.7% of solar irradiance increase in M2 because of
the S-E distance decrease by SIM that is comparable with the estimations up to 3.5%
hinted in the retracted paper [19]. This amount of the extra solar radiation input into
the terrestrial atmosphere and ocean has not been yet considered in the current climate
models.

The variations of solar irradiance averaged for every month in a year are plotted
for both millennia in Fig. 13, showing that the minimum of the mean solar irradiance
is shifting in M2 towards 15 July, thus, securing the extra heating of Northern
atmospheres in the summer months of second half of June and half of July in this
millennium M2. These shifts of the largest S-E distances aphelion) from 21 June to
15 July (local aphelion) in M2 can also explain why the baseline solar magnetic field
is an ascending phase of Hallstatt’s current cycle, with a maximum of the northern
polarity at 2600 before the longest distance becomes shifting back to June in the next
few millennia. As shown in [19] (see Fig. 3) there have been about 60 super-grand
(Hallstatt’s) cycles over the past 120,000 year. This means such the millennial changes
of the TSI on Earth are regular patterns, which will continue to appear in the current
Hallstatt’s cycle shown in Fig. 4, top plot [19].

Based on the location of Earth on its orbit, these solar irradiance inputs has to be
divided between the hemispheres depending on which one of them is turned towards
the Sun. This means that, because of the Earth axis tilt of 23.5◦ from the vertical
to the ecliptics, in the millennium M1 (600-1600) the input of solar radiation in the
Northern hemisphere was slowly increasing from January until 21 June not only
because of the elliptic Earth orbit but also because of the Sun’s shift from the focus
of this ellipse in the minor axis direction towards the spring equinox and become
reducing from 21 June through the whole July. While in M2 (1600-2600) during the
months June – July the input of solar irradiance to the Northern hemisphere will be
higher than in the elliptic orbit. This means that in M2 the increase of the solar input
in February-July must be ahead of its decrease in August-January. This would happen
also because, according to Kepler’s second law, the Earth moves slower at the parts of
the orbit in June-July-August than in December-January, thus, passing quicker through
the positions with a reduced radiation in December than with the increased one in
June-July.
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4.3 Imbalance of the TSI depositions in the two millennia

Since there is a shift of the minimum point of the TSI annual variations (Fig.13)
from 21 June (M1) to 15 July (end of M2), this indicates a possible imbalance
between the annual TSI input and output in M2 (1600-2600). From the daily magni-
tudes of TSI shown in Figs. 11 and 12, it is possible to count the total annual amount
of TSI emitted by the Sun towards the Earth in each year of the both millennia. If this
amount does not change from year to year, then TSI is, indeed, the same for each year
for both centuries, as currently assumed.

However, the real annual magnitudes of TSI deposited to the Earth during the
two millennia are shown in Fig.14 calculated for the two cases: a) added together the
averaged monthly TSI magnitudes (left plot) calculated for the S-E distances shown in
Fig. 13 with only 12 TSI magnitudes per year (for 12 months); b) added together the
daily TSI magnitudes (right plot) taken from Figs. 11 and 12 associated with the daily
magnitudes of TSI (for 366 days for the leap years used).

These two plots clearly demonstrate that the monthly TSI variations (case a) show
the increase of TSI by about 1-1.3 W/m2 in 2020 compared to 1700 (Fig.14, left plot).
This TSI increase found from the S-E distance ephemeris is close to the magnitude
of 1-1.5 W/m2 reported from the current TSI observations [34]. However, the annual
TSI magnitudes, calculated from the daily S-E distances (case b) reveal a much
larger annual increase of the total solar irradiance by about 20-25 W/m2 (>1.8%)
in M2 (by 2500) than in millennium M1 (Fig. 14, right plot). This analysis gives the
indication of the averaged TSI increase in M2 could be 2.5-2.8 W/m2 per century, or
(0.18-0.20)%, comparing to the TSI in 1700. This is the very important hidden solar
irradiance input in millennium M2 (1600-2600) caused by the SIM effects, which
was significantly underestimated if only the averaged monthly TSI magnitudes are
used (Fig. 14, compare left and right plots). The essential issue is how much of this
extra solar radiation is distributed between the hemispheres owing to the Earth tilt, its
position on the orbit or the level of exposure to solar radiation [42, 51].

Our study of the S-E distance variations shows that at the start of any year, in
January, the Earth is turned to the Sun with its southern hemisphere, meaning that
any decrease and increase of solar radiation during this time is mostly absorbed by
the parts in Southern hemisphere. When the Earth’s orbiting approaching March, the
distribution of solar irradiance between the hemispheres becomes nearly even, while
in April-June the main part of the solar radiation input is shifted towards the Northern
hemisphere, having its maximum theoretically (by Kepler’s law) on 21 June, while in
reality, shifted to 5 July in 2020 and to 16 July in 2500. Hence, in M2 the Northern
hemisphere should get the extra solar radiation not only in the first six months of a
year but also in the 25 days from 21 June by approaching the local aphelion on 16
July, which is not compensated later by its expected cooling because of a shift of the
local perihelion to 16 January.

By comparing the mean-by-time and mean-by-arc S-E distances for an elliptic orbit
(see Appendices B and C) based on the calculated shifts of aphelion and perihelion
[51] with the real S-E distances derived from the ephemeris one can conclude that the
ephemeris of the S-E distances have to reflect the Sun shifts in SIM, in addition to the
Earth revolution about the ellipse focus. Therefore, the solar radiation deposition in
the millennium M2 is expected to be essentially higher than in in millennium M1 and
different from the standard seasonal changes because of the uneven shifts of Sun-Earth
distances on the orbit owing to SIM. This extra TSI amount caused by SIM (from the
variations of a distance d in formula (2) will undoubtedly add to the magnitude of
solar irradiance coming from the solar activity itself (or the parameter I⊙ in formula
(2)) shown in Fig. 4 (bottom plot, blue lines) leading to the overall solar irradiance
increase that, in turn, can account for a large amount of the terrestrial temperature
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increase shown by the red curves in Fig. 4 (bottom plot). This extra solar forcing
caused by SIM needs to be taken into account in any climate models.

5. TSI variations and terrestrial temperature

Let us try to evaluate how these variations of solar irradiance can affect terrestrial
temperature from the general similarity approach. The TSI variations caused by the
solar activity in normal cycles of 11 years and during grand solar minima (similar to
Maunder Minimum) can be described as follows.

1. Solar irradiance S variations at Earth owing to 11 year cycle is about 0.1% of the
average magnitude of TSI S (1366 Wm−2 accepted in this study) increasing by
1.4 Wm−2 during maxima and decreasing during minima [33, 54]. The terrestrial
temperature variations during 11 year cycle are negligible.

2. Solar irradiance S variations at Earth owing to GSM is about 2.5-3 W/m2, or
0.22 % of S [31, 39, 55] as shown in Fig. 2 (left plot). These estimations are
also supported by conclusions by the other authors [55, 56] showing sometimes
up to 0.4% contributions of active regions into the solar radiance intensity I⊙.

The terrestrial temperature curve presented in Fig. 2 (right plot) shown a reduction
during MM of the average terrestrial temperature by about 1◦.0C [36, 57, 58], e.g.
the decrease of TSI by 0.11% secures a decrease of the terrestrial temperature by
approximately 0◦.5C. Let us use this simple estimation until we carry out more precise
model simulations.

5.1 Expected effects of the TSI increase by SIM on the terrestrial temperature

The terrestrial temperature is found increasing since Maunder minimum as shown
in Fig. 4, bottom plot derived by Akasofu [35] that is close to the plot presented in
the NASA and IPCC report https : //www.ipcc.ch/sr15/. At the same time the solar
activity of 11 years, and thus, solar irradiance caused by it in the past four solar cycles
was decreasing.

Now we established that there is an additional effect leading to the increase of
solar irradiance in the millennium M2 (1600-2600) because of the changing Sun-Earth
distances imposed by the solar inertial motion (SIM) owing to gravitational effects
from Jupiter, Saturn, Neptune and Uranus. The overall increase of solar irradiance for
M2 is shown in Fig.14 to reach about 20-25 W/m2 for the whole planet, which can be
assumed to split evenly to each hemisphere with 10-12 W/m2.

Although, the conversion of this extra solar radiation into the terrestrial temperature
is a complex process involving exchanges between the deposited solar radiation to
different hemispheres, ocean and atmospheric radiative transfer [59]. In fact, using line-
by-line radiation transfer (LBL-RT) calculations under different cloudiness conditions,
ground temperatures, and humidity models for radiative transfer of UV solar radiation
by atmospheric molecules including CO2, Hardy [59] has shown that even a smaller
increase of solar radiation by 5 W/m2 leads to a noticeable (60%) increase of the
terrestrial temperature defined by the Sun and only 40% defined by the CO2 emission.
The further increase of solar irradiance owing to the millennial TSI misbalance derived
here in section 4.3 from the ephemeris of the Sun-Earth distances would definitely lead
to a further contribution (possibly, above 80%) of the Sun’s radiation into the observed
terrestrial temperature growth.

20



i
i

“zhark˙intech˙chapter-rev3˙print-ready” — 2021/3/29 — 12:48 — page 21 — #21 i
i

i
i

i
i

TSI variations and terrestrial temperature

Figure 11.
Variations of the daily solar irradiance in (W/m2) in January-June for three sample years selected in the
millennia M1 (600-1600) (left) and M2 (1600-2600) (right). Left column: blue - year 600, red -1100 and green
-1600; right column: blue - 1700, red - 2020 and grey - 2600. X-axis shows days of the months.21
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Figure 12.
Variations of the daily solar irradiance (W/m2) in July-December of three sample years in the millennium
M1 (600-1600) (left) and M2 (1600-2600) (right). Left column: blue - 600, red -1100 and green -1600; right
column: blue - 1700, red - 2020 and grey - 2600. X-axis shows days of the months.
22
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Figure 13.
The annual variations of TSI magnitudes (W/m2) in millennia M1 (600-1600) (left) and iM2 (1700-2600)
(right). Axis X shows months of a year.

Although, in the current study we do not carry out radiative transfer simulations,
and thus, can only roughly estimate possible variations of the average terrestrial
temperature using the observed curves similar to those measured [35, 38] (Fig. 4,
bottom plot). The baseline temperature was shown to increase, or to recover from
‘little ice age’ after Maunder minimum, in the past three centuries (black straight line
in [19, 35]). Since the TSI increase by up to 25 W/m2 for two hemispheres, or 12.5
W/m2 per hemisphere is expected until, at last, 2500, then using the link between
the solar irradiance and terrestrial temperature derived from Fig. 2, the increase in the
baseline terrestrial temperature from 1700 can be expected by about 4.0◦C in 2500, or
by 2.0◦C in 2100 and by 1.5◦ C in 2020.

However, these are rather rough estimations. Further investigation of the level of
conversion of solar radiation into the atmospheric heating and radiation of terrestrial
atmosphere using radiative transfer simulations are required. This can provide more
accurate numbers for the terrestrial temperature variations caused by the increase of
solar irradiance owing to solar activity and SIM, in general, and their fluctuations in
the hemispheres, in particular.

Note, this proposed prediction of the baseline temperature variations does not
explain further temperature fluctuations above the baseline temperature which can well
be caused by either anthropogenic or other terrestrial activities not considered on this
paper.

5.2 Effects of upcoming Grand Solar Minimum (2020-2053)

Although in the next 33 years the Sun is entering a period of the reduced solar
activity, the modern grand solar minimum, which can be called a ‘mini ice age’,
similar to Maunder Minimum. The GSMs are caused by significantly reduced solar
magnetic field imposed by the disruptive interference of two magnetic waves generated
by the double dynamo in the solar interior [10]. The first modern GSM1 occurs in
2020–2053 [10, 60] and the second modern GSM2 will happen in 2370–2415 [10, 60].

Because the solar irradiance and terrestrial temperature already increased since
the MM owing to the SIM effects discussed in section 5.1, the terrestrial temperature
during the first modern GSM1 is expected to drop by about 1.0C to become just (1.5-
1.0=) 0.5◦ C higher than that in 1700.

The temperature decrease during the second modern GSM (2375–2415) can be
estimated calculated as follows. The current temperature increase in 2020 is by 1.5◦C,
which should increase by 2375 by another 1.5◦ C (=3 x 0.5C [35]) giving the total
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Figure 14.
The total annual TSI variations (W/m2) in the millennia M1 and M2 derived by summation of the mean
monthly (top) and daily TSI magnitudes (bottom). Axis X shows the years of the millennia.
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increase since 1700 by 3.0◦ C. The temperature decrease caused by a reduction of
solar magnetic field and solar activity during the GSM2 would lead to a reduction of
temperature by about 1.0◦ C. This will produce the total temperature during the GSM2
of (3.0-1.0=) 2.0◦C higher than in 1700. After each of the modern GSMs, solar activity
is expected to return to normal 11 year cycles as shown in Fig. 1 [10].

6. Conclusions

In this chapter the investigation of Sun-Earth distances from the ephemeris by
VSOP87 [47] and JPL ephemeris [48] is presented. The Sun is found shifting in
millennia M1 and M2 along the direction of the minor axis towards the spring equinox
that leads to a significant reduction of S-E distances in January-June by about 0.005 au
in M1 and up to 0.011 au in M2, which are followed by the asymmetric increases in
the second half of the year (July-December). However, the S-E distance increases and
decreases are not identical as expected from elliptic orbit.

These S-E distances are found affected not only by the Earth revolution about
the focus of the ellipse, but also by the Sun’s motion about the barycentre caused by
the gravitational effects of other planets (Jupiter, Saturn, Neptune and Uranus), or
solar inertial motion (SIM). This shift of the position of the Sun with respect to the
barycentre has been recognised as the solar inertial motion - SIM [25, 27, 30]. The
resulting S-E distances are defined by the superposition of these two motion: Earth
revolution and SIM. The similar inertial motion effects are often observed in other
stars, which have planetary systems, leading to the wobbling star effect that is used
to trace possible exoplanets [52, 53].

The S-E distance shifts are found to lead to a migration of the Earth’s aphelion and
perihelion from their classic positions on the major axis of the ellipse to occur on 21
June and 21 December, respectively, appropriate for the ideal elliptic Earth revolution.
For example, the aphelion is shifted: in 1600 to 28 June, in 2020 to 5 July and in 2060
to 16 July, while and the perihelion migrates from 21 December to 28 December in
1600, 5 January in 2020 and to 16 January in 2600. The shifts of the S-E distances
lead to the shifts of the Earth aphelion and perihelion from the major ellipse axis to
the intermediate (shorter) axis, which passes through the SIM position of the Sun for
the year and the ellipse orbit centre. Therefore, these shifts define the skewness of Sun-
Earth distances along the Earth orbit towards the real position of the Sun, because it is
moved outside the focus owing to the orbital perturbations of the Sun’s motion about
the barycentre caused by the gravitational forces of the four large planets.

These shifts of Sun-Earth distances lead to the changes in the total solar irradiance
reaching the Earth atmosphere and baseline magnetic field measured from the Earth.
Because of this reduction of the S–E distances caused by SIM, the TSI at the Earth is
shown to increase from 1700 to 2600 by about 11 W/m2 (0.95%) in February-March
(and decreased in August-September), by 15-18 W/m2 (1.2%) in April-May and
decrease in October-November) and by 7-8 W/m2 (0.5%) in June-July and decrease
in December-January). While the shift of the maximal distance (aphelion) from regular
21 June date in 1600 to mid-July in 2600 can naturally explain the skewness of the
baseline magnetic field towards the Northern polarity in 2600 and the minimum of the
baseline magnetic field in 1600, by its skewness towards Southern polarity as it was
reported before [19, 49].

It is also shown that since 1600 to 2020 there was an increase of the annual
TSI magnitude by about 1.3 W/m2 derived from the mean monthly S-E distances,
which is close to the magnitude of 1-1.5 W/m2 reported for the similar period from
the current TSI observations [34]. However, the annual TSI magnitudes, calculated
from the daily S-E distances reveal a much larger annual increase of the total solar
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irradiance by about 20-25 W/m2 by 2500 in M2 compared to millennium M1. This
means there is an excess of solar radiation input into the terrestrial atmosphere in
millennium M2 not accounted for by any other consideration that has to be considered
for the solar forcing. This additional solar input should have different redistribution
between Northern and Southern hemispheres, in addition to normal variations of the
Earth position on elliptic orbit [51] linked to their exposure time to the solar input not
discussed in the current paper.

However, in 2020 the Sun has entered the period of a reduced solar activity: the
Grand Solar Minimum (2020-2053). The orbital variations of solar irradiance will be
combined with the variations of solar activity, or solar magnetic field, imposed by the
variations of solar dynamo [1, 10]. The decrease of solar irradiance during this GSM
is expected to be about 3 W/m2, or 0.22%. Therefore, the reduction of solar irradiance
caused by the GSM effect will work in opposition to the increase of solar irradiance
caused by the orbital SIM effects in the current Hallstatt’s cycle.

The baseline temperature (not including any terrestrial effects) is shown increased
by 2020 by 1.5◦C since 1700 because of SIM effects. Because of the modern GSM1
the terrestrial temperature is expected to be lowered by 1.0◦C giving the resulting
temperature of 0.5◦C higher than it was in 1700. After 2053, the solar irradiance and
the baseline terrestrial temperature is expected to return to the pre-GSM level. Then
the irradiance and temperature will continue increasing because of the SIM effects
combined with radiative transfer of solar radiation in the terrestrial atmosphere. This
means the terrestrial temperature will continue increasing up to 3.0◦C by 2375 when
the second modern GSM2 will occur (2375–2415). During GSM2 the temperature is to
be reduced again by 1.0◦C to reaching the magnitudes of 2.0◦C higher than it was in
1700.

Therefore, our analysis with the new proxy of solar activity (SBMF) has opened
new perspectives for reliable prediction of solar activity on short, medium and long-
terms. This approach has allowed us to link the solar magnetic field variations to the
variations of solar irradiance, which are associated with both the inner solar processes
and the orbital effects on the Sun-Earth distances. The fundamental oscillations of
solar irradiance, in turn, can be linked to the oscillations of the baseline terrestrial
temperature, independent of any terrestrial processes of radiative transfer and heating.
Although, other terrestrial and anthropogenic effects can lead to the fluctuations of this
temperature but their study was outside the scope of the current chapter.
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Figure 15.
Elliptic orbit of the Earth revolution about the Sun located in the left focus of the ellipse with a semi-major axis
a, a semi-minor axis b and the eccentricity e.

Appendix A - Basics of planetary orbits

In order to investigate the orbital effects on the distance between the Sun and Earth
and the resulting variations of solar irradiance imposed by these variations, let us first
remind the basic laws governing the planet revolution about a central star, the Sun.
It is suggested that the planets evolution about the central star (Sun) is defined by
Kepler’s three laws [61]:

1. Planets move in elliptical orbits around the central star (Sun), which is located in
one of the foci of the ellipse (see Figure 15, left plot).

2. The Sun-planet line sweeps out equal areas in the equal times. This means that
planets move faster when they are nearer the Sun (perihelion) and slower when
they are further away (aphelion).

3. The square of the orbital period of a planet is directly proportional to the cube of
the semi-major axis a of its orbit. This law defines the Sun-Earth distances at any
point of the orbit.

The Sun is located in one of the two foci (point -C in Fig. 15) of the ellipse with a
semi-major axis a and a semi-minor axis b and the eccentricity:

e =

√
1 −

b2

a2 , (4)

It can be noted that is a link between the semi-major and semi-minor axis:

b2 = a2(1 − e2). (5)

The planet is located in the point (x,y) on the orbit on a distance d from the focus C
under the angle θ to the major axis (see Figure 15, right plot).

This distance d is defined by Kepler’s third law as follows:

d =
a(1 − e2)

1 − ecosθ
, (6)

31



i
i

“zhark˙intech˙chapter-rev3˙print-ready” — 2021/3/29 — 12:48 — page 32 — #32 i
i

i
i

i
i

Solar irradiance oscillations

where 0 ≤ e ≤ 1.
Let us introduce Ra the aphelion distance from the focus where the star is located,

to the longest point of the orbit along the major axis and Rp - the perihelion distance
from the focus to the closest point along the major axis. Using this Eq. (6) one can
calculate the aphelion Ra and perihelion Rp distances by setting the angle θ equal to
zero for aphelion and 180◦ for perihelion, e.g.

Ra = a(1 + e), (7)
Rp = a(1 − e). (8)

The sum of the distances d1 and d2 from a planet location on the orbit to the both foci
of the ellipse is constant and equal 2a, e.g.

d1 + d2 = 2a = Ra + Rp. (9)

where bf d1 and d2 are distances from the two foci to the current position of a planet
(see Figure 15, left plot).

Appendix B - Average distances of a planet from the focus of ellipse

There are three average distances of a planet from the star can be calculated
averaged in: a) the angle θ; b) time; and c) arc length s [62]. The formula (6) for
the planet distance from the ellipse focus, according to Kepler’s third law, can be re-
written as follows:

d =
Pe

1 − ecosθ
. (10)

where Pe = a(1 − e2).

1. Planet distance averaged in angle

Average distance d̄θ in angle θ is defined by the integral:

d̄θ =
1

2π

∫ 2π

0
d · dθ =

1
2π

∫ 2π

0

Pe

1 − ecosθ
dθ =

2πPe

2π
√
(1 − e2

=
a(1 − e2)√

1 − e2)
, (11)

so that

d̄θ = a
√

1 − e2 = b, (12)

Hence, the average distance by θ is equal to the semi-minor axis b.

2. Planet distance averaged in time

Average in time distance d̄t is defined by the integral for the period of a planet
revolution T:

d̄t =
1
T

∫ T

0
ddt, (13)
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Since according to the second Kepler’s law, the radial arm of a given planet sweeps
out an area at a constant rate h:

h =
1
2

d2dθ/dt, (14)

or

dt/dθ = d2/2h. (15)

We know that the area of the ellipse is Th = πab. Hence, the average distance in time
can be defined as:

d̄t =
1
T

∫ T

0
d · dt =

h
πab

∫ 2π

0
d · (dt/dθ)dθ =

h
πab

∫ 2π

0
d

d2

2h
dθ =

1
2πab

∫ 2π

0
d3dθ,

(16)
where

1
2πab

∫ 2π

0
d3dθ =

p3e3(2 + e2)π

1 − e2)(5/2)
= b(3a2 − b2)π. (17)

Then the average in time distance is

d̄t =
1
T

∫ T

0
ddt =

b(3a2 − b2)π

2πab
= 3a/2−b2/2a =

3a
2
−

a2(1 − e2)

2a
= a

(
1 +

e2

2

)
. (18)

or the averaged by time distance is

d̄t = a
(
1 +

e2

2

)
, (19)

which is larger than the semi-major axis a by a factor of (1 + e2/2).

3. Average distance in arc length

The integral for the arc length of an ellipse cannot be evaluated in finite terms, we
need to proceed indirectly utilising the defining property of an ellipse that the sum of
the distances from any point of the ellipse for the two foci is constant as described by
Eq. (9). Let L to be the whole length of the orbit.

From the point of symmetry: ∫ L

0
d1ds =

∫ L

0
d2ds. (20)

Since by the definition of the ellipse d1 + d2 = 2a (see eq. (9), hence:∫ L

0
(d1 + d2)ds = 2aL, or (21)∫ L

0
d · ds = aL. (22)
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Figure 16.
Variations of the aphelion (left) and perihelion (right) distances of the Earth orbit in the millennium M2.

Then the distance rs averaged by the arc length is given by the expression:

d̄s =
1
L

∫ L

0
d · ds = aL/L = a. (23)

Therefore, for the ideal revolution of a planet in ellipse about the star located in
the ellipse focus, the average distance of the planet from the focus is defined by the
parameters of the ellipse, along which the planet moves about the assumed location of
the star if there are no other gravitational effects are considered.

Appendix C - Average distances versus aphelion/perihelion variations

The first step in investigation of millennial variations of solar irradiance and
baseline magnetic field came from a suggestion of changing Sun-Earth distances
because of a change of the Earth orbit shape. In fact, the ephemeris show [48] that
since 1600 the Earth orbit’s aphelion is found steadily decreasing while its perihelion
is increasing (see Figure 16). Could this change of the Earth orbit cause the millennial
changes of solar irradiance and magnetic field baseline? Let us explore this option. Sun
is located in the ellipse focus, the S–E distance variations are affected by the variations
of the Earth orbit parameters: aphelion and perihelion distances which are calculated
by JPL. The link between the semi-minor axis b and the semi-major axis a can be
written as follows:

2b =
√
(d1 + d2)2 − f 2; (24)

where d1 and d2 are the distances from the two ellipse foci to any point on the orbit, f
is the distance between the foci of the ellipse, e.g. f = Ra−Rp. For calculation of d1+d2
we use the Eq. (9) that provides the relations for the semi-major a and the semi-minor
b distances via the aphelion Ra and perihelion Rp as follows:

2b =
√
(d1 + d2)2 − f 2 = 2

√
RaRp (25)

a =
Ra + Rp

2
. (26)

,
Hence, if we fix for some time t0 the aphelion Ra0 and perihelion Rp0 distances,

and assume that they are proportionally changed after some time by a magnitude ∆, so
that Ra = Ra0 −∆ and Rp = Rp0 +∆, so that Ra +Rp = Ra0 +Rp0 and f = Ra0 −Rp0 − 2∆.
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Then from Eq. (24) the semi-minor axis can be calculated as follows:

2b =
√
(d1 + d2)2 − f 2 =

√
(Ra0 + Rp0)2 − (Ra0 − Rp0 − 2∆)2 = (27)

=

√
4Ra0Rp0 + 4∆[Ra0 − Rp0 − ∆].

Giving the relationships between the the ellipse axises a and b and aphelion and
perihelion distances.

a = Ra + Rb = Ra0 + Rp0; (28)

b =
√

Ra0Rp0 + ∆[Ra0 − Rp0 − ∆]. (29)

It is evident from the equations above that variations of the aphelion and perihelion
distances will affect only the Earth semi-minor axis b and, thus, eccentricity e. Let us
use them for estimation of the Earth orbit parameters from the ephemeris of aphelion
and perihelion presented in Figure 16.

In the case of decreasing aphelion and increasing perihelion distances for a elliptic
orbit with the star in its focus shown in Figure 16, it occurs from Eq. (29) that b will
increase, while the orbit eccentricity e would decrease. By comparing the variations of
the Earth aphelion and perihelion distances in 1500 -2500 we evaluated the following
changes. The variations of the aphelion and perihelion distances produce the reduction
of eccentricity from 0.0170 in 1500 to 0.0163 in 2500. This would lead to a change of
the average-by-time Sun-Earth distance from 1.0001462 au in 1600 to 1.0001328 au in
2500, e.g the difference is virtually negligible and cannot be reflected in a noticeable
change of solar irradiance. This indicates that over the whole millennium 1600-2600
the Earth orbit remains, in fact, a pretty stable elliptic orbit. However, the average S-E
distances in this elliptic orbit do not change to such the extent to produce noticeable
variations of solar irradiance or magnetic field baseline.
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