
Abstract. Variations in meteorological parameters are largely
due to periodic processes and can be forecast for several years.
Many such processes are related to astronomical factors such as
the gravitational influences of the Moon and the Sun, and the
modulation of solar irradiance by lunar and planetary motion.
The Moon, Jupiter, and Venus have the strongest effect. These
influences produce lines in the spectra of meteorological varia-
tions, which are combinations of the harmonics of the frequen-
cies of revolution of the planets, the Earth, and the Moon
around the Sun with the harmonics of the lunar revolution
around the Earth. Due to frequency differences between the
orbital and radial motions, fine spectral features of three types
appear: line splitting, line-profile complications due to radial
oscillations, and additional lines due to the combination of
radial-oscillation frequencies with perturbation harmonics.

1. Introduction

Studies of empirical spectra by computation of periodograms
from long-term series of the atmospheric temperature and
pressure reveal highly indented curves. The peaks of such
curves are commonly regarded as spurious, arising from the
specific properties of the spectra. Sea-level fluctuations are an
exception, many of their elements being described as an
oscillatory process [1]. Such an approach restricts the use of
observations and underlies the known prejudice that the
observed variations are random, being a manifestation of a
natural law rather than a matter-of-course consequence of
our inability to understand complicated phenomena [2]. This
prejudice gives reason for the representation of the results of
spectral computation strongly smoothed and with the
confidence interval estimated [3]. However, a representation
based on a random-process model is of little informational
value. In physical measurements, the overwhelming majority
of spectra contain line structures. Really interpreted quan-
tities are the positions of maxima in emission spectra and
minima in absorption spectra. Interpretation of these
quantities provides the most reliable tool for the elucidation
of the nature of a phenomenon being observed.

The present review proceeds from the concept of periodi-
city of meteorological parameters [4, 5]. Based on this
concept, we distinguish specific properties of the spectrum
of a purely periodic process and verify them using concrete
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examples. It is natural to describe the presence of such
properties as a criterion for the existence of a spectral line.

Furthermore, we compare the positions of lines in the
spectra of variations of different physical characteristics, e.g.
the spectral peaks of the atmospheric-pressure and sea-level
variations. The occurrence of lines at identical frequencies
suggests their similar origin.

The next step is to examine oscillation-induced phenom-
ena. For example, purely periodic variations in the atmo-
spheric pressure with a period of several weeks must give rise
to a fine structure in the daily peak of temperature fluctua-
tions. Such a fine structure is a line at a combination
frequency equal to the sum of the diurnal-variation fre-
quency and the frequency of the observed atmospheric-
pressure variation. The presence of such a line confirms the
reality of this variation.

The validity of the concept of periodicity of meteorologi-
cal parameters is confirmed by concrete examples. Three of
them are considered in this review. One ensues from the study
of atmospheric-temperature variations associated with solar
eclipses. An eclipse is a complex oscillatory process, the
spectrum of which has a line structure. The coincidence of
the observed lines with the eclipse spectral lines, together with
the coincidence of the estimated line intensities, also testify to
the reality of the periodic processes described below. Another
example is given by a study of the fine line structure of the
spectra of sea-level fluctuations with the period of theMoon's
revolution around the Earth. The fine structure arises as a
result of the frequency modulation of variations in the
distance between the Earth and the Moon caused by the
gravitational action of the Sun. It accounts for the character-
istic line splitting and the appearance of additional intense
lines, which are combinations of radial-oscillation frequen-
cies with the frequency of the Earth's revolution around the
Sun. The third example is the modulation of the solar
irradiance by variations in the Earth's position relative to an
elliptical orbit under the action of Jupiter and Venus. These
phenomena have never been reported previously because of
the low frequency resolution in the computation of meteor-
ological-parameter spectra [6]. It is worth noting an analogy
between the concept being developed in this paper and the
theory of tides [7].

We believe that the above arguments collectively provide
sufficient evidence for the reality of the line structure of
atmospheric temperature- and pressure-variation spectra
and make it possible to use this property for the solution of
the important problem of long-term weather and climate
forecasting. The fact is that such a structure with very narrow
spectral lines contains a large share of the `mathematical'
energy of real variations, and a forecast based on the
preliminary calculation of line parameters remains virtually
unfailing for approximately 4 years in weather prediction and
for 20 years in the case of predicting climatic changes. The
significance of these predictions is in their practical implica-
tions. Retrospective illustrations of such forecasts are pre-
sented in this review.

The work is based on the construction of Fourier spectra
using a discrete data set (periodograms). Well-developed
numerical methods and software are available for the
relevant calculations [8, 9]. The texts of the codes and
analyses of possible mistakes can be found in the literature
[10]. Also, the codes are included in the well-known software
packages for data processing, such as MAPLE 6 [11],
MATHLAB [12], and MATHEMATICA 4 [13].

2. Criterion for the existence of spectral lines

2.1 Coherence criterion
This section is devoted to the discussion of the possibility of
observing a line structure in a spectrum while analyzing time
series defined on a discrete sequence of points. Optimal
methods for spectral maxima and minima analyses remain
to be developed. According to the main idea of the interpreta-
tion of the information contained in a time series y�t� [14], the
phase and the frequency of oscillations are the quantities to be
evaluated in the case of a periodic process, while the optimal
observation statistic containing all relevant information is the
spectrum

Sy�o� �
���� �T

0

y�t� exp�iot� dt
����2 �1�

(T is the total observation time); estimates for the frequencyo
and phase are the location of the maximum and the spectrum
phase at the maximum, respectively [14].

A random process, for an optimal spectral-density
evaluation [15], has to be divided into several (N) indepen-
dent realizations of length T1 (T=N); for each of them, the
square of the spectrum is found as

Si�o� �
���� � i T1

�iÿ1�T1

y�t� exp�iot� dt
����2 :

The optimal estimate is

A � 1

T

X
Si : �2�

The accuracy of the estimate depends on the number of
independent realizations N and increases with increasing N.
A good accuracy can be achieved at N > 10. In this case, the
frequency resolution do is significantly lower:

do � p
T1
� pN

T
:

An estimate of the spectral power is used in meteorologi-
cal studies, commonly being referred to as the spectrum. The
spectrum calculated in the present work is considered to be
the observed periodicity statistic and is estimated with the use
of (1). The spectrum value is essentially dependent on the
length of the observation period T. In the case of a purely
periodic process, the amplitude of the square at large T
increases with increasing length of observation as T 2. In the
case of a random process, the spectrum value also grows with
T, but this growth is much slower, / T. An analysis of the
duration dependence of the peak value can help us to
differentiate between periodic components and spectral-
density maxima of a random signal. It will be used below as
a verification criterion for periodicity (coherence).

In what follows, this criterion will be illustrated by
observations of the seasonal variations of meteorological
parameters (coherent fluctuations with a period of 1 year
and higher harmonics of this period). The criterion is used to
verify the coherence of meteorological fluctuations with
periods related to the Moon's revolution. Such fluctuations
are known to influence the sea level [16], but they failed to be
associated with variations in the atmospheric pressure and
temperature.
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Variations in the atmospheric pressure and temperature
recorded at point Terne|̄ (45.1�N, 136.5�E) and sea-level
variations measured at point Kholmsk (47.0�N, 142.0�E)
were used as observational materials.

2.2 Verification of the criterion through reliably
interpreted maxima
The possibility of using the dependence of the spectral-line
amplitude on the duration of observations as a criterion for
distinguishing between coherent and incoherent spectral
maxima is illustrated here by variations in the atmospheric
pressure with a period of 1 year. This maximum describes the
known coherent seasonal variations of the atmospheric
pressure.

Observations made at point Terne|̄ from 1966 to 1984 are
used here by way of example. The observations are repre-
sented as a series of consecutive values with a 3-h cadence. In
calculating the spectrum in the vicinity of a 1-year period,
these data served as a source of daily values. The effect of the
termination of the series was eliminated by preliminarily
subtracting the result of smoothing over a 700-day interval
from the daily values. Spectra were calculated for intervals of
1 year (1966), 2 years (1966 ± 1967), 4 years (1966 ± 1969),
6 years (1966 ± 1961), 8 years (1966 ± 1973), 10 years (1966 ±
1976), 12 years (1966 ± 1977), 14, 16, and 18 years. The
data were taken at different frequency intervals. Figure 1a
shows the results of calculations at a frequency interval of
p/500 dayÿ1.

There is an apparent maximum in the vicinity of a 1-year
period the amplitude of which displays a strong dependence
on the duration of observations T. This dependence is
shown in Fig. 1c (line 2). The lines of coherent and
incoherent origin have different slopes, as can be seen
from lines R and C for the incoherent and coherent cases,
respectively. Evidently, in both cases, line 2 markedly
deviates from the theoretical predictions. The position of
the maximum changes with increasing length of the
observation period; a jump of the amplitude occurs at a
period of 8 years. This feature of calculations Ð the non-
monotonic dependence of the spectral amplitude on the
observation period Ð is encountered rather frequently and
gives reason to regard a maximum as a random element. In
fact, this is an immediate consequence of the use of
insufficiently detailed data. The true period falls on an
intermediate point. To illustrate this situation, the same
spectra were calculated with an increased frequency resolu-
tion do (line 1) using values do � p=2000 and do � p=4000.
The dependences of the maximum amplitude on the
duration of observations are shown in Fig. 1c. In the given
situation, the maximum position is stable and the depen-
dences are virtually identical in both cases; virtually, they
are in perfect agreement with the theoretical dependence for
the line of coherent origin.

Thus, sufficiently detailed data, with a sufficiently high
frequency resolution, are needed to reveal the line structure of
the spectrum. The limiting estimate for the resolution is
do � p=T. However, it follows from our calculations that
even a lower resolution normally suits the purpose. It is
important that the quantity be derived at a frequency close
enough to the true one. The maximum is considered to be
identified correctly if its location is T-independent at
sufficiently large T and the amplitude increases rapidly
enough. In fact, periodicity can be detected in the present
case if the observation period is as short as 4 years.

Another example of well-studied coherent phenomena is
provided by sea-level variations with a period of 1 year and
with the lunar period of revolution around the Earth [16]. The
data obtained at point Kholmsk (Sea of Japan) from 1951 to
1990 were used. They were taken at an interval of 12 h, and
daily mean values were calculated. The series of daily values
was smoothed over a 700-day interval, and the result was
subtracted from the original series. The differences were used
to compute the spectrum. The values were derived at an
interval of do � p=2000 dayÿ1. The spectra were calculated
for periods of 1 year (1951), 2 years (1951 ± 1952), 4 years
(1951 ± 1955), 6 years (1951 ± 1956), 8 years (1951 ± 1958),
10 years (1951 ± 1960), 12 years (1951 ± 1962), 14 and
16 years. The results were used to find the locations and
amplitudes of unambiguously identifiable main maxima.
These maxima occurred at frequencies S (1-year period), 2S
(0.5-year period), 3S (1/3-year period), 2M (13.66-day period,
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Figure 1. Spectra of atmospheric pressure at point Terne|̄, Sp, constructed
from observations of different length T with a frequency resolution of

(a) 0.00628 dayÿ1 and (b) 0.00157 dayÿ1. The lengthT is indicated near the

corresponding line. The frequency o is in dayÿ1. (c) T-dependence of the
spectral-maximum amplitude Ap for variations of atmospheric pressure

during 1 year at different frequency resolutions: 1, resolution 0.00157;

2, resolution 0.00628. T-dependence of the spectral-maximum amplitude

Al for sea-level variations: the maxima correspond to the periods of 1 year

(S), 0.5 year (2S), 0.333 year (3S), 13.66 days (2M), and 14.17 days

(2Mÿ S). LinesC andR show slopes of the dependences for coherent and

incoherent spectra.
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or half the tropical month), and 2Mÿ S (14.17-day period, a
combination of the first harmonic of lunar revolution with
seasonal variations). The maxima are clearly resolvable if the
observation periods exceed 2 years. The parameters of the
maxima, i.e. the period in days and the amplitude in cm2 day2,
are presented in Table 1. The length of the observation period
in years is given in the first column.

The dependence of the amplitude on the length of the
observation period is shown in Fig. 1c. By and large, it also
coincides with the dependence A / T 2 predicted for a
coherent case. The relations between the oscillation ampli-
tudes at the frequency of the first lunar harmonic 2M, the first
harmonic of the first frequency of the Earth's revolution
around the Sun 3S, and the first negative combination of the
first harmonic 2M with the frequency of the Earth's
revolution around the Sun 2Mÿ S are in reasonable agree-
ment with the relations between the Newton tidal-potential
amplitudes [7]. In calculation of daily values, the combination
frequency appears in theNewton potential, as daily values are
calculated, due to signal demodulation to the frequency of the
Earth's diurnal rotation. Oscillations with a period of 1 year
(S) and 1/3 year have been explained too [17] as resulting from
the thermal expansion of water. Their amplitudes are
proportional to the amplitudes of the first and third solar
harmonics of atmospheric-pressure variations. The same
phenomenon greatly contributes to the second-harmonic
amplitude.

2.3 Spectral lines of sea level fluctuations at the frequency
of the Moon's revolution
It can be seen from the analysis of the Newton tidal potential
of lunar origin [7] that a maximum must also occur at the
fundamental frequency (frequency of theMoon's revolution).
The corresponding maximum is, however, e2 times smaller (e
is the lunar-orbit eccentricity). This maximum is described in
the literature [16] and denoted asMm. However, its observa-
tion in real spectra seems not quite convincing, unlike the case
of the maxima considered in the preceding section. Figure 2a
presents a portion of the spectrum in a frequency range from
2p=6 to 2p=3 dayÿ1. The spectrum was derived from the sea-
level fluctuations recorded at point Kholmsk during 40 years,
with a frequency resolution of 10ÿ4 dayÿ1. A large number of
maxima are well apparent, but only two of them (indicated by
arrows) are included in the table in Ref. [16]. The detailed
structure of theMmmaximum is shown in Fig. 2b. The main
maximumoccurs at the frequency of variations in the distance
between theMoon and the Earth rather than at the frequency
of theMoon's revolution, in agreement with Newton's theory
[7]. The period of these fluctuations is 27.55 days; it is denoted
by the special term anomalistic month. Figure 2a shows that

this is neither the sole nor themainmaximum in the frequency
range under consideration. It is also interesting to examine
some other observed maxima for coherence, e.g. those that
occur at a combination of the Mm frequency and the
fluctuations with a period of 0.5 year (frequency 2S). The
resultsof suchastudyarepresented inFigs2cand2d.Figure2c
shows the sea-level-fluctuation spectra computed for differ-
ent observation periods, with a frequency resolution increas-
ing with the duration of observations. The maxima under
consideration are denoted in Fig. 2c as Mÿ 2S and M� 2S.
The corresponding frequencies are shown by straight lines.
The lengths of the observation periods are indicated by
Arabic numerals near the corresponding lines. The para-
meters of the maxima and the frequency resolution are
presented in Table 2. The amplitude variations with the
duration of observation are shown on a logarithmic scale in
Fig. 2d.

Observations over a period of 12 years reveal an
anomalous dependence, characteristic of estimates obtained
with a low frequency resolution. Data for 14- and 16-year
periods were recalculated with a higher resolution. However,
this resolution still proves insufficient for longer observation
periods. Therefore, the calculations were made with an
additionally increased resolution.

The patterns of dependence on the length of the observa-
tion period give unambiguous evidence of coherence in the
sea-level perturbation. Its amplitude is significantly larger
than the expected one (in agreement with the theory of tides).
The intensities of linesMÿ 2S andM� 2S are roughly equal
and exceed those of linesMÿ S andM� S, which can also be
clearly observed. However, these are not the only lines in a
cyclic-frequency range from 0.1 to 0.3 dayÿ1. Twenty four
other lines can be unequivocally distinguished within this
range. The corresponding periods are 1) 62.62, 2) 58.7,
3) 56.43, 4) 54.65, 5) 53.78, 6) 52.3, 7) 50.75, 8) 48.67, 9) 47.3,
10) 45.6, 11) 44.5, 12) 42.49, 13) 38.0, 14) 35.6, 15) 34.1,
16) 29.35, 17) 29.61, 18) 28.52, 19) 27.02, 20) 26.35, 21) 25.29,
22) 24.35, 23) 23.54, and 24) 22.91 days. These variations are
coherent and observable throughout the entire 40-year
period.

This means that the proposed criterion for distinguishing
spectral lines that correspond to purely periodic processes is
suitable for the analysis if supplemented by the requirement
to use detailed data (sampling points). It is due to the
insufficiently detailed analysis that anomalous dependences
of the line amplitudes on the length of the observation period
occur and discredit the line representation of the spectrum.
However, some anomalies are not related to the low
frequency resolution, being attributable to the fine structure
of the corresponding peaks, quite apparent in Fig. 2b. It can

Table 1. Parameters of the main maxima in the spectrum of sea level variations at point Kholmsk.

S 2S 3S 2M 2MÿS

year day cm2 day2 day cm2 day2 day cm2 day2 day cm2 day2 day cm2 day2

1
2
4
6
8
10
12
14
16

381
381
381
364
364
364
364
364
364

2:3� 106

1:2� 107

3:5� 107

5:2� 107

7:9� 107

1:3� 108

1:7� 108

2:3� 108

2:9� 108

210
186
182
182
182
182
182
182

1:9� 106

2:1� 106

1:3� 107

1:7� 107

2:8� 107

4:8� 107

7:4� 107

1:0� 108

117
125
121
121
121
121
121
121
121

6:9� 105

1:4� 106

3:9� 106

7:3� 106

8:2� 106

1:7� 107

2:2� 107

3:0� 107

3:6� 107

13.5
13.6
13.6
13.65
13.65
13.65
13.65
13.65
13.65

3:4� 105

1:6� 106

6:2� 106

1:3� 107

1:6� 107

1:8� 107

2:2� 107

3:1� 107

3:9� 107

14.3
14.2
14.2
14.2
14.2
14.2
14.2
14.2
14.2

4:5� 105

1:3� 106

5:0� 106

9:1� 106

1:5� 107

2:0� 107

2:7� 107

3:3� 107

4:0� 107
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be seen that the Mm peak is split into three lines spaced at
approximately 6� 10ÿ4 dayÿ1. Such a splitting becomes
noticeable in the spectra when the observation period is

about 10 years, with the main peak amplitude undergoing a
2-fold stepwise decrease. This anomaly is clearly represented
in Fig. 2d.

Table 2. Parameters of the maxima in the spectra of sea-level variations at the lunar revolution frequencyM and at the frequency combinationsMÿ 2S
andM� 2S.

Observation
interval
(years)

Parameters of lineMÿ2S:
period (days),
amplitude (cm2 day2)

Parameters of lineM:
period (days),
amplitude (cm2 day2)

Parameters of lineM�2S:
period (days),
amplitude (cm2 day2)

Resolution
(dayÿ1)

1
2
4
6
8
10
12
14
16
14
16
16
18
20
24
20
26
28
30
36
38
40

34
33.6
33.7
32.9
32.78
32.78
32.78
32.78
32.78
32.41
32.75
32.68
32.68
32.68
32.68
32.68
32.68
32.66
32.68
32.66
32.68
32.68

1:13� 105

3:1� 105

4:9� 105

4:1� 105

8:3� 105

1:2� 106

2:5� 106

3:3� 106
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4:5� 106

6:3� 106
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5:6� 106

7:98� 106
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7:98� 106
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1:48� 107

27.39
27.7
27.58
27.49
27.49
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27.51
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Figure 2. (a) Spectra of sea-level variations at point Kholmsk, Sl: (a, b) for 1950 ± 1990; frequencyo is in dayÿ1 [the vicinity of theMmmaximum is shown

(b)]; (c) at different durations of observation T in the vicinity of the lunar revolution frequencyM; frequency o is in dayÿ1; T (years) is indicated near the

corresponding line; (d) the spectral-maximum amplitude Al at frequenciesM,Mÿ2S,M� 2S versus the observation period T in years.

July, 2002 Periodic weather and climate variations 723



3. Comparisons between the lines in the spectra
of meteorological parameter variations

3.1 Spectral lines of atmospheric pressure, air
temperature, and sea level in the range from 62 to 20 days
Comparisons of spectral amplitudes of atmospheric pressure
and sea-level fluctuations are used in investigations into the
nature of variations [39]. The principal question is whether
they are generated in the air or in the ocean. Identification of
individual lines permits one to address this question in a more
detailed and accurate manner because ordinary, strongly
smoothed spectra are calculated based on the analysis of
mixed data containing several lines of different nature. The
very fact of the appearance of spectral maxima of the
variations of different parameters at the same frequency
confirms the physical reality of these maxima. This fact will
be illustrated below by the spectra of variations in the sea
level, atmospheric pressure, and air temperature in a range
from 63 to 20 days. The spectra were constructed based on
formula (1) using the data on the atmospheric pressure and
temperature obtained at point Terne|̄ in 1966 ± 1984 and the
data on sea-level fluctuations at point Kholmsk in 1951 ±
1990. For this range of periods of sea-level fluctuations, only
the lines corresponding to the period of variations in the

distance between the Moon and the Earth (Mm, T �
27:55 days) and lunar evectional period (T � 31:812 days)
have been discussed in the literature [16, 7]. Other interesting
maxima (Fig. 2a) remain to be described. The source of these
deterministic events is unknown.

Daily values were derived from observations represented
at 3-h intervals. Thereafter, the spectrum was constructed
following the same procedure as in the evaluation of sea-level
fluctuation spectra. These spectra were compared in Fig. 3a.
The spectra were obtained with a frequency resolution of
do � 10ÿ4 dayÿ1. Like the spectra of sea-level fluctuations
(graph 3), the temperature (graph 1) and pressure (graph 2)
spectra exhibit many peaks that can be collectively inter-
preted as a line structure. Some of these maxima coincide in
their position, to a certain degree of accuracy, with spectral
lines of sea-level fluctuations. The characteristics of these
maxima (period and amplitude) are presented in Table 3. The
table, compared to the above list of spectral lines of sea-level
fluctuations, includes additional lines, since they are well
pronounced in the pressure variation spectra. The line
numbers are given in the first column, the periods and
intensities of the spectral lines of sea-level fluctuations in the
second and third columns, the same parameters of atmo-
spheric pressure fluctuations in the fourth and fifth columns,
and the parameters of air-temperature fluctuations in the
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Figure 3. (a) Spectra of fluctuations in the air temperature (ST), atmospheric pressure (Sp), and sea level (Sl) in the range from 62 to 20 days.

(b) Relationship between the spectral-line amplitudes of atmospheric pressure (Ap) and sea-level fluctuations (Al). (c) Fine structure of line 2M in the

spectra of atmospheric pressure (Sp) and sea-level fluctuations (Sl). Frequency o is in dayÿ1. (d) Relationship between the amplitudes of corresponding

spectral lines of atmospheric-pressure (Ap) and sea-level (Al) fluctuations. Line B represents the inverted barometric law. Line numbers correspond to

those in Table 3.
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sixth and seventh columns. Amplitudes of sea-level, atmo-
spheric-pressure, and temperature fluctuations are expressed
in cm2 day2, mbar2 day2, and degree2 day2, respectively.

The spectrum of sea-level fluctuations is based on the
40-year period, and the spectra of atmospheric pressure and
temperature on the 19-year period. The spectral lines are
more pronounced in the spectrum of sea-level fluctuations. In
the spectra of the atmospheric pressure and air temperature
those lines can mainly be distinguished that correspond to
maxima in the sea-level fluctuation spectrum. Themajority of
the lines have counterparts in the spectrum of atmospheric-
pressure fluctuations. However, not all of the observed
atmospheric-pressure lines are among such counterparts.
For example, a well-defined line in the spectrum of pressure
variations with a period of 34.46 days and an amplitude of
5:99� 106 corresponds to a rather weak line in the sea-level
fluctuation spectrum (T � 34:57 days, A � 8:8� 104). Simi-
larly, the strongest line in the spectrum of temperature
variations (T � 43:4 days, A � 2:33� 106) proved to have
no analog in the spectrum of sea-level fluctuations.

Another line that does not appear in the table is a strong
line in the air-temperature spectrum corresponding to a
maximum in the spectrum of pressure variations. It has a
period of 34.68 days and an amplitude of 1:18� 106.

With few exceptions, the periods of lines do not coincide
exactly. The differences may cover a few sampling points and
are absolutely reliable. They persist if the spectra of sea-level

fluctuations are calculated for a period of 20 years. As a rule,
they are greater than the variations in the line location due to
changes in the observation period within a range from 18 to
40 years, shown in Table 2. The lines have a fine structure that
can bewell resolved using the adopted computational scheme.
An example of such a fine structure for line Mm in the
spectrum of sea-level fluctuations is presented in Fig. 2b.
There is no doubt, however, that spectra of air-temperature,
atmospheric-pressure, and sea-level fluctuations contain
sharp lines at identical frequencies.

3.2 Comparisons between the spectral amplitudes
of different meteorological parameters
Comparisons between the spectral amplitudes of different
meteorological parameters are conducive to the elucidation of
mechanisms of action of various factors on weather condi-
tions. Line frequency is normally a reliable indicator of the
source of a perturbation. Relative values of spectral ampli-
tudes subject to marked variations can be used to identify the
mechanisms underlying the generation of the variations. For
example, if variations are generated in the atmosphere, the
horizontal gradients of atmospheric-pressure variations Dpa
give rise to compensatory horizontal gradients of sea-level
fluctuations za, and the amplitudes of these variations are
related by the so-called inverted barometric law [7],
r1g za � Dpa, where r1 is the water density. Conversely, sea-
level fluctuations z0 cause air movement over the water

Table 3. Parameters of lines in the spectra of sea-level, atmospheric-pressure, and air-temperature fluctuations.

No Sea level Atmospheric pressure Temperature

Period
(days)

Amplitude
(cm2 day2)

Period
(days)

Amplitude
(mbar2 day2)

Period
(days)

Amplitude
(degrees2 day2)

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17

18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

62.62
58.7
56.43
54.65
53.78
52.3
50.75
48.67
47.3
45.6
44.5
42.49
38.0
37.20
35.6
34.09
32.66
32.06
29.89
29.61
29.35
28.52
27.64
27.46
27.153
27.55
27.02
26.35
25.75
25.29
24.35
24.03
23.54
22.91

1:98� 105

1:48� 105

8:01� 104

1:63� 105

2:52� 105

1:59� 105

1:69� 105

2:02� 105

8:89� 104

1:08� 105

1:57� 105

2:06� 105

2:3� 105

7:2� 104

1:56� 105

1:90� 105

1:48� 105

5:8� 104

6:23� 104

7:6� 104

9:1� 104

7:2� 104

1:4� 105

1:38� 105

9:2� 104

2:29� 105

1:06� 105

6:8� 104

6:1� 104

9:9� 104

7:5� 104

1:80� 105

6:79� 104

1:19� 105

62.43
58.7
56.43
54.65
ì
52.67
50.75
48.67
47.19
45.9
44.5
42.49
38.11
37.10
35.6
34.09
32.63
31.90
29.89
29.61
29.35
28.45
27.59
27.46
27.21
Mm

ì
26.30
25.56
25.29
24.32
24.06

22.91

4:28� 106

3:48� 106

2:08� 106

1:2� 106

1:03� 106

2:38� 106

2:95� 106

3:69� 106

2:54� 106

3:2� 106

2:74� 106

2:93� 106

3:2� 106

3:2� 106

1:4� 106

1:6� 105

3:8� 106

1:3� 105

2:03� 106

8:9� 105

2:7� 106

1:9� 106

3:47� 106

1:7� 106

2:1� 106

9:0� 106

3:8� 106

2:9� 106

2:9� 106

8:4� 106

2:4� 106

1:7� 106

2:3� 106

62.74
58.55
ì
54.65
53.91
52.78
ì
ì
ì
45.9
44.7
42.49
ì
ì
ì
ì
32.27
32.01
30
ì
ì
28.19
27.59
27.46
27.24

26.94
26.35
25.71
25.30
24.32
24.06

22.88

1:26� 106

7:3� 105

4:7� 105

6:9� 105

7:6� 105

1:8� 106

3:2� 105

8:87� 105

7:2� 105

8:1� 105

1:15� 106

8:0� 105

4:8� 105

6:4� 105

1:5� 105

5:1� 105

8:0� 105

104

3:91� 105

3:1� 105

1:0� 105

1:1� 106

7:2� 106

1:0� 106

9:5� 105

8:4� 107

5:0� 105

4:0� 105

6:4� 105

3:9� 105

4:9� 105

5:3� 105

1:4� 106
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surface and thus lead to changes in the atmospheric pressure
Dp0. The amplitudes of these fluctuations are related by the
equality r0gz0 � Dp0, where r0 is the air density. This means
that the variations of the atmospheric pressure in the latter
case are three orders of magnitude smaller than in the former.
A similar difference occurs when the variations generated in
one medium are recorded in the other. In this case, a wave
traveling in the atmosphere with an amplitude of Dpa1 (waves
with periods in excess of 24 hours are referred to as Rossby
waves, or planetary waves [18]) induces a concomitant wave in
the ocean with the amplitude of level variations

za1 �
Dpa1
�r1g�

H2

H1 ÿH2
:

The wave propagating in the ocean with an amplitude of z01
generates a wave in the atmosphere with the pressure-
variation amplitude [18]

Dp01 � �r0g�
H2

H1 ÿH2
z01 :

Therefore, if variations are generated in the ocean, the ratio of
the amplitude of the atmospheric-pressure spectrum to the
amplitude of sea-level fluctuations is also approximately 1000
times smaller. In the above formulas, H2 is the ocean depth
and H1 � 7800 m [7] is the scale height of the atmosphere.
The formulas were derived using a model of long-wave
propagation in a two-layered medium within a rotating
coordinate system, placed in a gravity field [18], in the
absence of mass exchange between the two media. In this
model, the variations Z1 and Z2 of the upper and lower layer
surfaces, respectively, were used to characterize waves, while
the densities r0 and r1 and thicknesses H1 and H2 were
characteristics of the upper and lower layers. Both the
Coriolis force (parameter f ) and the force of gravity were
taken into consideration. The upper medium served to
simulate the atmosphere (r0 � 0:00129 g cmÿ3 and
H1 � 7900 m) and the lower one, to simulate the ocean
(r1 � 1:0 g cmÿ3 and H1 � 5000 m). Fluctuations of the sea
level were coincident with Z2, and the variations of pressure
with gr0Z1. In this model, there were two modes of traveling
waves in which the variations Z1 and Z2 were related by the
equalities Z1a � ÿqaZ2a and Z10 � ÿq0Z20, while the quantities
qa and q0 were the roots of the equation

r0
r1

H2q
2 �

�
H1 ÿH2 � 2H2

r0
r1

�
qÿH2

�
1ÿ r0

r1

�
� 0 :

�3�

In the case under consideration, r0=r1 5 1 and one of
the solutions to (3) is large and equals qa �
ÿ�r1=r0���H1 ÿH2�=H2�. It determines a relationship
between the variation amplitudes for a wave propagating in
the atmosphere. The second solution q � H2=�H1 ÿH2� does
not depend on the density ratio. These relations between the
spectral amplitudes can be specified by an analysis of the
relationship between the amplitudes of spectral lines whose
origin is known to a certain extent, which are excited by the
Earth's revolution around the Sun and lunar revolution
around the Earth. The spectra were constructed using sea-
level fluctuations averaged over 48 hours for the period from
1951 to 1990 and similarly averaged variations of the atmo-
spheric pressure during 1966 ± 1984. The solar lines S, 2S, 3S
and lunar line 2M are most intense and readily distinguish-
able in the corresponding parts of the spectra. Their
parameters are presented in Table 4.

The corresponding amplitudes are shown in Fig. 3b. Also
shown is the line corresponding to the inverted barometric
law. Strong (S, 2S, 3S, 2M) and relatively weak lines are
represented on different amplitude scales. Lines S and 2M are
most interesting.

Line S (period 365.25 days) describing seasonal variations
in the atmospheric pressure and sea level agrees fairly well
with the inverted barometric law, although the amplitude of
pressure variations is somewhat larger than expected. It is in
best agreement with the amplitude ratio in a wave generated
in the atmosphere of the two-layered model. The estimate of
1.24 obtained for the quantityH2=�H1 ÿH2� corresponds, at
the adopted thickness of atmosphere, to a mean sea depth of
3500 m.

Line 2M (period 13.661 days) is denoted as Mf in the
theory of tides. For this line, the amplitude of the spectrum of
sea-level fluctuations is approximately 10 times that predicted
by the inverted barometric law. On the one hand, this is
unambiguous evidence for an oceanic origin of these fluctua-
tions. On the other hand, in this case, the amplitude of the
spectrum of atmospheric-pressure variations is 105 times
larger than the amplitude of this line estimated in the theory
of atmospheric tides [7, 19] and the amplitude of the atmo-
spheric wave concomitant to the tidal waves. This latter
amplitude is of special interest in the context of the theory of
ocean ± atmosphere interaction [3]. The striking discrepancy
between the theoretical and experimental estimates calls for a
more careful analysis of the problem. The action of theMoon
on the ocean and atmosphere is not due to gravity alone. The
next section will be devoted, inter alia, to the analysis of lunar
action through the modulation of solar irradiance. Various
mechanisms account for the appearance of a maximum at a

Table 4. Amplitudes of spectral lines of known origin.

Designation Sea-level êuctuations Pressure Temperature

Period Amplitude Period Amplitude Period Amplitude

S

2S

3S

2M

2MÿS

2Mÿ2S
2M� S

2M� 2S

365.71
182.336
121.673
13.660

14.178

14.76
13.185
12.70

7:89� 106

5:78� 106

1:624� 106

2:81 � 106

4:6 � 104

4:0 � 104

8:8 � 104

1:1 � 105

365.71
182.857
122.84
13.695
13.631
14.153

14.26
14.72
13.176

12.74

1:823� 108

1:146� 107

5:8� 106

1:14� 107

1:43� 107

2:2� 106

3:57� 106

2:35� 106

1:61� 106

1:73� 106

365.71
181.303
121.90
13.76
13.65
14.14
14.25
14.72
13.155
12.70

2:46� 109

2:72� 107

8:26� 106

5:0� 105

3:6� 107

5:5� 105

8� 105

1:9� 106

2:9� 105

3:2� 105
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frequency close to but not identical with that of the 2M line.
Different theories yield frequency shifts attributable to minor
particularities in the Moon's motion, such as the difference
between the revolution and radial-oscillation frequencies
[difference between the tropical (27.321 days) and anomalis-
tic (27.554 days) months] or the frequency of revolution
(regression) of lunar orbital nodes (period 18.613 years). In
order to differentiate such effects, the spectra should be
analyzed with a high-frequency resolution using observa-
tions of a maximally long duration. Fine structures of the
spectra of sea-level and atmospheric-pressure variations in
the vicinity of the 2M frequency are compared in Fig. 3c.
Graph 1 represents the spectrum of pressure variations and
graph 2, the spectrum of sea-level fluctuations. The source
data were the same as before. The atmospheric pressure was
recorded over 19 years and the sea-level fluctuations for
40 years. The frequency resolution was 10ÿ4 dayÿ1. It can be
seen that the spectrum of sea-level fluctuations contains not
only the line Mf (period 13.661 days) but also a line at a
frequency of 2M� SAR (SAR is the regression frequency of
the lunar orbital nodes). The spectrum of pressure variation
contains four intense lines at frequencies shifted relative to
2M (against their tails, the line 2M is not distinguishable). It
will be shown in the next section that lines 2,1 and 3, ÿ5 are
generated in the atmosphere as a result of solar-radiation
modulation by lunar eclipses. Only a preliminary conclusion
can be drawn with respect to the line associated with the
concomitant tidal wave in the atmosphere. Namely, the
spectral-line amplitude of the concomitant wave of oscilla-
tions excited in the ocean is no larger than 10ÿ2 of the
amplitude estimated from the inverted barometric law.

Combination lines either conform to the 2Mÿ 2S law or
reflect larger pressure variations compared to amplitude
variations. It can be concluded that the inverted barometric
law is satisfied if variations are generated by surface events. If
the source of variations lies in the bulk of water (line 2M), the
sea-level fluctuations exceed the corresponding variations in
the atmospheric pressure. It is worthwhile to note that
combinations of the lunar harmonic with frequency S are
not of tidal origin. It follows from the corresponding spectral-
amplitude ratio that they are generated by the same mechan-
ism as seasonal variations (S).

Figure 3d compares the spectral-line amplitudes of the
atmospheric-pressure and sea-level fluctuations. Line num-
bers corresponding to those in Table 3 are placed at the
respective points. The line depicting the inverted baro-
metric law is shown separately. It can be seen that the
majority of points agree with this law fairly well. For
certain lines, the variations of the sea level substantially
exceed the corresponding pressure variations. For others,
the reverse is true.

Thus, the amplitude ratio of mutually corresponding
spectral lines of atmospheric-pressure and sea-level fluctua-
tions can be used to locate primary perturbations. Variations
are primarily generated in the atmosphere or at the interface
between the two media if their amplitudes obey the inverted
barometric law or the spectral-line amplitude of atmospheric
pressure is larger than that predicted from the measured sea-
level fluctuation amplitude on the basis of the inverted
barometric law. Otherwise, variations are generated in the
bulk of water.

This line of reasoning leads to the inference that
harmonics at frequencies 2Mÿ 2S, 2Mÿ S, 2M� S, and
2M� 2S are generated in the atmosphere, being probably a

consequence of the modulation of solar irradiance by the
Moon's motion.

Thus, the spectra of variations in the atmospheric
pressure, air temperature, and sea level with periods
ranging from 20 to 60 days have a line structure. The
periods of lines of variations in different parameters
coincide with a fairly high accuracy, while the relative
amplitudes of lines vary considerably. Nevertheless, the
spectral lines of atmospheric-pressure and sea-level varia-
tions can be divided into two groups according to their
relative amplitudes. For the lines of the first group, the
amplitude ratio is close to 1 mbar2 cmÿ2. This group
includes the well-known line of seasonal variations with a
period of 1 year. In the second group, the amplitude ratio is
close to 0.1 mbar2 cmÿ2. It includes the line with a period of
13.6 days excited by tidal fluctuations produced by the
gravitational action of the Moon.

4. The origin of the periodic variations of sea
level, atmospheric pressure, and air temperature
in the range from 10 to 60 days

4.1 Introduction
One of the most convincing arguments in support of the
physical reality of the observed periodic variations in the
atmospheric pressure and temperature is the understanding
of their origin. The Newtonian theory of tides [7] greatly
promoted the acceptance of the idea of tidal periodicity. In
what follows, we will discuss attempts to develop a theory
explaining the role of the Moon in the variations of the air
temperature, atmospheric pressure, and sea level. Solar
radiation is supposed to be the principal factor responsible
for variations in the atmospheric temperature and pressure.
As in Newton's theory [7], the main factor that causes sea-
level fluctuations is the gravitational action of theMoon. The
kinematic parameters of lunar and solar motions are the basic
parameters determining the positions of spectral lines of
meteorological variations. Information about these motions
has been collected by astronomers [20], while the location and
structure of the lines can be found theoretically.

4.2 Tidal-wave generation in the ocean
at the characteristic frequencies of lunar motion
Sea-level fluctuations generated in the ocean are described by
an expression for the static level deviation z caused by the
tidal wave of Newton's theory [7]:

z � 3

2
H

�
cos2 Dÿ 1

3

��
cos2 yÿ 1

3

�
� 1

2
H sin 2D sin 2y cos�a� j�

� 1

2
H sin2 D sin2 y cos 2�a� j� : �4�

In this formula, D is the angle between the directions toward
the Moon and a pole, y is the colatitude of the point of
interest, a is the angle of the Earth's rotation about its axis,
j is the latitude of the observation point [1],
H � �3=2��M=E��a=D�3a, a is the Earth's radius, D is the
radius of the Moon's orbit, M and E are the masses of the
Moon and the Earth, respectively (the same notation is used
as in Ref. [7]).
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Figure 4a is a schematic representation of the relative
positions of celestial bodies, the trajectories of the Earth and
Moon, the lunar orbital nodesN1 andN2, the coordinate axes
associated with the Earth and used for calculations. In this
coordinate system, axis z is perpendicular to the ecliptic plane
(plane of the Earth's revolution around the Sun). Axis y
coincides with the line of intersection of the Moon's orbit
plane with the ecliptic plane. The origin coincides with the
Earth's center. This system of coordinates rotates in space
about the z axis with the frequency of `regression of lunar
orbital nodes'

o4 � 2p
6585:32

� 9:54� 10ÿ4 dayÿ1:

In this coordinate system, the Sun revolves around the Earth
at a frequency of o2 � o4 in plane xy, while the Moon orbits
the Earth with the frequency o1 � o4 cosMS;

o2 � 2p
365:25

� 1:7� 10ÿ2 dayÿ1 ;

o1 � 2p
27:321

� 0:230 dayÿ1 :

The quantity MS is 5�8 043 00 [5], cosMS � 0:9962, which
differs from unity only slightly, and this difference can be
neglected in further calculations. In the system under
consideration, the coordinates of the Moon (Mi) and the
Sun (Si) are written as

Mz � D sinMS cos�o1 � o4� t ;
My � D sin�o1 � o4� t ;
Mx � D cosMS cos�o1 � o4� t ;
Sz � 0 ;

Sy � Rs sin�o2 � o4� t ;
Sx � Rs cos�o2 � o4� t :

The cosine of the angle F determining the lunar phase is

cosF � cosMS � cos�o1 � o4� t � cos�o2 � o4� t
� sin�o1 � o4� t � sin�o2 � o4� t : �5�

In these formulas, the time t is measured fromNewMoon and
Rs is the radius of the Earth's orbit. TheMoon's orbital plane
intersects the plane xy along axis y. The equation of this plane
is

z cosEM � x sinEM ;

where EM is the angle between the equatorial plane and the
lunar orbital plane. The direction from the center toward the
Moon lies in this plane and makes an angle a with the line
y � 0; z cosEM � x sinEM. Angle j is measured from the
Greenwichmeridian and time t from themoment at which the
direction toward the Moon comes to lie in plane xz. In this
case,

a� j � �o0 ÿ o1 ÿ o2� t ;

where o0 � 2p dayÿ1 is the frequency of the Earth's rotation
about its axis. The first correction arises as a result of the
change in the direction toward theMoon, and the second one
is due to the Earth's revolution around the Sun the phase of
which is used for the evaluation of the rotation period. The
quantity D is well known. It has frequently been estimated in
analyses of tides:

cosD � sinEM � coso1t : �6�

The angle EM can be found in astronomical year-books
[21]. It varies from 18�18 0 to 28�35 0 with the of 18.613-year
(6585-day) period of lunar-node regression [22]. Its maximum
values fell on August 1950, March 1969, and November 1988
[22]. The variation of the sine of this angle with time can be
described by the equation

sinEM � sinE � cosMS� cosE � sinMS � coso4t : �7�

Here, E � 23�33 0 is the inclination of the Earth's orbit.
Only low-frequency spectral maxima will be analyzed

below. Therefore, only the first term is sufficient to consider
in formula (4):

z1 �
3

2
H

�
sin2 EM � cos2 o1tÿ 1

3

��
cos2 yÿ 1

3

�
: �8�

In order to describe the main lines related to the Moon's
motion, the time dependence of H must be taken into
account. Additional lines appear as a result of the time
dependence of the distance between D and the Moon. It is
usually assumed that theMoonmoves relative to the Earth in
an elliptic orbit with a small eccentricity e � 0:055 [22].
However, the period of variations in the distance between
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Figure 4. (a) System of coordinates. (b) Two projections of the positions of

celestial bodies (S is the Sun; E, the Earth;M, theMoon); right: projection

onto the plane perpendicular to the direction from the Earth to the Sun;

left: projection onto the plane that passes through the centers of the Sun,

Earth, andMoon. The effective shadowing area is shaded. (c) Dependence

of Sun occultation by the Moon on the angle between the directions

towards the Sun and the Moon.
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the Moon and the Earth (the anomalistic month equal to
27.555 days) does not coincide with the period of revolution.
The discrepancy is large enough to be noticeable in the
analysis of a series of observations for a period over 10 years.
In this case, the distance D can be found from the equation

P

D
� �1� e coso3t� ; �9�

where P in the parameter of the orbit, o3 � 2p=27:555, and
H / Dÿ3.

The expression for the tidal potential contains purely
periodic functions with three frequencies 2o1, o3, o4. Its
spectrum contains three lines that are combinations of these
three frequencies: oi; j; k � i 2o1 � jo3 � ko4 (i, j, k are
integers). However, these combinations differ in intensity.
The expression contains small parameters. The parameter
cosE � sinMS � 0:0752 appears as a multiplier each time
when the combination includes the frequency o4, and the
parameter e � 0:055 when the combination contains the
frequency o3. Moreover, the frequency 2o1 appears as a
purely sinusoidal factor, i.e. the quantity i assumes only three
values: ÿ1, 0, and 1. In this case, the main components
correspond to frequencies 0 (i � 0, j � 0, k � 0) and 2o1

(i � �1, j � 0, k � 0). The latter is the known lineMf [16]; the
spectrum of sea-level fluctuations in the vicinity of this line is
shown in Fig. 3c. This spectrum also contains two more lines
(i � �1, j � 0, k � �1). Their relative intensity is in good
agreement with the theoretical estimate in the case of the line
(i � 1, j � 0, k � ÿ1) and approximately 10 times higher in
the case of the line (i � 1, j � 0, k � 1).

Lines at frequencieso3 (i � 0, j � 0, k � 1) and 2o1 ÿ o3

(i � 1, j � ÿ1, k � 0) are next in terms of intensity. The first
of them,Mm, is shown in Fig. 2b, where the second one can be
seen too. In order to make them distinguishable, the figure
also presents theoretical spectral lines (Mm and MfÿMm).
In the case under consideration, the lines are difficult to
distinguish, they have a specific shape lacking in the
theoretical representation. Line Mm splits into three and
line MfÿMm into four components. This difference is not a
result of limitations of the Newtonian theory but ensues from
the insufficient knowledge of lunar motions on which the
estimate is based. Specifically, Brown's formulas for the lunar
orbital elements [21] used here do not contain a description of
solar-induced tidal phenomena in the Earth ±Moon system.
These phenomena are taken into account as manifestations of
the differences between the anomalistic and tropical months
but variations in these differences with a period equal to half
the tropical year are not described. The very existence of such
variations is well understood and qualitatively characterized
bymathematicians [23], but the results of these studies are not
supported by observations and have not yielded practical
recommendations; in particular, they are not used to interpret
tidal phenomena. In what follows, we analyze the gravita-
tional action of the Sun on the relative motion of the Moon
and the Earth. The effect of this potential, averaged over the
period of revolution of the Moon, accounts for the difference
between the tropical (27.322 days) and anomalistic
(27.555 days) months. Variations in this potential with a
period of 6 months [24] lead to oscillations of the periods and
to a frequency modulation of the rotational and oscillatory
motions of the Moon. This modulation has a frequency of
2o2, or a period of half a year.

Let us now consider a heliocentric system of coordinates.
Assume that the radius vectors of the centers of the Earth and

theMoon areRe andRm, respectively, the masses of the Sun,
Earth, and Moon are S, E, and M, and the universal
gravitation constant is G. The Hamiltonian H of the Earth ±
Moon system can be written in the form [24]

H � E
�dRe=dt�2

2
�M

�dRm=dt�2
2

ÿ GSE

Re

ÿ GSM

Rm
ÿ GEM

Reÿ Rm
: �10�

The system's center of inertia lies at the point
R � �ERe�MRm�=�E�M�. Below, we present a theoreti-
cal estimate of the frequency modulation of orbital and radial
oscillations of the Moon moving in the Earth's gravitational
field perturbed by the Sun. The first nonvanishing term in the
expansion in powers of the small parameter
D=R � 2:5� 10ÿ3 is retained in the analysis (D and R are
the distances between the Moon and the Earth and between
theMoon and the Sun, respectively). ThemomentaPr,Pj,Pz

are considered in cylindrical coordinates with the z axis
perpendicular to the Moon's orbital plane with the center
coincident with the center of inertia. The components ofD are
r, z, j. The motion is described by the Hamiltonian [24]:

1

2
m
�
P 2
r �

P 2
j

r2
� P 2

z

�
ÿ GME

r
ÿ GS mr2

2R3
�3 cos F2 ÿ 1� :

�11�

A correction to the Hamiltonian associated with the solar
action is

H 0 � ÿGS mr2

2R3
�3 cosF2 ÿ 1� : �12�

The angle F between the directions toward the Sun and the
Moon is time-dependent, and cosF equals

cosMS � cosj � coso2 t� sinj � sino2 t ;

where m is the reducedmass and m �ME=�E�M�. The angle
MS � 5�8 043 00 is the mean inclination of the orbit to the
ecliptic plane. The quantities

o1 � 2p
27:321

dayÿ1 ; o2 � 2p
365:24

dayÿ1

are the frequencies of revolution of the Moon and the Sun
about the center of inertia, respectively.

The Hamiltonian is a periodic function of time with a
period of 2p=o2. The last term is analogous to the solar tidal
force in the Moon ±Earth system [24]. This is a small
adiabatic correction to the interaction potential. It results in
the well-known difference between the periods of lunar radial
and azimuthal motion [24]. The quantity cos MS � 0:9967
differs very little from unity. These differences will be
neglected below. Under this approximation, the Hamilto-
nian is independent of z, the perturbation does not affect the
orbital plane and is a periodic function of time with a period
of p=o2.

In what follows, the periodic addition is regarded as a
small adiabatic perturbation. Unperturbed solutions are well
known [25]. The motion occurs in the plane z � 0 and is
characterized by a constantmomentumKwith respect to the z
axis (K � mr2 dj= dt) and the orbit eccentricity e � 0:055. The
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trajectory is given by the equation

p

r
� 1� e cosj : �13�

The energy of the Earth ±Moon system is

W � ÿ 1

2
GME

1ÿ e2

p
:

Quantity p is [24]

K 2

GME
� 384403 km :

The eccentricity e is small. In the first approximation in
terms of this small parameter, the orbital motion is repre-
sented as uniform revolution in a circle of radius p and radial
oscillations with respect to the circle with an amplitude ep and
a frequency o1 equal to the frequency of revolution. Such a
structure of the solution makes up the essence of the small-
oscillation method [25]. The model characteristics (the
position of the center R0 and the oscillation frequency o)
can be deduced from the equations of motion using a simple
algorithm. The solution is represented in the form R0 � r0�t�.
The distance R0 relative to which radial oscillations occur is
found as the point at which the time derivative of the radial
momentum is zero:

dpr
dt
� ÿ qH 0

qr
� 0 ; or

K 2

mR3
0

ÿ GEM

R2
0

� 0 ; �14�

in the absence of a perturbation, R0 � K 2=�GEM� � p.
Small deviations from the equilibrium r0 are described by

the equation

m
d2

dt 2
r0 � ÿ q2H 0

qr2

����
R0

r0

� ÿ
�
3K 2

mR 4
0

ÿ 2GEM

R3
0

�
r0 � ÿ

�
K 2

mR 4
0

�
r0 : �15�

It is an equation of oscillations with a frequency
o � K=�mR2

0� � o1. The motion frequency o can be found
from the equation

1

m
q2H 0

qr2

����
R 0

� o2 : �16�

Therefore, in the case of small perturbations, the
trajectory is represented by a circle relative to which the
body undergoes small-amplitude harmonic radial oscilla-
tions. The algorithm for estimating the trajectory parameters
reduces to the determination of two characteristics Ð the
position of the orbital center [Eqn (4)] and the frequency of
radial oscillations, which can be estimated after the calcula-
tion of the first term of the expansion of the force at the point
of equilibrium into a Taylor series in powers of variable r
[Eqn (16)] [25].

We analyze the influence of solar tidal forces on radial
oscillations using a small perturbation method. The tidal
force has a very weak effect on both rotational and oscillatory
motions. The small parameter of the perturbation is the ratio
of the characteristic perturbation energy to the relative-
motion energy. The perturbation energy is of the order of
GSmp2=R3, and the energy of rotational motion is

W � mo2
1 p

2, i.e. the effect of perturbation depends on the
small parameter

a � GS

o2
1R

3
� S

E

�
p

R

�3

� 5� 10ÿ3 :

This quantity is of the same order of magnitude as
�o1 ÿ o3�=o1 � 8� 10ÿ3.

The ratio of the perturbation frequency to the frequency
of the proper motion 2o2=o1 is another small parameter used
in the analysis of perturbations. It allows the perturbation to
be considered adiabatic [25].

Perturbation of orbital motion. The Hamilton equations
for the perturbations of the orbital momentum pj are of the
form

dpj
dt
� ÿ qH 0

qj
: �17�

The integration of the perturbation is performed along an
unperturbed trajectory for which

dj � dt mr2

K
: �18�

The unperturbed value of the orbital momentum is constant
and equals K. Eqns (17), (18) give the following equation for
the perturbation pj (Pj � K� pj):

qpj
qj
� GS mr2

2R3

mr2

K

q
qj0
�3 cosF2 ÿ 1� � 3mo1 p

2a

�1� e cosj�4

� � cosj � sinj �ÿ cos2 MS � cos2 o2t� sin2 o2t �
� cos 2j � coso2t � sino2t � cosMS

	
:

In estimating pj, the eccentricity e is assumed to be small, and
an expansion in powers of this quantity is performed. It
should be taken into consideration that the period will be
calculated based on the estimated action variable [25] Ij
expressed as the integral of momentum over the period:

Ij � 1

2p

�
pj dj : �19�

The correction to the orbital period Tj is related to this
quantity by the equation

Tj � 2p
dIj
dW1

: �20�

The quantity W1 is the energy of the Moon's rotational
motion.

In calculating the correction to the orbital period, the
right-hand side of Eqn (17) is expanded into a Fourier series.
Only the leading term of the expansion in eccentricity is
retained for each term of the series. This yields

dM � 9

16
ae2K cos�2o2t�o1

o2

ÿ 3

2
aeK cos�jÿ 2o2t� o1

o1 ÿ 2o2

� 3

2
aK cos�2jÿ 2o2t� o1

2o1 ÿ 2o2
:
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In estimating slowmomentum variations, only the zeroth-
order (j-independent) term should be retained. The terms of
the series proportional to sin kj and cos kj vanish upon
integration with respect to j in the calculation of the action
variable and do not contribute to the change of the period.
This term is proportional to e2 and equals

dM � 9

16
ae2

o1

o2
K cos�2o2t� : �21�

The correction undergoes a slow time variation with a period
of p=o2. It describes periodic variations in the orbital
momentum and the frequency modulation of the lunar
orbital motion. Variations dM in the orbital momentum
with a frequency of 2o2 correspond to the modulation of
oscillations with an amplitude equal to

dTj � 2p
9

16

ae2

o2
� 3� 10ÿ3 day

in terms of period, or

doj � o2
1

2p
dTj � o2

1

9

16

ae2

o2
� 2:6� 10ÿ5 dayÿ1 �22�

in terms of frequency.
This quantity is significantly smaller than do � o1 ÿ o3.

It is virtually unresolvable for the chosen observation
interval, which is manifest as the appearance of sharp peaks
devoid of a fine structure (Fig. 3c). The additional smallness is
related to the parameter e2o1=o2 � 3� 10ÿ2.

Radial motion. Our analysis of the radial motion proceeds
from the representations of small perturbations. The correc-
tion dp0 to the equilibrium position p0 can be found using
Eqn (10) in the form

mo2
1 dp0 � GS

mr
R3
�3 cosF2 ÿ 1� : �23�

The right-hand side needs to be averaged over the period of
revolution. The leading part of the correction (in parameter e)
is time-independent and equals

dp0 � 1

2
GS

mp
o2

1R
3
� 1

2
ap : �24�

Its minor part dp1 is time-dependent and varies with a
frequency of 2o2. It is proportional to the factor e2 (o1=o2).

The correction to the period can be estimated using the
equation for small radial oscillations r taking account of the
perturbation. It has the form

m
d2

dt 2
r � ÿ q2H 0

qr2

����
R 0

r �
�
12K 2

mR5
ÿ 6GEM

R4

�
dpr

ÿ 3

��
K 2

mR 4
0

ÿ 2GEM

R 3
0

�
r� GS mr

R3
�3 cosF2ÿ 1�

�
; �25�

or, after the transfer of the perturbation-independent term to
the left-hand side,�

d2

dt 2
� o2

1

�
r �
��

12K 2

m2R5
ÿ 6GEM

mR4

�
dpr

� GSr

R3

�
1

2
� 3

2
cos 2F

��
: �26�

The time-independent terms in the right-hand side of this
equation give a constant correction to the frequency of radial

oscillations which, in accordance with Eqn (15), equals

2o1 dor �
�
ÿ
�
12K 2

m2R5
ÿ 6GEM

mR4

�
dpÿ GS r

R3

1

2

�
1

2o1
;

or

dor � ÿ1:75 ao1 : �27�

This known correction determines the differences between the
periods of radial and orbital motions of theMoon and equals
the known value o3 ÿ o1.

In order to find the time-dependent correction to the
frequency, only the terms changing with frequencies close to
o1 need to be distinguished.

In the term �GS r=R3��3=2� cos �2�jÿ o2t�
�
,

r cos
�
2�jÿ o2t�

�
� ep cosj

�
cos 2j � cos�2o2t� � sin 2j � sin�2o2t�

�
� 1

2
ep
�
cosj � cos�2o2t� � cos 3j � cos�2o2t�

� sinj � sin�2o2t� � sin 3j � sin�2o2t�
�
:

In this term, the only component surviving after averaging
over the period is �1=2� ep cosj. The remaining components
vanish upon averaging and do not contribute to frequency
variations.

The expression

2o1 do2 � GS

R3

3

2

1

2
cos�2o2t� ;

holds for the variable frequency component, and the expres-
sion

do2 � 3

8
ao1 : �28�

does so for the amplitude of frequency modulation do2.
In summary, the action of the Sun on the Moon ± Earth

system is characterized by the small parameter
a � �S=E��p=R3� � 5� 10ÿ3 and reduces to a small change
in the equilibrium distance between the Moon and the Earth
dp0 � �3=2� ap, to the appearance of the difference
do � 1:75ao1 � 0:002 dayÿ1 between the mean frequencies
of orbital and radial oscillations, and to the frequency
modulation of orbital (doj) and radial (dor2) lunar motions
that occurs with a frequency of 2o2 and amplitudes of

do1j � o2
1

9

16

ae2

o2
� 2:6� 10ÿ5 dayÿ1;

do2 � 3

8
ao1 � 4:5� 10ÿ4 dayÿ1:

The amplitude of the frequency modulation of radial
oscillations is much larger than that of the modulation of
rotation. This can be accounted for by the fact that these
motions separate in the approximation of small perturba-
tions, and the total energy is represented as the sum of these
quantities. The energy of rotationW1 is much larger than the
oscillation energyW1. The latter is proportional to the square
of the eccentricity and equals W2 � e2p2o2

1=2 � e2W1 for an
unperturbedmotion.Modulation of radial oscillations can be
seen in the spectra constructed from the data for 20 years. For
this reason, the proper structure of the line produced by the
frequency modulation of radial oscillations of the Moon is
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most conveniently observed using the lineMm (frequencyo3)
in the spectrum of sea-level fluctuations. It is assumed in the
theory of tides that this line is produced by lunar radial
oscillations. Certain features of the spectrum of the fre-
quency-modulated oscillation are illustrated below for a
main fluctuation period of 27.555 days and its variations

with a frequency-oscillation amplitude of (1 ±
20)�10ÿ4 dayÿ1. The spectrum is calculated based on the
data obtained at a 2-day interval during an observation
period of 40 years. The results are represented at a frequency
interval of 10ÿ4 dayÿ1. The same software is used as for the
calculation of real oscillation spectra, that is the spectrum of
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Figure 5. (a) Spectra S0 of frequency modulated oscillations at different values of the modulation amplitude a (dayÿ1). Amplitude values are indicated

near the corresponding lines. The fundamental frequency is Mm � 0:23 dayÿ1. The main maximum is depicted in detail. The modulation frequency is

2S � 0:0344 dayÿ1. The ordinate is given in arbitrary units common for all the curves. (b) Spectra S0 of frequency modulated oscillations at different

values of the modulation amplitude a. Amplitude values are indicated near the corresponding lines. The figure illustrates the amplitudes and positions of

the lines at combination frequencies Mmÿ i2S (i � �1, 2, 4). (c) Plots of the spectral-maximum amplitudes Ai at combination frequencies versus

modulation amplitude a. The dependence is shown for the maxima with i � 0, 1, 2, 3.
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quantity

Y�t� � cos
�ÿ
o3 � a cos�2o2t�

�
t
�

is calculated for the values
a � 0, 0.0001, 0.0002, 0.0004, 0.0006, 0.0008; 0.001,

0.0014, 0.002 dayÿ1.
The results are shown in Fig. 5. Figure 5a represents the

results of calculations at different values of parameter a in the
vicinity of the main oscillation frequency, Fig. 5b the results
of calculations in a broader region containing several
combination maxima, and Fig. 5c the dependence of the
amplitudes of the main and the first combination maxima on
the modulation amplitude a.

Evidently, the peak broadens with increasing a while its
amplitude decreases. At a theoretical value of a � 0:0004, it
splits into three: the central peak at frequency o3 and two
side peaks at frequencies o3 � a. At large a, the amplitude
of the peaks decreases with increasing a as 1=a1=2. The
splitting of the maximum caused by the modulation of the
radial oscillation frequency has a marked effect on the
estimates of the amplitude of these oscillations. The
dependence is shown in Fig. 5c. It can be seen that, for the
theoretical value of the period-modulation amplitude, this
effect is responsible for a more than 10-fold decrease in the
observed line amplitude.

The results thus obtained are in excellent agreement with
the expected ones. Variations of the signal frequency within
2a naturally lead to a broadening of the line by this quantity
and a decrease in its amplitude. This results in the line
acquiring two maxima located at the boundaries of the band.

It can be concluded that frequency modulation of
variations in the distance between the Moon and the Earth
accounts for a broadening of the spectral maximum Mm due
to its splitting into three peaks Ð the central one and two
others, shifted by the value of the modulation frequency.
Simultaneously, the amplitude of the maximum decreases,
and combination maxima appear at frequencies o3 � l 2o2,
where l is an integer. Each combination maximum is split into
two spikes located symmetrically with respect to the unper-
turbed position of line c at a distance of do from it.

Similar effects, i.e. the broadening of the maximum, the
appearance of a few closely located peaks instead of a single
one, and a large number of additional peaks at combinations
of the fundamental frequency with frequency 2o2, are also
observable at any combinations of tidal-potential frequen-
cies, including the radial-oscillation frequency. Specifically,
this is true of lines (1, 0,ÿ1), (1, 1,ÿ1), (1,ÿ1, 1), which split
and therefore give rise to a comb-like line pattern clearly seen
in the spectrum (Fig. 5b).

4.3 Spectrum of modulations of solar irradiance during
eclipses
The influence of the Moon on the Earth's atmosphere
manifests itself through two well-studied mechanisms. One
is the partial reflection of solar radiation by the Moon, the
other is the solar eclipse. We considered spectra of solar-
irradiance variations caused by these mechanisms.

To estimate the moonlight illuminance of the Earth's
surface, we assumed that it depends on the angle F between
the directions from the Earth to the Moon and the Sun. The
same system of coordinates as in the preceding Section
(Fig. 4a) was used for computations. In this system, the z
axis is normal to the ecliptic plane (the plane of the Earth's

revolution around the Sun). Axis y coincides with the line of
intersection of the planes of the lunar orbit and the ecliptic.
The origin coincides with the center of the Earth. This system
of coordinates rotates in space about the z axis with the
frequency SAR.

The cosine of angle F determining the lunar phase is

cosF � cosMS � cos�M� SAR� t � cos�S� SAR� t
� sin�M� SAR� t � sin�S� SAR� t : �29�

The spectrumwas calculated taking into consideration the
observed phase dependence of the lunar brightness [20]. Its
deviation from the Lambert law is large enough to affect the
intensity distribution among individual lines. This depen-
dence was used to find the time variations in the full
illuminance of the Earth by the solar radiation scattered
from the lunar surface. These variations provided a basis for
the construction of perturbation spectra. Of the three periods,
M, S, and SAR, only lines corresponding to the harmonics of
the period Mÿ S actually occur in the spectrum. The
observable peaks corresponding to other combinations of
periods have very small amplitudes (more than four orders of
magnitude smaller than the amplitudes of the maxima of
main-period harmonics). This finding can be accounted for
by the smallness of the difference of cosMS from unity.When
cosMS � 1, the expression (29) for cosF contains only
cos�MÿS� t, being independent of other frequencies. The
fundamental harmonic corresponds to frequency Mÿ S; the
second one in terms of intensity, to 2Mÿ 2S (it is approxi-
mately 7 times lower); and the third, to 3Mÿ 3S (a few per
cent of the intensity of the main one).

One more cause underlying the modulation of solar-
radiation effects is worth mentioning [26, 27]. This is the
Earth's rotation about its axis accounting for the clear
division of the globe into two hemispheres. The energy
exchange between the hemispheres is much less effective
than within a given hemisphere. This effect is the main
source of seasonal variations in temperature and pressure.
It can be roughly estimated from the modulation of the
total energy flux incident on the northern hemisphere (but
not on the entire globe). Such a modulation is due to the
tilt of the Earth's axis relative to the normal to the ecliptic
plane. The angle of inclination is E � 23�26 045 00. In this
case, the amount of energy that reaches the northern
hemisphere is

1

2

ÿ
1� sinE � cos�St� F1�

�
;

where F1 is the phase of the Earth's revolution around the
Sun at the new Moon Ð the time used as a reference point.
This variation produces a spectral line with frequency S.

It should be noted that such a modulation is absent in the
case of solar radiation reflected by the lunar surface and
reaching the Earth. However, even in this case, a separate
analysis of the flux coming to the northern hemisphere should
take into account the tilt of the Earth's axis relative to the
lunar orbit (angle EM). The additional modulation of the
radiation reflected by the Moon is

1

2

ÿ
1� sinEM � cosM�t� t1�

�
:

The quantity EM changes with time as a result of the
regression of the lunar orbital nodes in a range from 18�18 0

to 28�35 0. Changes in the sine of this angle with time can be
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described by the equation

sinEM � sinE � cosMS� cosE � sinMS � cos�SAR t� :

For this reason, less intense but clearly observable lines
are added to the pronounced lines at the harmonics of the
frequency Mÿ S; the additional lines have the frequencies

S� SAR ; Mÿ 2S� SAR ; M� SAR ;

2Mÿ 3S� SAR ; 2Mÿ S� SAR ; etc:

The most intense of them (lines S� SAR and
2MÿS� SAR�) arise from the additional modulation of
oscillations corresponding to the main spectral lineMÿ S.

Thus, the solar radiation reflected by the Moon is
responsible for the periodic modulation of the Earth's
temperature and produces specific lines at synodic-period
harmonics. The Earth's rotation about its axis gives rise to
somewhat weaker lines at combinations of these harmonics
with frequencies M� SAR and Mÿ SAR. However, this
effect is much (about 1000 times) smaller than that of
eclipses. The modulation of radiation and its spectrum are
shown in Fig. 6.

The spectra of solar eclipses are considered below. It is
assumed that themain effect of an eclipse is the obscuration of
the solar energy flux that illuminates the Earth's surface. On a
sphere of radius D (D is the distance between the Moon and

the Earth), this flux is formed over a circular areaO1 of radius
R1 � a� �rS ÿ a�D=RS with its center at the intersection of
the sphere's surface by the direction from the Earth to the
Sun. Here a � 6370 km is the radius of the Earth and
rS � 695 600 km is the Sun's radius. The angular size of this
circle is

y0 � RE � �RS ÿ RE�D=RS

D
� 0:0211 :

When an eclipse occurs, part of this circle is darkened by the
Moon. This part is as large as the area of intersection of the
circle O1 with the circle O2 at the surface of the same sphere
with the center at the point of its intersection by the direction
towards the Moon and with a radius of rm (rm is the radius of
the Moon, 1730 km). The angular size of this circle is

ym � rm
D
� 1730

384000
� 0:0045 :

The geometry of occultation is illustrated in Fig. 4b. It results
in reducing the Earth's illuminance in proportion to the ratio
of the area of intersection of circles O1 and O2 to the area of
circle O1. This ratio depends on the angle F between the
directions to the Sun and the Moon, the cosine of which is
given by formula (29). Figure 4c shows the phase dependence
of the shadowing used for spectrum computation. The
shadowing effect is absent when F > y0 � ym and equals
Sh � �ym=y0�2 � 0:0455 when F < yo � ym. In an intermedi-
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Figure 7. (a) Time dependence of the occultation of the Sun by the Moon

for the whole Earth, E1, and for the northern hemisphere, E2, (fraction of

the total flux). (b) Spectra of the time dependence of the occultation of the

Sun by the Moon for the whole Earth, Se1, and for the northern

hemisphere, Se2, in arbitrary units.
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ate case, this effect can be evaluated using the system of
equations

y0 sinj1 � ym sinj2 ;

ym�1ÿ cosj1� � y0�1ÿ cosj2� � F ;

Sh � 1

p

ÿ
y0�j1 ÿ sinj1� � ym�j2 ÿ sinj2�

�
: �30�

The time dependence of the shadowing effect is shown in
Fig. 7a (graph 1), and the spectrum of this quantity in Fig. 7b
(graph 1).

The spectrum is a series of bands with a central frequency
equal to Mÿ S; also present is a band corresponding to zero
frequency. An individual band contains a set of equidistant
lines located at an interval of 2S� 2SAR. Each line is
characterized by two integers, the band number i � 0, 1 and
the line number in the band k, which may be either positive or
negative. Therefore, the frequencies of the main lines are
given by the formula

oi; k � �Mÿ S� i� �2S� 2SAR� k : �31�

In Fig. 7b (graph 1), each line is labeled by the numbers, i
and k. At first sight, such a spectral pattern looks surprising
because the argument of the function sinF virtually reduces
to a periodic function with a period of Mÿ S. Deviations
from this periodic function have an order of magnitude of

�1ÿ cosSM� � 0:004. Therefore, the spectrum should see-
mingly be composed of lines at harmonics of the frequency
Mÿ S, as the spectrum of the Earth's illuminance by the light
scattered from the Moon. Marked deviations from this
situation occur because the function undergoes substantial
changes within a very small interval� y0. In order to estimate
the number of significant harmonics for the period
2S� 2SAR, SM should be compared with y0, which is
about 3 times smaller. Therefore, approximately three
harmonics for the additional period 2S� 2SAR are of the
same order of magnitude. Due to the properties of the
dependence of Sh on y, the intensities of other lines in the
band decrease relatively slowly, which accounts for the
presence of more than 10 lines in a single band, and bands
markedly overlap. In the region of overlapping, lines of
similar intensity form doublets. One such line belongs to the
left band, and the other to the right one. The gap between the
two lines is s � 13S� 12SARÿM�0:0051 dayÿ1. In the
time dependence, spectral doublets are manifest as beats of
the intensity of eclipse action with a period of 2p=s �
1228:87 days.

The eclipse spectrum looks slightly modified if the
modulation of the light flux is considered for the
northern hemisphere alone. In this case, the intensity of
shadowing calculated with formula (2) should be multi-
plied by (1/2)

ÿ
1� sinE � cos�St� F1�

�
. As a result, each line

acquires two additional lines shifted by the frequency�S and

8�106
Sn

Sl, cm2 day2

Se

Sp, mbar2 day2

St, drees2 day2

8�106

0.1333 0.2000 0.2667 o, dayÿ1

0:4�107

0:6�107
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0:4�107

0:6�107

8�106

0:6�107

8�106
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St F � 6:619� 106

431 � 4

Figure 8. Illustration of the procedure of comparing the spectral maxima of the air temperature, atmospheric pressure, and sea level with the theoretical

spectra. The theoretical line in the eclipse spectrum is indicated by a square. The inset at the bottom shows amplitude variations in the air-temperature

spectrum in the vicinity of the theoretical peak. Graph 1, spectrum Sn of the lunar tidal potential taking into account the frequency modulation of radial

oscillations; 2 , spectrum Sl of sea-level fluctuations; 3, spectrum Se of eclipses; 4 and 5, spectra Sp and St of the atmospheric pressure and temperature,

respectively.
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having 4% of the intensity of the perturbed line. The
dependence of flux modulation for the northern hemisphere
is shown in Fig. 7a (graph 2), and the spectrum in Fig. 7b
(graph 2). The additional lines are separate narrow bands
composed of four or six lines each.

The most interesting feature is the periodic modulation of
the energy flux with a period of 1229 days (3.4 years). Such a
modulation manifests itself in the spectra as a line splitting
into doublets. The spectrum under consideration contains
many lines and provides sufficient material for comparisons
with the observed spectra.

4.4 Comparison of the observed and eclipse spectral lines
The sources of periodic meteorological perturbations in a
range from 10 to 60 days considered above are not the
prevalent ones nor do they produce the most pronounced
variations. Nevertheless, they are fairly intense and can be
reliably identified by the spectral analysis of observation
series for a period of 20 years or more. The appearance of
these lines provides convincing evidence for the reality of the
line spectral structure and allows using all the observed lines
for long-term weather forecasting. Deviations from the
theory make it possible to improve our notion of lunar
motion, which is important for investigations into the
evolution of the Solar System [28, 38].

In what follows, the theoretical lines of perturbation
spectra produced by solar eclipses and specific features of
the lunar-tidal-potential spectrum related to the frequency
modulation of distance variations are compared with the
spectra of sea-level fluctuations and variations in atmospheric
parameters. The procedure of comparison is illustrated by
Fig. 8. Graphs 1 and 3 show, at a convenient scale, theoretical
spectra of lunar-tidal-potential perturbations associated with
the specific features of variations in the distance between the

Moon and the Earth and during eclipses. Graphs 2, 4, and 5
show the spectra of sea-level, atmospheric-pressure, and air-
temperature variations, respectively. After a theoretical
spectral line (indicated by a small square in the figure) is
chosen, the spectrum of the parameter of interest is analyzed
in the vicinity of a selected point. Such a vicinity is shown on a
larger scale in the inset at the bottom of the figure. The
frequency at the selected point corresponds to the vertical line
in the upper part of the inset.

The peak closest to the selected point or the highest of the
nearest maxima (if the distances to themaxima on the left and
on the right are equal) is chosen for the purpose of
comparison. The peak frequencies and amplitudes are taken
from the graphs; they are listed in Tables 5 and 6. Table 5
analyzes spectral lines of sea-level fluctuations at point
Kholmsk for a period of 40 years. Table 6 analyzes spectral
lines of air-temperature and atmospheric-pressure variations
at point Terne|̄ for 18 years with a resolution of 10ÿ4 sÿ1. The
results of comparison are represented separately for the lines
of tides and eclipses.

The results of comparison of tidal lines and the sea-level
fluctuation spectrum are presented in Table 5. Each line is
described by the numbers i, j, k, l and the sign + or ÿ. The
characteristics of lines i, j, k, l are related to frequency o
through the expression o� i o1�jo3�ko4 � lo2 � b.
Only the main lines with i � 0 and i � 1 were analyzed. The
sign in the line index corresponds to the sign in the formula; b
is the modulation amplitude of the radial-oscillation fre-
quency. For each line, the period and amplitude of the
maximum are calculated in a discrete representation of the
dependence at a frequency step of 0:98� 10ÿ4 dayÿ1.

In Table 6, only the most intense lines of the eclipse
spectrum are analyzed, i.e. the lines that make up doublets
at frequencies i�Mÿ S� � k�2S� 2SAR�. The parameters of

Table 5. Spectral lines of tidal potential and sea level fluctuations*.

No.

Multipliers in frequency combinations: i at o1,
j at o3, k at o4, and l at o2.
In column l, the sign behind a number corresponds
to the sign of the frequency deviation b

Theoretical estimates of line
characteristics: 1, period
(days); 2, spectral amplitude
(cm2 day2)

Estimates of observed line
characteristics: 3, period
(days); 4, spectral amplitude
(cm2 day2)

i j k l 1 2 3 4

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21

0
0
0
0
0
0
0
0
0
0
0
1
1
1
1
1
1
1
1
1
1

1
1
1
1
1
1
1
1
1
1
1
ÿ1
ÿ1
ÿ1
ÿ1
ÿ1
ÿ1
ÿ1
ÿ1
ÿ1
ÿ1

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

ÿ3ÿ
ÿ3�
ÿ2ÿ
ÿ2�
ÿ1ÿ
ÿ1�
0ÿ
0
0�
1ÿ
1�
ÿ3ÿ
ÿ3�
ÿ2ÿ
ÿ2�
ÿ1ÿ
ÿ1�
0ÿ
0�
1ÿ
1�

50.51
50.15
39.58
39.33
32.55
32.36
27.63
27.55
27.46
23.99
23.88
48.96
48.63
38.62
38.39
31.90
31.71
27.16
27.01
23.64
23.53

5.9
5.8
6.2
6.4

10.0
9.7

14.0
3.8

14.0
9.9
9.8
4.25
4.25
2.35
2.6
6.0
6.0

10.5
11.0
6.0
6.0

50.71
50.15
39.55
39.38
32.65
32.36
27.63
27.55
27.46
23.99
23.90
48.91
48.63
38.49
38.39
31.95
31.64
27.14
27.02
23.64
23.53

16.0
11.0
7.8
6.0
12.0
2.3
14.8
22.0
12.0
4.1
4.9
7.5
20.0
10.0
11.0
4.0
8.6
8.5
11.0
5.3
7.3

* o1 � 2p=27:332 � 0:2299 dayÿ1, o2 � 2p=365:25 � 0:0172 dayÿ1, o3 � 2p=27:555 � 0:2280 dayÿ1, o4 � 2p=6585:32 � 0:00095 dayÿ1,
b � 0:00045 dayÿ1. Estimated values of spectral maximum amplitudes are multiplied by 106.
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lines i and k are given in the second column. The third and the
fourth column contain the theoretical period in days and
intensity in arbitrary units for the given line.

The spectra were computed in units used for the purpose
at the Far East Hydrometeorological Institute. They are
0.1 cm for sea level, 0:1� for temperature, and 0.1 mbar for
pressure. The unit of time is 1 day.

The following features are worth noting:
1. The discrepancy between the estimates for different

periods does not exceed a few units of the last digit. It is
somewhat smaller for sea-level fluctuations than for varia-
tions in the atmospheric pressure and temperature.

2. For periods shorter than 40 days, the locations of
maxima in the spectra of sea-level, atmospheric-pressure,
and temperature variations virtually coincide with the
theoretical ones. For smaller frequencies, the deviations are
attributable to the errors arising from calculations with an
insufficient frequency resolution. However, they may also be
due to incorrect interpretation of low-frequency maxima, the
amplitudes of which are several times higher than the
theoretical ones.

3. There are marked differences between the estimated
amplitudes of individual lines. These differences are especially
pronounced for temperature and pressure spectra and smaller
for the spectra of sea-level fluctuations (Fig. 8, graph for Sl). I
believe that it is due to the dependence of eclipse manifesta-
tions on the geographic position of the observation point.

This dependence is more important for atmospheric phenom-
ena than for sea-level fluctuations.

4. As a rule, the intensity of spectral lines of atmospheric-
parameter variations is several times larger than the theore-
tical value.

This fact is of little surprise. A comparison of the
intensities of diurnal and seasonal variations of atmospheric
parameters reveals an approximately thrice lower efficiency
of changes in the solar thermal flux, in terms of the formation
of seasonal variations. This is a general property of atmo-
spheric processes, which tend to level spatial variations
caused by extraatmospheric factors. Being most essential for
seasonal variations, such a leveling effect is also manifest in
the case of daily variations.

Thus, modulation of solar illuminance during eclipses
produces strictly periodic lines in the spectra of atmospheric-
pressure and temperature variations at frequencies
oi; k � �Mÿ S� i� �2S� SAR� k. Modulation of lunar
radial oscillations with a frequency of 2S and an amplitude
of b � 4� 10ÿ4 dayÿ1 leads to the splitting of all lunar-tide
lines into doublets with a 2b-wide gap between them and to
the appearance of additional doublets at combinations of the
fundamental and 2S frequencies. These lines are readily
observable in the spectra of sea-level, atmospheric-pressure,
and temperature variations, being evidently a physical fact
rather than `spurious maxima attributable to specific proper-
ties of the spectra'. However, they are not the main lines, and

Table 6. Comparison of eclipse spectral lines with the spectra of sea-level, atmospheric-pressure and temperature variations.

No. Eclipse spectrum Sea-level êuctuations Pressure variations Temperature variations

period amplitude period amplitude period amplitude period amplitude

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

ÿ1, 6
1, ÿ5
0, 1
1, ÿ4
0, 2
1, ÿ3
0, 3
1, ÿ2
0, 4
1, ÿ1
0, 5
2, ÿ6
1, 0
0, 6
2, ÿ5
1, 1
2, ÿ4
1, 2
2, ÿ3
1, 3
2, ÿ2
1, 4
2, ÿ1
1, 5
3, ÿ6
2, 0
1, 6
3, ÿ5
2, 1
3, ÿ4
2, 2
3, ÿ3
2, 3
3, ÿ2
2, 4

1230
202.5
173.9
93.02
86.48
60.60
57.76
44.81
43.24
35.63
34.63
30.2
29.52
28.88
25.76
25.23
22.40
22.00
19.85
19.53
17.81
17.54
16.14
15.93
14.93
14.76
14.58
13.75
13.61
12.74
12.61
11.86
11.75
11.11
11.01

0.9
2.1

10.0
4.5
9.7
6.6
6.5
9.6
4.5

10.0
2.2
1.0

12
0.6
2.3

11.0
4.0
9.3
7.0
6.9
7.3
4.2

11.0
2.2
0.85

11.2
0.83
2.4

11.0
4.0
7.9
7.1
6.9
8.32
3.8

1254.9
203.17
172.04
92.48
85.56
60.26
57.70
44.78
43.24
35.65
34.59
30.24
29.37
28.78
25.69
25.30
22.37
21.98
19.89
19.54
17.80
17.54
16.09
15.91
14.90
14.73
14.57
13.74
13.56
12.75
12.62
11.86
11.74
11.105
11.00

2� 107

2:8� 107

1:95� 107

7� 106

13� 106

6� 106

4:9� 106

7:5� 106

4:7� 106

16� 106

20� 106

1:05� 106

9:1� 106

1:2� 106

1:9� 106

8:5� 106

1:9� 106

5� 106

4:9� 106

1:9� 106

2:7� 106

0:3� 106

8:1� 106

1:2� 106

4� 106

4:9� 106

4:0� 106

6:9� 106

6:2� 106

4:5� 106

2:3� 106

4:2� 106

3:2� 106

3:2� 106

1:7� 106

1333
201.2
173.9
93.43
85.2
59.8
58.44
44.47
42.95
35.63
34.48
30.21
29.35
28.78
25.71
25.29
22.32
21.97
19.85
19.53
17.82
17.55
16.14
15.90
14.92
14.72
14.57
13.76
13.56
12.71
12.62
11.86
11.72
11.11
11.00

8:3� 107

16� 107

52� 107

12� 107

15� 107

20� 107

28� 107

26� 107

8:5� 107

14� 107

59� 107

2:8� 107

27� 107

9:4� 107

29� 107

28� 107

1:4� 107

9� 107

19� 107

14� 107

12� 107

10� 107

13� 107

18� 107

3:4� 107

24� 107

7� 107

10� 107

16� 107

8:5� 107

9:2� 107

10� 107

9:2� 107

3:6� 107

6:3� 107

1255
205
171
92.75
85.21
59.98
57.7
44.81
43.06
35.45
34.68
30.24
29.52
28.86
25.81
25.17
22.43
21.97
19.82
19.52
17.81
17.53
16.18
1.589
14.92
14.73
14.57
13.76
13.58
12.73
12.61
11.87
11.75
11.12
11.01

5:1� 107

15� 107

34� 107

11� 107

22� 107

12� 107

4:6� 107

11� 107

3:4� 107

1:6� 107

11� 107

4:2� 107

3� 107

0:6� 107

4:5� 107

2:6� 107

0:1� 107

0:26� 107

2:2� 107

7:4� 107

4:6� 107

3:4� 107

5:5� 107

5:3� 107

1:6� 107

16� 107

2:6� 107

4:4� 107

8:9� 107

1:9� 107

4:8� 107

4:2� 107

2:8� 107

6:7� 107

2:8� 107
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there are many other lines of unknown origin which may be
no less important, as it appears from the materials of
observations taken alone. These lines can also be used to
compose long-termweather forecasts for a period determined
only by the line width.

Moreover, analyses of such spectra of climatological
parameters provide valuable information for astronomical
investigations, e.g. for the study of the evolution of the
Earth ±Moon system [28]. In the case considered above, this
is information about the frequency modulation of variations
in the distance between the Earth and the Moon. It may be
used to obtain additional results. Specifically, an estimate of
the line amplitude at a frequency of 2o1 � 2o2 gives an
estimate for the amplitude of frequency modulation of the
lunar revolution frequency. This line can readily be resolved
from an adjacent line, 2o1 � 2o2 � 4o4, attributable to the
effect of eclipses. It appears as a combination line related to
the main tidal component at a frequency of 2o1. There is no
splitting of the central line at the given duration of the
observation period, and the combination line is weak. The
ratio z of spectral amplitudes at the first combination and at
the fundamental frequency can be estimated using the
expression z � �dojT �2=16. This line is pronounced in the
spectrum of sea-level fluctuations, and the ratio z is
3:2� 10ÿ3. For the amplitude doj, this ratio is
1:56� 10ÿ5 dayÿ1, in agreement with the theoretical value
2:6� 10ÿ5 dayÿ1. Since a small maximum located not very
far from higher peaks is considered, such a coincidence can be
regarded as satisfactory.

5. The role of coherent pressure variations
in weather formation

5.1 Prediction of variation trends
The principal merit of purely periodic variations is the
possibility of accurately predicting them for a long period.
Such variations are distinguished during observations as
narrow spectral lines whose width depends on the time
interval for which the spectrum is calculated. It follows from
the above spectra of atmospheric-pressure and air-tempera-
ture variations that such lines contain up to 50%of the energy
of the signal with seasonal variations subtracted. Variations
y�t� can be predicted by summation of harmonic components:

y�t� �
X

Ai cos�oitÿ ji� : �32�

The frequencies oi of individual components are deter-
mined from the positions of narrow spectral maxima,
amplitudes Ai from spectral peak values, and phases from
the ratio of the sine and cosine components of the spectrum
deduced by an additional analysis. This prognostic method
was first proposed by Laplace [7] and is still in use while
predicting tidal sea-level fluctuations. This approachmakes it
unnecessary to understand the nature of variations, although
such understanding increases the reliability of prediction. The
prognostic procedure has been realized in the form of a code
written in TURBO PASCAL. The code permits the use of
series of initial variations from 7800 points and yields
prognostic data for 2000 points over a certain period ahead.
The spectra are obtained by representing the Fourier trans-
form as a polynomial of a complex variable

z � cos�odT � � i sin�odT � ;

where dT is the interval of signal discretization. Polynomials
of high degree are calculated by the well-known Horner
procedure [29], and the calculation of one spectrum takes
less than 2min (Pentium, 133MHz). The spectrum calculated
from the initial data is displayed on the monitor screen, and
the operator selects interactively the maxima i to be used in
composing a prognosis based on formula (32). The quality of
such a prognosis is illustrated in Fig. 9, where graphs 4 and 6
are used to compare the observed and theoretical variations
of atmospheric pressure at point Terne|̄.

The above analysis suggests the possibility of forecasting
long-term variations of atmospheric pressure (with periods
over 10 days) for a few years in advance. However, these
variations taken alone are insufficient to fully characterize
weather conditions. In technological and social contexts, it is
most important to predict the wind speed and precipitation.
The possibility of reliable prediction of the latter will be
considered in this section.
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5.2 Fine structure of the diurnal spectral maximum
in the air-temperature variations
In everyday life, a weather forecast is expected to predict
impending rain, if any. A good predictor of rainy weather is
the daily amplitude [31], or the temperature difference
between the coldest and hottest hours of a given day. The
daily amplitude depends onweather conditions. In calm, clear
weather, it is twice that in cloudy and windy days. Therefore,
changes in weather conditions modulate diurnal variations.
The modulation in turn facilitates the formation of a fine
spectral structure of temperature fluctuations in the vicinity
of the narrow spectral line at a frequency of DN � 2p dayÿ1,
corresponding to a period of 24 hours.

Relatively slow synoptic and seasonal processes are
manifest as a complicated spectral-line contour. If a process
is strictly periodic and affects weather conditions, additional
lines should appear in the vicinity of this line at combinations
of the frequencyDN and frequency harmonics of the process.
In other words, the presence of a fine line structure in the
spectral maximum of temperature variations at the frequency
DN makes it possible to distinguish periodic processes that
directly influence weather formation. The development of
such a structure gives important evidence for the physical
reality of oscillations responsible for the appearance of lines
in pressure variation spectra.

This section reports the results of a study of the fine
structure in the vicinity of the daily peak in the spectrum of
temperature variations recorded at point Terne|̄ in 1966 ±
1984. The study analyzed consecutive air-temperature mea-
surements at 0, 3, 6, 9, 12, 15, 18, and 21 h. As before, the
quantity

Sy�o� �
��� � y�t� exp�iot� dt ���2 :

was used as the spectrum of function y�t�. The code allowed
the spectrum to be computed from values averaged over a 6-h
observation period. The data were recovered with a frequency
resolution of 0.000392 dayÿ1.

Figure 10a shows the spectrum for point Terne|̄ for a
period of 5 years, from 1967 to 1972. The spectrum contains
an intense line at frequency DN that corresponds to
oscillations with a period of 24 hours and an amplitude of
2:56�, or a daily drop of 5:12�. A few additional peaks can be
seen in the vicinity of this line, which have an approximately
10 times lower intensity. These peaks correspond to combina-
tion frequencies of daily variations with harmonics of a 1-year
period. All other specific spectral features are virtually
indistinguishable.

In order to illustrate the fine spectral structure, we
subtract the averaged daily oscillations, whose parameters
were estimated based on the main-peak phase and amplitude,
from the temperature variations. The spectrum of variations
with the diurnal harmonic subtracted is shown in Fig. 10b.
The main part of the spectrum consists of seven almost
equidistant lines. Their parameters, i.e. the period and
amplitude, are presented in Table 7. The line frequencies
coincide with the combinations Dÿ 3S, Dÿ 2S, Dÿ S,
D� S, D� 2S, and D� 3S to the accuracy of unit resolu-
tion. The figure also shows other intense variations, the
spectra of which are difficult to interpret. By way of
illustration, purely periodic oscillations at the frequencies
Dÿ 4S,Dÿ 3S,Dÿ 2S,Dÿ S,D� S,D� 2S,D� 3S, and
D� 4S with amplitudes and phases deduced from the

spectrum in Fig. 10b were subtracted from the data of
observations (Table 7).

The time variations of the subtracted oscillations are
shown in Fig. 9 (graph 5). These variations represent the
averaged seasonal changes of the daily air-temperature drop
at point Terne|̄. Spring and fall maxima are especially
pronounced. Such representations can be used to compose
long-term forecasts, which are, however, highly incomplete.
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Figure 10. (a) Spectrum St�o� of air temperature variations at point Terne|̄
during 1967 ± 1972 in the vicinity of the daily-variation frequency 2p.
(b) Spectrum St1�o� after the subtraction of the periodic component

corresponding to the parameters of the maximum at a frequency of 2p.
(c) Spectrum St2 of air-temperature variations after the subtraction of

harmonics corresponding to the frequency combination of daily and

yearly periods. The parameters of the lines are presented in Table 7.

Table 7. Parameters of spectral lines at the combinations of the frequency
of diurnal fluctuations and the harmonics of the 1-year period.

Phase,
rad

Period,
dayÿ1

Amplitude,
degrees

Dÿ3S
Dÿ2S
DÿS
D

D� S

D� 2S

D� 3S

ÿ1.4042
ÿ1.4172

0.6570
0.7246

ÿ1.4349
0.0831

ÿ0.2569

6.2316
6.2492
6.2653
6.2830
6.3015
6.3168
6.3344

0.22359
0.52503
0.63580
2.56539

ÿ0.45818
ÿ0.68915
ÿ0.20403

July, 2002 Periodic weather and climate variations 739



Variations that remain unpredicted are shown in Fig. 9,
graph 7. They are very significant.

The spectrum of the signal obtained after the subtrac-
tion of the averaged seasonal variations is shown in Fig. 10c.
It contains pronounced spectral lines; in terms of amplitude,
they are weaker than but comparable with the maxima of
the seasonal-variation spectrum. The lines are of a very
small width, which is in fact determined by the observation
period chosen for analysis. The presence of such lines
suggests the presence of long-term, strictly periodic pro-
cesses, playing a role in weather formation. Their role is
important. The strict periodicity of these processes shows
promise of a substantial improvement in the accuracy of
long-term weather forecasting. However, the objective of
our study is not as ambitious as that. We wish to confirm
that the strictly periodic processes responsible for the
narrow maxima in atmospheric pressure spectra are the
processes that cause changes in weather. For this purpose,
we compare pressure-variation spectra and the fine struc-
ture of daily maxima in the spectra of atmospheric-
temperature variations. The materials collected at point
Terne|̄ from 1967 to 1972 were used in our analysis.

5.3 Synoptic variability of atmospheric pressure
and daily temperature variations
The variations of the atmospheric pressure at point Terne|̄
(graph 1) during 1967 ± 1972 and their predictable fraction
(graph 5) are shown in Fig. 9. The same figure represents the
seasonal dynamics of pressure variations obtained by
smoothing over a 60-day interval (graph 2). Weather
(synoptic) variability is analyzed based on the deviations of
the pressure variations from the seasonal pattern (graph 3).
The long smoothing interval (60 days) allows marked
variations due to solar eclipses to be included in the analysis.
We consider only variations with characteristic times of more
than 10 days. In other words, the predicted dependence
should be compared with the synoptic variation smoothed
over a 10-day interval. This variable is shown in graph 4. A
comparison of this characteristic with the forecast based on
spectral-maxima interpretation according to formula (32)
(graph 6) indicates that these variations can be predicted
accurately in terms of both the time of appearance of maxima
and minima (cyclones and anticyclones) and the amplitude (a
forecast period of 4 years). Graph 5 in the same figure
illustrates the seasonal dynamics of daily temperature
variations obtained from the parameters of spectral lines at
the combinations of daily fluctuations and harmonics of the
period of 1 year (these parameters Ð phase, period, and
amplitude Ð are presented in Table 7). A clear regularity in
seasonal variations is evident: a rise in the atmospheric
pressure correlates with a rise in the amplitude of daily
temperature variations; a drop in the pressure is associated
with a drop in the temperature.

Graph 7 in Fig. 9 shows the deviations of daily
temperature variations from the averaged seasonal pattern.
The largest deviations correspond to the passage of cyclones
and anticyclones through the observation point manifest as
the coincidence of the appearance of maxima and minima on
the synoptic curve of atmospheric-pressure variations
(graph 4) with the maxima on the curve of deviations of
daily temperature variations from the seasonal pattern
(graph 7).

Graph 8 illustrates the deviations of daily temperature
variations from the averaged seasonal pattern predicted from

19 spectral maxima in the frequency range of 5.89 ± 6.7 dayÿ1.
The parameters of these lines are presented in Table 8. A
comparison of graphs 7 and 8 indicates that such a prediction
is less reliable than the prediction of atmospheric-pressure
variations (graph 6). Specifically, the time of weather
anomalies can be predicted with a good accuracy, while the
amplitudes of the predicted variations are several times
smaller than the actual ones.

Correlation between the variations of atmospheric pres-
sure and the fine structure of the peak of daily temperature
variations is even more evident when the spectra of these
quantities are compared. The coincidence of the correspond-
ing lines gives unambiguous evidence for the physical reality
of the observed variations, since they lead to a real physical
process Ð modulation of the daily temperature dynamics.
The coincidence of the lines and spectral frequencies of solar
eclipses indicates that the eclipses play an important role in
weather formation on the Earth.

Figure 11a compares the fine structure of the daily
temperature-variation spectrum and the spectrum of pres-
sure variations with periods of 16 days or more. The zero
point of the pressure spectrum falls on 2p; for lower
frequencies, the spectrum is extended according to the rule
S�2pÿ d� � S�2p� d�. Both spectra have a line structure
composed of a large number of narrow lines. The width of
individual lines is roughly 20 ± 30 times smaller than the
distance between them. The coincidence of lines is not
complete. The coincidence is better illustrated by the curve
showing the frequency dependence of the product of the
spectra. In the case of coincidence, the line should be
simultaneously present in both the spectrum and in the
product of the spectra. An example of such a comparison is
presented in Fig. 11b. Graph 1 shows the pressure-variation
spectrum; graph 2, the product of the pressure- and
temperature-variation spectra. Coincident lines are pro-
nounced, and their number is somewhat smaller than that of
pressure-spectrum lines.

Not all lines in the spectra product are symmetric with
respect to frequency 2p. There are more lines at lower
frequencies. This means that not only fine-structure lines

Table 8. Parameters of narrow spectral lines with the largest amplitudes.

No Phase,
rad

Frequency,
dayÿ1

Amplitude,
degrees

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19

ÿ0.5936
1.0060

ÿ1.2831
ÿ0.0191
0.0457
ÿ0.6553
0.3154
ÿ0.1093
ÿ1.3469
ÿ1.0729
ÿ1.2945
ÿ0.4720

1.3498
ÿ0.9667

0.0642
1.1096
0.1916
1.5000
0.2073

5.9154
5.9535
6.0588
6.0772
6.1514
6.2151
6.2504
6.2638
6.2826
6.3011
6.3148
6.3513
6.3820
6.3965
6.4334
6.4585
6.5449
6.5956
6.6121

ÿ0.10206
ÿ0.11169
ÿ0.11050
0.10979
ÿ0.13856
ÿ0.12876
ÿ0.14811
ÿ0.27176
0.44279
0.24183
0.20258
0.12898
ÿ0.10163
0.10485
0.11917
ÿ0.10308
ÿ0.11068
ÿ0.10552
ÿ0.11858
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produced by periodic processes but also fine-structure lines
unrelated to the modulation of daily variations occur at
frequencies from 5.8 to 6.28. Narrow lines at frequencies
higher than 6.28 are of special interest in terms of a search
for more convincing comparisons. They are interpreted as
modulations of daily temperature variations by periodic
processes. The modulation periods are 421, 210, 177, 161,
85.6, 71, 68, 60.6, 58, 49.2, 40.3, 35.0, 29.4, 28.6, 27.5, 25.9,
23.6, 22.03, 21.6, 19.9, and 16days.Most of these lines are easy
to recognize; in fact, they are lines of the spectrum of solar
radiation perturbations caused by solar eclipses. Readily
distinguishable are the lines corresponding to periods of
177 (0, 1), 85.6 (0, 2), 60.6 (1, ÿ3), 58 (0, 3), 35.0 (1, ÿ1),
30.0 (1, 0), 25.9 (1, 1), 22.0 (1, 2), 19.9 (2,ÿ3), and 16.0 (2,ÿ1)
days. Figures in brackets are the line parameters from
Table 6. Also observable are the lines with periods of 29.4
and 27.5 days, i.e. synodic and sidereal periods of the
Moon. A more accurate location of the lines is impractic-
able for the reason that the length of the observation period
is limited.

It can be concluded that periodic processes manifest as a
line structure of atmospheric-pressure-variation spectra in a
period range from 10 days to several years influence weather
formation. This influence is apparent from the analysis of
daily temperature variations in the form of a fine structure of

their spectral peak in the vicinity of frequency 2p dayÿ1. It
contains several series of spectral lines, with the main series
formed by lines at frequencies of i �Mÿ S� � k �2S� 2SAR�
(i � 0; . . . ; 4, k � �1; 2; 3) associated with solar eclipses.
Lines f i in the spectrum of atmospheric-pressure variations
(for periods from a few days to several months) are also
visible in the temperature-variation spectrum at frequencies
of 2p� f i. Simulation of daily temperature variations based
on the line parameters (phase and amplitude) allows the
time of appearance and the magnitude of passing cyclones
to be described for a period of 4 years with a resolution of
10 days.

This means that the observed lines in the atmospheric-
pressure spectra are not merely fictions created by mathema-
tical operations of spectrum construction but reflect real
physical processes. Oscillatory processes manifest as sharp
maxima in the spectra of atmospheric-pressure variations are
real physical high-Q oscillations responsible for daily tem-
perature fluctuations at the same frequencies. Therefore,
variations in weather contain an intense purely periodic
component, which can be predicted with a high degree of
reliability for a few years in advance. It should be recalled that
marked weather variations are attributable to the action of
the Moon (solar eclipses).

6. Periodic climate variations

6.1 Introductory remarks
The presence of narrow lines in the spectra of atmospheric-
pressure variations within a period range of 10 ± 100 days
permits predicting them several years ahead and thus
knowing the time and magnitude of cyclones and antic-
yclones in advance which is of importance for long-term
weather forecasting. Figure 10c shows that certain narrow
spectral lines appear in the immediate vicinity of the daily
peak of the air-temperature spectrum. They correspond to
periods of modulating perturbations as long as 100 days or
more. Such variations are of great importance for economic
forecasting, e.g. in commercial fishing [31] and agriculture.
Also, they are responsible for variations in biological
activities. An example is provided by variations in the width
of annual wood rings, shown in Fig. 12a (graph 1). They
correlate with variations in the mean annual temperatures
(Fig. 12a, graph 3, point Abashiri, the Sea of Okhotsk [32])
and variations in the thickness and lifetime of the sea-ice
cover (Fig. 12a, line 2 [32]).

The time dependences of different characteristics have
much in common. In order to select variations of common
origin, Fig. 12b presents the spectra of variations in the width
of annual rings, mean annual temperature, and total ice-cover
area in the Sea of Okhotsk. If the spectra exhibit narrow lines,
common sources can be revealed in the case where the
positions of these lines in different spectra coincide. In order
to eliminate effects of the ends of the observation interval on
the structure of spectra being constructed, the results of
smoothing over 50 years were subtracted from the variations
of all parameters under consideration (variations with longer
periods cannot be detected unless observations for more than
100 years are available; such variations are excluded from the
analysis).

The spectra contain fairly narrow maxima, partly coin-
cident for variations of different parameters. By way of
illustrating coincident maxima, Fig. 12b compares the
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Figure 11. (a) Comparison of the atmospheric-pressure-variation spectra

Sp for periods shorter than 16 days and the fine structure of the

temperature-variation spectrum St2 in the vicinity of a 1-day period

(frequency 2p). The frequency axis for the pressure spectrum is shifted by

2p dayÿ1; (b) product SpSt2 of the atmospheric-temperature- and

pressure-variation spectra (graph 2). Point Terne|̄, 1967 ± 1972. The

atmospheric-pressure spectrum Sp (graph 1) is shown for comparison. \
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product of the spectra of variations in the annual ring width
and the mean annual temperature. This procedure selects the
lines whose maxima coincide from all others present in
different spectra.

The figure demonstrates closely coincident and rather
narrow maxima. The estimated corresponding periods are
listed below. The largest maximum at low frequencies was
ignored, since it results from the technical procedure of
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subtracting the component smoothed over a 50-year-long
period to eliminate the effects of the ends of the observation
interval.

The periods estimated from the graphic representations
are as follows: 25.0, 18.51 (SAR), 11.904 (J), 10.1, 8.13, 7.29,
6.53, 5.88 (2J), 5.07, 4.73, 4.16, 3.95 (3J), 3.21 (ÿ1.6),
2.97 (4J), 2.71, 2.59, 2.26, 2.07 (SÿMR) years. Some of
these values are readily recognizable. These are the period of
regression of the lunar orbital nodes (18.613), SAR; the
period of Jupiter's revolution around the Sun (11.863), J;
the periods of the first, 2J (5.93), second, 3J (3.952), and
fourth, 4J (2.97), harmonics of Jupiter's rotation; the beating
period of the solar-energy flux associated with eclipses (3.3)
(the indices of the maximum are 1:6, in accordance with the
notation in Table 6); and Mars' synodic period SÿMR
(3.136). In the latter case, the coincidence of the periods is
imperfect.

Periodic climate variations with the period of Jupiter's
revolution have been discussed in the literature [33 ± 35, 3].
It was assumed that they are due to oscillations of the Sun's
center with respect to the center of gravity of the Sun ±
Jupiter system. Oscillations with the period of regression of
the lunar orbital nodes were also addressed at scientific
conferences [5] and attributed to variations in meridional
convection due to inertial forces produced by the Earth's
revolution around the common center of gravity of the
Earth ±Moon system. The relatively weak peak at a
frequency of ÿ1:6 � 13S� 12SARÿM associated with var-
iations in the solar illuminance during solar eclipses is a new
finding. The physical meaning of other observed oscillations
remains to be clarified, although some of the periods (5.07)
were previously discussed in the literature [31].

A description of the periodic structure of climatic
variations in this frequency range seems to be helpful for the
analysis of climatic changes. Such an analysis is necessary in
planning limitations on human activities, because periodic
effects are much more pronounced than small anthropogenic
temperature variations.

Estimates of peak phase and location may be used to
forecast climatic fluctuations. The quality of such predic-
tions is illustrated by Fig. 12a where graphs 3 and 4 serve to
compare the variations in the mean annual temperature due
to periodic changes (4) and the variations observed at point
Abashiri. Evidently, the prediction is sufficiently accurate
and no trend attributable to human activities can be
revealed.

The positions of maxima with known periods can be
used to interpret geological data. It was proposed [36] to
trace catastrophes in Holocene deposits based on the
dependence of the contact resistance on the depth of the
deposit. Such measurements made by trivial methods on a
section through a given deposit provide information about
the properties of the section with a resolution of 1 mm.
These measurements reveal marked quasi-periodic oscilla-
tions of resistance as a function of depth with periods of 2 ±
6 cm. The spectrum of contact-resistance variations mea-
sured in Tserkovnaya Bay, Shikotan Island [36], is pre-
sented in Fig. 13. Two maxima are well defined (indicated
by small black squares); the ratio of their positions is in
fairly good agreement with the ratio of periods of the main
maxima of climatic fluctuations (18.6 and 11.9 years). If
such an interpretation of these maxima is true, it will be
possible to determine the rate of deposit accumulation,
rapidly and accurately estimate the age of geologic cata-

strophes identified using other signatures, and elucidate
specific regional features of secular climatic trends [37]
from the analysis of dynamic spectra of the series thus
obtained.

It can be concluded that the identification of spectral
peaks in a period range of 2 ± 50 years has important scientific
and practical implications. Variations in the range from
100 days to 15 years will be subjected to a more detailed
analysis below based on the data obtained during 40 years.
The bulk of them are observations of sea-level fluctuations.

6.2 Spectra of sea-level fluctuations
in a period range from a few months to several years
This section presents a detailed study of climate-variation
spectra in the period range from 100 days to 15 years based on
the spectral analysis of the simplest meteorological character-
istic, sea-level fluctuations. In certain areas, they have been
recorded for over 100 years. The choice of this parameter is
dictated by the fact that we have at our disposal a very long
series of relevant observations, from 1959 to 1990. The length
of the series determines the frequency resolution that allows
closely located lines to be reliably distinguished. However,
this characteristic (sea-level fluctuations) is sufficiently
interesting in itself. Its interpretation is employed in geology
to study climatic changes on geologic time scales [3]. Today,
certain authors try to use variations in the range of 5 ± 40 years
to study global warming [37]. True, it was shown that such
studies need to take into consideration the contemporary
Earth's motions and variations in the position of the detector
fixation point related to earthquakes [6].

The analysis was made using data on sea-level fluctuation
collected at the Tidal Research Station, Sakhalin Department
of Hydrometeorological Service, point Kholmsk, Russia. The
time dependence is presented in Fig. 14 (graph 1). It represents
sea-level fluctuations averaged over a 2-day interval. The
component obtained by averaging over a 5-year interval is
shown in graph 2 (Fig. 14). To construct the spectrum, it was
subtracted from the original record.

The quantity A�o�� ��PY�tk� exp�iotk�
��2Dt 2 was com-

puted, where t is the time from 1950 to 1990, Y represents the
sea-level fluctuations after the subtraction of values averaged
over a 15-year interval, Dt � 2 days, and o is the cyclic
frequency that varied over a range from 0.00785 to
15 yearÿ1. The spectrum is shown in Fig. 15 (line 1).
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Figure 13. Spectrum Sr�k� of contact resistance versus depth (cmÿ1).
Tserkovnaya Bay, Shikotan Island [32].

July, 2002 Periodic weather and climate variations 743



The main feature of the spectrum is the presence of
maxima corresponding to the periods of 1 year (S) and
0.5 year (2S). The former maximum is shifted by three
sampling points. Fluctuations at these frequencies describe
seasonal variations of the sea level. They have been examined
in detail in Ref. [11] and are not included in the present study.
Only one remark is in order. The main harmonic oscillations
do not have a period of exactly 1 year, and the maximum is
clearly displaced by a few sampling points. This displacement
is manifest as beating in the oscillations of the fundamental
and first harmonics, the frequency of which exactly corre-
sponds to the period of 0.5 year. This beating is shown in
Fig. 14 by line 6 and subtracted from the total spectrum.

The sea-level-fluctuation spectrum with the seasonal
variations subtracted is presented in Fig. 15 (graph 2). It has
a line structure. The width of the majority of its lines depends
on the duration of observations, which is indicative of purely
periodic processes, neither the phase nor the period of which
vary during this time.

The periodic oscillations corresponding to the spectral
maxima were computed and compared with the real sea-level
fluctuations. The parameters of the maxima considered in the
calculations are listed in Table 9. The periodic oscillations and
the original dependence are compared in Fig. 14 (graphs 5 and
4). The parameters of the lines taken into account are given in
Table 9.

It can be seen that periodic oscillations contain the bulk of
variations, and the evaluation of them from the parameters of
spectral maxima yields a picture of sea-level fluctuations in a
period range from 100 days to 15 years. In terms of quality,
this description is no worse than that of tidal variations based
on the Laplace theory [7], with use of the components
corresponding to lunar and solar tides.

Thus, a large part of sea-level fluctuations observed in the
period range from 100 days to 5 years are due to periodic
processes, consist of individual harmonics, and can be
predicted with a high degree of accuracy for many years in
advance. The observed period values lie in a range character-
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Figure 15. Spectra of sea-level fluctuations at point Kholmsk based on

observations during 40 years: Sl, full spectrum (graph 1); Sl1, the spectrum
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Table 9. Parameters of the lines for modeled sea-level fluctuations.

No Phase,
rad

Frequency,
dayÿ1

Amplitude,
deg

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19

1.3273
ÿ0.6092
0.1101
ÿ1.1963
0.2866
1.1171
ÿ1.2680
ÿ0.3444
ÿ1.3344
ÿ0.2516
1.0314
ÿ1.3121
1.1990
0.0579
0.8004
ÿ1.4966
ÿ0.5891
ÿ1.3593
ÿ0.7892

0.0035
0.0041
0.0050
0.0064
0.0074
0.0085
0.0104
0.0120
0.0145
0.0155
0.0160
0.0200
0.0220
0.0238
0.0250
0.0283
0.0309
0.0334
0.0366

1.0845
ÿ1.0921
ÿ0.9056
ÿ0.8407
0.8227
0.7548
ÿ1.1199
0.7798
ÿ1.2635
ÿ0.7466
ÿ0.8556
1.1191
1.1483
ÿ0.7709
ÿ0.5852
ÿ0.6284
0.6702
ÿ0.6742
ÿ0.6147
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istic of combination frequencies of the orbital periods of the
Earth, Mars, Venus, and Jupiter. In what follows, we will try
to interpret the results of observations as a consequence of the
action of planets. Three mechanisms of planetary action will
be analyzed, all underlain by gravitational effects. One, the
tidal action of planets on oceanic waters, was discussed in an
earlier publication [7]. The second is associated with the
gravitational action that planets exert on the orbit of the
Earth ±Moon system, shifting it towards the Sun. This shift
results in a modulation of the solar irradiance, leading to a
modulation of the atmospheric pressure and air temperature,
which in turn causes sea-level fluctuations, in agreement with
the inverted barometric law. The third mechanism is related
to the modulation of periodic variations in the distance
between the Earth and the Sun. It is analogous to the
mechanism of line-Mm splitting in the lunar tidal potential,
considered in Section 4. These mechanisms can be differ-
entiated from one another by comparing the spectral-maxima
amplitudes of sea-level and atmospheric-pressure variations.
Such a comparison will be based on the interpretation of data
on the atmospheric pressure collected at point Terne|̄ over
18 years. Generally, this period is not long enough to reliably
resolve all lines, but for some of them the results are more or
less convincing.

6.3 Spectra of atmospheric pressure variations
in the period range from 100 day to 5 years
This section presents the results of an analysis of the spectra of
atmospheric-pressure variations (recorded at Terne|̄) in the
period range from 100 days to 5 years. The objective of the
study is to clarify whether these spectra have a linear structure
similar to that discovered in sea-level-fluctuation spectra.
Another objective is to estimate the fraction of the energy of
variations contained in purely periodic components and
prepare materials for a comparison with the linear structure
of sea-level-fluctuation spectra in the given period range. As
shown before, the ratio of amplitudes of the corresponding
spectral maxima can be used to locate the primary perturba-
tion in the atmosphere or in the ocean; moreover, it provides
valuable information to be used in forming the concept of line
origin.

Our analysis was based on the observations of atmo-
spheric pressure at point Terne|̄ during 1966 ± 1984. The
construction of spectra as described in Section 2 was
employed as a method to identify periodic components. The
spectra were constructed based on the signal smoothed over a
2-day period (graph 1 in Fig. 16) from which the secular
variation (graph 2) was subtracted. The secular variation was
calculated as the result of smoothing the initial signal over a
5-year period. The spectra were computed from the residual
variations remaining after the subtraction of the secular
trend. They are shown by line 3.

The spectrum was obtained at a frequency resolution of
do � 2� 10ÿ5 dayÿ1. It is presented in Fig. 17 (graph 1). Its
main elements are lines at periods of approximately 1 year (S)
and 0.5 year (2S). These lines are much better noticeable than
others, and minor details are poorly distinguishable. In order
to reveal minor variations, the spectrum was constructed
again after the subtraction of the seasonal component from
the original series. This component was defined as the sum of
sinusoidal components the parameters of which, i.e. ampli-
tude, frequency, and phase, were found from the character-
istics of maxima S and 2S. The seasonal variations are shown
by graph 6 in Fig. 16. Unlike sea-level fluctuations, atmo-

spheric-pressure variations do not exhibit a marked deviation
of maximum S from the frequency corresponding to a 1-year
period. Moreover, the amplitude of maximum 2S is relatively
small, which makes the secular variations of seasonal
dynamics virtually imperceptible.

The spectrum of variations after the elimination of the
seasonal pattern is shown by graphs 2 and 3 in Fig. 17. The
two graphs are used to illustrate the spectrum in view of the
poor resolution attributable to the short observation period.
Graph 2 is the spectrum of the signal with the seasonal
variation subtracted. The spectrum contains several rather
wide lines, but their number is significantly smaller than in a
similar spectrum in Fig. 15 (graph 2). Evidently, the interval
of 18 years is too short to distinguish all lines. In order to see
them, we tried to identify oscillations corresponding to the
main maxima, eliminate them from the signal, and construct
the spectrum again. The result is shown in graph 3, which
clearly exhibits additional lines missed on superficial exam-
ination of the spectrum.
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Figure 16. Variation of the atmospheric pressure at point Terne|̄ in 1966 ±

1984 smoothed over an interval of 2 days (graph 1); secular trend of the

atmospheric pressure variations at point Terne|̄ (obtained by smoothing

graph 1 over a period of 5 years); variation of the atmospheric pressure

after the subtraction of the secular trend (graph 3); the result of smoothing

the subtracted variations over an interval of 100 days; variation of the

atmospheric pressure predicted from periodic components in a period

range from 100 days to 5 years (graph 5). The lines considered and their

parameters are listed in Table 11; the seasonal dynamics of the atmo-

spheric pressure derived from the characteristics of spectral lines corre-

sponding to periods of 1 year and 0.5 year (graph 6).
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Spectral components were calculated for the most intense
lines whose characteristics are listed in Table 10. Their sum is
shown in Fig. 16 (graph 5). This quantity was obtained for the
qualitative evaluation of the possibility to forecast variations
in the atmospheric pressure from the parameters of their
purely periodic components. Since only one line with periods
in the range from 100 days to 5 years was used for the analysis,
the result is compared to the pressure variation smoothed
over an interval of 100 days. The latter is presented as graph 4
at two different scales. In the upper panel, it illustrates the
fraction of variation energy that falls in the frequency range
under consideration. Here, it is given on the same scale as the
original series. In the lower figure, graph 4 is given on the
same scale as the periodic component constructed from the
spectral maxima to illustrate the fraction of energy contained
in the purely periodic components of the signal.

It can be seen that the main part of the energy of
atmospheric-pressure variations in a period range from

100 days to 5 years is associated with a purely periodic
component. This important observation suggests that the
given component can be predicted several years ahead with a
a high accuracy.

To conclude, the spectrum of atmospheric-pressure
variations in the period range from 100 days to 5 years has a
line component containing the bulk of energy of all variations
and can be predicted with a high accuracy for many years in
advance.

6.4 Spectral peaks of tidal potentials
of Venus, Jupiter, and Mars
In what follows, we try to interpret the results of observations
as an effect of planetary action. Three mechanisms are
subjected to analysis, all underlain by gravitational effects.
The first one, the tidal action of planets on oceanic waters,
was discussed in an earlier publication [7]. The second is due
to the gravitational action that planets exert on the Earth's
orbit, shifting it towards the Sun. This shift results in a
modulation of the solar irradiance, leading to modulations
of the atmospheric pressure and air temperature, which in
turn cause sea-level fluctuations, in accordance with the
inverted barometric law. The third mechanism is related to
the modulation of the periodic variation of the distance
between the Earth and the Sun. It is analogous to the
mechanism of line-Mm splitting in the lunar tidal potential
considered in Section 4. The present section focuses on the
first of these mechanisms. Theoretically, our analysis is
nothing new. It is based on the Laplace theory [1] that
regards the tidal-variation spectrum to be composed of a
large number of thin lines at combination frequencies, which
are combinations of harmonics of periodic motions of
interacting planets. However, not all frequency combina-
tions are equally intense. The energy distribution over
different combinations depends on the mechanism of plane-
tary action. The tidal-potential spectra of planets are
presented below, but only the tidal-potential spectrum of
Venus is described at length. The spectra ofMars and Jupiter
were examined in a similar manner.

Our theoretical analysis of sea-level fluctuations z was
performed using the Newton formula slightly modified to
take into account certain simplifications arising from the
concrete parameters of the Venusian orbit [15, 16]:

z � �3=2� sin
2 e �cos2 yÿ �1=2� sin2 y� �V=E� �a=RS�3ÿ

1� a2 ÿ 2a cos�oVtÿ Fÿ oEt�
�5=2

� a
�
cos2 oE t� a2 cos2�oV tÿ F�

ÿ 2a cos�oVtÿ F� cosoE t
�
; �33�

where oE � 2p yearÿ1 is the frequency of the Earth's
revolution around the Sun, oV � 10:23 yearÿ1 is the orbital-
revolution frequency of Venus, F � ÿ0:04 is the phase of
motion of Venus in January 1950, a � RV=RS � 0:723 is the
ratio of orbital radii of Venus RV and the Earth RS,
V=E � 0:817 is the mass ratio of Venus and the Earth, a is
the Earth's radius, e � 23�27 0 is the inclination of the Earth's
equator, and y is the latitude of the observation point.

The spectra were constructed for a period from 1950 to
1990 using formula (33). The spectral amplitude was found to
be 0:018� 10ÿ4 cm2 year2 and correspond to a sea-level-
fluctuation amplitude of � 10ÿ5 cm. The spectrum is shown
in Fig. 18a (graph 1).
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Figure 17. Spectrum of atmospheric-pressure variations at point Terne|̄
Sp, calculated over a period from 1966 to 1984 in a period range from

150 days to 8 years (graph 1): Sp1, the spectrum of the signal after the

subtraction of the seasonal component; Sp2, the spectrum after the

subtraction of the main maxima. Frequency o is in yearÿ1.

Table 10. Parameters of lines in the spectrum of atmospheric-pressure
variations at point Terne|̄.

No Phase,
rad

Frequency,
dayÿ1

Amplitude,
mbar

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18

ÿ0.5295
1.5382
ÿ0.3214
1.4863
0.0811
ÿ0.1548
0.4505
1.3767
0.3434
0.1057
ÿ1.3481
ÿ0.0992
ÿ1.0536
0.8210
0.2987
ÿ1.2655
0.5163
ÿ1.2618

0.0044
0.0077
0.0098
0.0124
0.0154
0.0183
0.0195
0.0223
0.0241
0.0252
0.0270
0.0281
0.0291
0.0312
0.0327
0.0361
0.0388
0.0406

ÿ2.6076
3.9651
ÿ6.1437
2.8186
ÿ6.3106
ÿ6.6586
ÿ3.3586
ÿ6.7872
ÿ7.4833
ÿ5.0085
5.2369
3.5963
4.3310
2.6930
ÿ5.2917
7.0674
5.0434
ÿ4.3706
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It can be seen that the spectrum of the Venusian tidal
potential contains several bands, each split into three lines.
The central line of each band is characterized by a maximum
intensity and has the frequency of one of the harmonics of the
synodic period (583.92 days, or 1.598 years). Side lines are
located at a distance of DV � 0:798 yearÿ1. The frequency DV

is a combination of the frequencies of orbital revolution of
Venus (oV � 10:213 yearÿ1) and Earth (oE � 6:2830 yearÿ1)
around the Sun, equal to 5oE ÿ 3oV.

The same Fig. 18 shows the main lines of the tidal-
potential spectra of Jupiter andMars. The spectral structures
of Jupiter and Venus are markedly different because the
orbital radius of Jupiter is considerably larger than that of
the Earth, while variations in the distance between these
planets are much smaller compared with the distance itself;
hence, the intensities of higher harmonics are small. The
maximum spectral line of Jupiter corresponds to the second
harmonic of the period of its revolution around the Sun
(Jupiter's frequency is oJ � 0:5297 yearÿ1, and the period of
the first harmonic is 4p=oJ � 5:931 years). The intensity of

this line is approximately 10 times lower than that of the
strongest Venusian lines. The amplitudes of oscillations at
certain combinations of frequencies oJ and oE, i.e.
oE ÿ 3oJ, oE ÿ oJ, and oE � oJ, are also large. Other
combinations are weaker in the ratio of �D=RJ�2 � 0:037;
RJ is Jupiter's orbital radius.

The strongest lines of the Martian tidal potential are
almost ten times less intense than those of Venus, but also
contain a sequence of bands each composed of three lines.
The central line of each band is the most intense, and its
frequency coincides with a harmonic of the Martian synodic
periodTM (TM � 780 days,oM � 3:336 yearÿ1). Side lines in
individual band are much less intense and lie
DM � 4oM ÿ 2oE � 0:78 yearÿ1 apart. It should be noted
thatDM � DV, and the frequencies of some intense lines in the
spectra of Mars and Venus are very close and poorly
resolvable, as in the case of Jupiter and Venus.

Theoretical estimates for the main spectral lines of tidal
potentials are given for comparisons with the observed ones.

6.5 The theory of planetary-motion-induced variations
in solar irradiance
The tidal force is not the sole source of sea-level perturbations
at combinations in the frequencies of revolution of the Earth
and other planets around the Sun. A certain perturbation is
due to variations in the Earth's orbit under the action of
planets resulting in a change of the distance between the Earth
and the Sun. This change accounts for an alteration in the
total solar irradiance at the Earth. The mechanism of these
perturbation is illustrated below by the example of the
influence of Venus.

Figure 19 is a schematic representation of the motion of
this planet and the Earth around the Sun, positioned at the
origin of the system of coordinates. PlaneX,Y coincides with
the plane of the Earth's orbit. PointsE0 andE1 are the Earth's
positions at the initial time of analysis (1 January 1950) and at
a certain intermediate point t. Points V0 and V1 are the
positions of Venus at the beginning of the analysis (1 January
1950) and at a certain intermediate point t. We denote the
angle between the orbital planes as g. It is assumed to be small
and taken equal to zero for the preliminary estimate.

The distance r between the planets is

r � ÿR 2
S � R 2

V ÿ 2RS RV cos �F1�
�1=2

: �34�

x

x
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Figure 19. Schematic representation of motions of the Earth and Venus.
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Here, RS and RV are the orbital radii of the Earth and Venus,
F1 is the angle between the directions to the Earth and Venus
from the origin of coordinates, F1 � oVtÿ F0 ÿ oE t,
oE � 0:523 monthÿ1 is the Earth's orbital frequency,
oV�0:8511monthÿ1 is the orbital frequency of Venus,
F0 � ÿ0:04 is the phase of motion of Venus in January
1950, and the angle g � 3�23 038:9 00 is small and taken to be
zero hereafter.

The gravitational force A acting from Venus on the Earth
is directed along the line E1V1 and equals A � fMV ME=r

2;
MV � 0:878 ME is the mass of Venus, and
f � 6:7� 10ÿ8 cm2 gÿ1 sÿ3 is the gravitational constant.

Perturbations of the solar energy flux occur as the Earth
moves to the Sun, in proportion to the quantity ÿ2l=RS,
where l characterizes the Earth's displacement toward the
Sun. It depends on the component of force A in the direction
to the Sun, � fMV=r

2� cos d. The angle d between the
directions to the Sun and Venus can be found from the
equation R 2

S � r2ÿ 2RS r cos d � R 2
V.

The radial displacement of the Earth toward the Sun is
given by the equation

d2l

dt 2
� fMV �R 2

S � r2 ÿ R 2
V�

2RS r3
: �35�

The time dependence on the right-hand side of this equation is
related to r. It is a periodic dependence with the Venusian
synodic period TV � 2p=�oV ÿ oE� � 583:92 days. In order
of magnitude, the displacement l is

l � f T 2
V

�2p�2 ME

� gT 2
V a2D

�2p�2�Dÿ RV�3
MV

ME
� 104 km ;

where g and a are the acceleration of gravity (9.8 m sÿ2) and
the Earth's radius (6,370 km), respectively. Such displace-
ments can induce temperature variations � 2l=�DT0� � 0:3�

and atmospheric-pressure variations of � 1 mbar,
(T0 � 300� is the mean temperature at the Earth's surface).
The latter value is in good agreement with the estimated
variations of pressure.

The orbit-perturbation spectrum (35) contains only lines
at harmonics of the planetary synodic period; the line with a
minimal period corresponds to a maximum energy. The
amplitude of the first harmonic is 20 times smaller than that
of the zeroth harmonic.

The frequencies of the observed perturbations do not
satisfy this condition even if only oscillations primarily
generated in the atmosphere are taken into consideration.
Oscillations at combination frequencies can occur as a result
of the Earth's rotation about its axis, its most prominent
effect being a restricted energy exchange between the North-
ern and Southern hemispheres. Variations in the energy flux
coming to one hemisphere need to be considered to estimate
perturbations at combination frequencies. This leads to an
additional variation in the solar-energy flux with a period of
1 year. In this case, the energy incident on the northern
hemisphere is

1

2

ÿ
1� sinE � cos�St� Fl�

�
;

where Fl is the phase of the Earth's revolution around the
Sun. This modulation taken into account, the spectrum
contains additional lines at frequencies k�oV ÿ oE� � oE.
Since spectral lines are substantially different in terms of

intensity, the spectrum is presented in Fig. 18b on a
logarithmic scale. Analogous data for Jupiter are also shown
in the same figure.

It is worthwhile to note that perturbations of the Earth's
motion around the Sun due to Venus are not as great as those
caused by Jupiter. The effect is proportional to the planet's
mass and the square of the period but inversely proportional
to the square of the minimal distance between the planets. In
other words, the relative contribution of Venus compared
with that of Jupiter is

V

J
�MV

MJ

�
RJ

RS ÿ RV

�2 �
TV

TJ

�2

� 10ÿ3 :

This ratio holds for the fundamental harmonic of Jupiter. In
the analysis described above, only secondary harmonics were
examined, which are weaker by a factor ofRS=RJ � 0:2 . This
means that the main lines of Venus and secondary lines of
Jupiter have comparable amplitudes, and the action of both
planets should be taken into consideration in the analysis of
the physical nature of the observed spectral lines of sea-level
fluctuations.

The lunar action produces a similar effect, but the
description needs to be somewhat more complicated. Preces-
sion leads to oscillations of the center of mass of the Earth ±
Moon system with respect to an elliptical orbit. These
oscillations have a period of 18.61 years and an amplitude of
DS � DM=E � 4700 km. They occur in the plane tilted by 5�

from the the orbital plane, that is virtually in the Earth's
orbital plane. The effect of these oscillations is comparable
with that of Jupiter. They should also be regarded as a source
of perturbations on lines SAR and S� SAR.

6.6 Modulation of the Earth's radial-oscillation frequency
An analysis of lunar tides related to oscillations of theMoon's
orbital radius (line Mm) revealed a marked effect of the Sun
on the spectrum formation, which is responsible for the
difference between the periods of oscillatory and rotational
motion of the Moon (see Section 4.2). A similar effect can be
observed in the Sun ±Earth system, which undergoes analo-
gous perturbation by the action of the planets. For remote
planets, such as Jupiter, the perturbation period considerably
exceeds the period of the Earth's orbital motion; therefore,
the perturbation can be regarded as adiabatic. In this case, the
perturbation effect is determined by the parameter

aJ � MJ

MS

�
RE

RJ

�3

� 0:66� 10ÿ5 ;

where MJ and MS are the masses of Jupiter and the Sun,
respectively, and RE and RJ are the orbital radii of the Earth
and Jupiter. The effect creates the difference the difference

doJ � ÿ1:75aoE � ÿ0:19� 10ÿ6 dayÿ1

between the frequencies of radial oscillations and rotation of
the Earth and to modulates the radial oscillations with a
modulation frequency equal to the doubled frequency of
Jupiter's revolution 2oJ with a modulation amplitude
doJ1 � �3=8�aoE. The latter accounts for the broadening of
the spectral line corresponding to the radial-oscillation
frequency and for the appearance of additional lines at
oJk � S� 2koJ. Here, oE and oJ are the orbital frequencies
of the Earth and Jupiter. When doJ1T5 1, the amplitude of
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the additional lines with index k (k is an integer) is
proportional to �doJ1T�2k=�k!�2. In other words, lines with
large k have small amplitudes; virtually, only two additional
lines appear at frequencies oJ1 � S� 2oJ.

The substitution of the known characteristics of Jupiter
and T � 40 years (used for the construction of spectra) gives
doJ1T � 10ÿ3 and a difference between the periods of the
Earth's radial oscillations and rotation of dT � 0:004 day.
This value is smaller than that obtained by astronomers [18],
who accept the values of 365.242 and 365.2596 days for the
revolution period TE1 (tropical year) and the period of radial
oscillations (anomalistic year), respectively. This is quite
natural, since not only Jupiter controls the difference
between the periods. Other planets can exert a similar
influence, and their effects are added.

Thus, the modulation of oscillation frequencies of the
Earth's orbital radius under the action of planets should
produce spectral lines in the vicinity of the peak correspond-
ing to a period of 1 year, at distances �2og from this peak (g
denotes planets Ð Mars, Jupiter, Saturn, etc.). The intensity
of these lines is proportional to the parameter
ag �Mg=MS �RE=Rg�3, where Mg and Rg are the mass and
the orbital radius of a planet, respectively. Generally speak-
ing, these estimates hold only for the case of �RE=Rg�5 1.
However, the use of such an estimate for the analysis of
planetary effects indicates the leading role of Jupiter, Venus,
andMars. The order ofmagnitude of the ratio of intensities of
these lines to the intensity of the maximum at frequency S is
determined by �doJ1T�2. If the known estimate of
doJ1 � 0:00029 yearÿ1 is true, then the intensity of these
lines in the spectra constructed for an observation period of
40 years is more than four orders of magnitude smaller than
the peak intensity at S.

It should be noted that the modulation of the period of
oscillations of the distance between the Earth and the Sun is
due to the precession of the lunar orbit. The Moon's
precession gives rise to variations in the distance between
the center of gravity of the Earth ±Moon system and the Sun
with a period of 18.61 years (corresponding to SAR). As a
result, the potential energy changes; this leads to an increase
in the period and a modulation of the radial-oscillation
frequency. The modulation occurs with a frequency of
2SAR and has an amplitude of doSAR � o2DS=RS. In the
spectrum, it is manifest as additional lines at frequencies
S� 2SARwith an amplitude proportional to doSART � 10ÿ3

and comparable with a similar effect produced by Jupiter.

6.7 Analysis of the observed spectral lines
of sea-level fluctuations
An analysis of the nature of the observed spectral lines
confirms their reality and the possibility of using them for
reliable forecasting of climatic variations. Therefore, such an
interpretation may have some practical implications. Among
the theories reviewed in this paper, only the theory of
modulation of the solar radiation due to the Earth's orbital
oscillations under planetary action (mechanism A) estimates
the variations to be comparable with the observed values in
terms of spectral-maxima amplitudes. Other theories (the
tidal theory and the theory of frequency modulation of
radial motion) yield estimates differing by several orders of
magnitude from the real values. Sea-level fluctuations
estimated based on the theory of gravitational tides (mechan-
ism C) and the theory of frequency modulation (mechanism
B) differ from the actual values by four and two orders of

magnitude, respectively. Therefore, the interpretation of a
line as an effect of the action of mechanism A appears
preferable. These preferences were used here to interpret
spectral lines. All the above mechanisms lead to line-
structured spectra at combinations of the frequencies of
revolution of a given planet and the Earth around the Sun.
However, each mechanism is characterized by specific-energy
distribution patterns among the spectral lines. For this
reason, certain lines cannot be interpreted in terms of the
action of mechanism A, and their appearance has to be
explained on the assumption that mechanism B is an under-
lying cause.

Table 11 shows spectral-line parameters interpreted to be
attributable to mechanism A. Lines numbers are given in the
first column; the second one presents the frequency combina-
tions at which the spectral maxima occur; the third, the
theoretical values of the corresponding periods estimated
from astronomical data (years); the fourth, the logarithms
of the maximum amplitudes (units/month2); the fifth, the
periods calculated from the positions of maxima in sea-level-
fluctuation spectra (years); the sixth, the logarithms of the
ratios of the spectral-maximum amplitudes to the amplitude
at a period of 1 year; and the seventh, the logarithms of the
ratios for the maximum amplitudes in atmospheric-pressure-
variation spectra. The interpreted maxima are presented in
Fig. 18c. Themaximum at frequency SAR cannot be analyzed
because of the low quality of interpretation for such long
periods.

The data in Table 11 demonstrate a good agreement
between the periods, which could not be better, given the
observation period of 40 years. However, the maximum
amplitudes in the spectra of sea-level fluctuations are one
order of magnitude higher than the estimated ones, although,
theoretically, they should be lower.Moreover, there aremany
lines at frequencies coincident with combinations of planetary
revolution frequencies, which should not be observed accord-
ing to theory. This refers in the first place to the line at
frequency S� 2J, the strongest one in the sea-level-fluctua-
tion spectra. This line is symmetric to a maximum at
frequency Sÿ 2J with respect to line S. This is a result of the
periodic influence of Jupiter on the Earth's orbit with a period
of 2J. This interaction was analyzed in the preceding section
and should result in the appearance of lines at frequencies
S� 2J with an intensity four orders of magnitude lower than
that of line S. Both lines are actually observed, but their

Table 11. Spectral lines interpreted in terms of model A.

No Parameters
of fre-
quency
combina-
tion

Theoretical
estimates for the
line: 1, period
(years); 2, logarithm
of amplitude

Spectral lines of
sea-level varia-
tions: 1, period
(years); 2, loga-
rithm of amplitude

Logarithm
of pressure-
spectrum
amplitude

1 2 1 (3) 2 (4) 1 (5) 2 (6) 7

1
2
3
4
5
6
7
8
9

10
11

J

2SÿV
VÿS
SÿJ
S� SAR

2Vÿ2S
V

2Sÿ2J
3Vÿ3S
2SÿJ
2VÿS

11.86
2.673
1.599
1.092
0.946
0.7995
0.6152
0.546
0.533
0.522
0.442

ÿ2.51
ÿ3.28
ÿ1.84
ÿ1.04
ì
ÿ3.27
ÿ3.26
ÿ3.35
ÿ4.01
ÿ2.47
ÿ5.075

11.83
2.686
1.63
1.089
0.945
0.809
0.618
0.545
0.531
0.518
0.440

ÿ1.90
ÿ1.3
ÿ1.1
ÿ1.33
ÿ1.09
ÿ1.4
ÿ1.79
ÿ2.125
ÿ2.16
ÿ1.66
ÿ2.4

ÿ1.98
ÿ1.79
ÿ1.03
ì
ÿ1.94
ÿ1.30
ÿ1.96
ÿ1.8
ÿ1.73
ÿ1.73
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relative intensities are 0.116 and 0.107 respectively, i.e. two
orders of magnitude higher than the theoretical values.

Such a discrepancy agrees with the observed difference
between the periods of the Earth's radius oscillations (line S)
and orbital motion (double period of line 2S). The theoretical
difference between these periods is 0.017 day, which should
virtually not be observed. However, this effect is actually
observable as pronounced variations in the seasonal
dynamics shown in Fig. 14 (graph 6). The real values
obtained by the interpolation of the derived spectral char-
acteristics are as follows: the radial-oscillation period is
365.89 days, and the period of revolution is 364.98 days. A
difference of 1 day between the periods is near the limit of
resolution in the analysis of a 40-year-long observation series
(the actual limit of resolution is 0.5 day). It can therefore be
concluded quite reliably that the theory underestimates the
effect. If so, the relative spectral amplitudes of the additional
lines at planetary periods of S� 2og are also underestimated;
in fact, they should be about two orders of magnitude smaller
than the maximum amplitude at S. The corresponding lines
can be observed in real spectra. Their characteristics are listed
in Table 12.

Table 12 shows spectral-line parameters interpreted to be
attributable to mechanism B. The first column contains line
numbers; the second one, the frequency combinations at
which the spectral maxima occur; the third, the theoretical
values of the corresponding periods estimated from astro-
nomical data (years); the fourth, the logarithms of the ratios
�Mg=ME�2 �RE=Rg�6 theoretically proportional to the spec-
tral-maximum amplitude; the fifth, the period values calcu-
lated from the positions of maxima in sea-level-fluctuation
spectra (years); the sixth, the logarithms of the ratios of the
spectral-maximum amplitudes to the amplitude at a period of
1 year; and the seventh, the logarithms of the ratios for the
maximum amplitudes in atmospheric-pressure-variation
spectra. The interpreted maxima are presented in Fig. 18c.

The data in Table 12 demonstrate good agreement
between the periods. However, the amplitudes of the maxima
in the spectra of sea-level fluctuations do not agree quite well
with those found theoretically. The largest difference is
observed in the case of line No 1 because it occurs against
the background of the strong line corresponding to a period
of SAR (18.613 years). The table also includes two lines with
periods of S� 2SAR. They result from the modulation of the
period of oscillations in the distance between the Sun and the
Earth associated with the regression of lunar orbital nodes.
These lines are clearly seen in the spectrum. A part of the

spectrum of sea-level fluctuations after the subtraction of
seasonal variations in the vicinity of line S is shown in Fig. 20.

Figure 20 illustrates the positions of the identified lines.
Evidently, most of the observed intense lines find a rational
interpretation based on theoretical estimates considered in
the previous sections. Positions of minor maxima can be
interpreted if the positions of lines associated with tidal
potentials are included in the analysis. By way of example,
line 3Mÿ 3S of theMartian tidal potential is distinguished in
Fig. 20. Its intensity is several orders of magnitude higher
than the theoretical value. However, certain strong lines fail
to be interpreted. One of them is labeled by a question mark.
In other words, the interpretation of spectral lines remains an
object of investigation. This, however, should not obscure the
main fact that the lines are a physical reality describing
periodic climatic variations; the phase and the amplitude of
the lines can be used for long-term forecasting of climatic
changes.

Although our primary objective was to prove the reality
of periodic climate variations, the study revealed in parallel
the interesting physical fact that there are marked differ-
ences between the periods of the Earth's orbital revolution
and oscillations in the distance between the Earth and the
Sun. Both these phenomena should contribute to the
formation of line S, which therefore should consist of two
complex peaks, resembling line Mm related to the lunar
motion. This suggests that the analysis of spectra of sea-
level fluctuations over periods of 100 and 200 years may be
instrumental in resolving the components of this peak and
accurately determining the period of radial oscillations, the
evaluation of which by astronomical methods is of dubious
accuracy.

7. Conclusion

It can be concluded that the line structure distinguishable in
the constructed spectra of atmospheric pressure and tempera-
ture variations with periods ranging from 10 days to 10 years
reflect real physical processes that remain periodic (coherent)
for tens of years.
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Table 12. Spectral lines interpreted in terms of model B.

å Parameters
of fre-
quency
combina-
tion

Theoretical esti-
mates for the line:
1, period (years);
2, logarithm of
amplitude

Spectral lines of
sea-level varia-
tions: 1, period
(years); 2, loga-
rithm of amplitude

Logarithm
of pressure-
spectrum
amplitude

1 2 1 (3) 2 (4) 1 (5) 2 (6) 7

1
2
3
4
5
6
8

2MÿS
Sÿ2J
Sÿ2SAR
S� 2SAR

S� 2J

S� 2M

2VÿS

15.79
1.202
1.120
0.903
0.8557
0.484
0.442

ÿ3.56
0.708

ì
ì
ÿ0.708
ÿ3.56
0.668

15.39
1.192
1.119
0.903
0.861
0.486
0.440

ÿ1.35
ÿ0.93
ÿ1.35
ÿ1.54
ÿ0.97
ÿ2.03
ÿ2.04

ÿ2.7
ÿ2.05
ÿ1.67
ÿ2.08
ÿ2.3
ÿ1.82
ÿ1.73
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Spectral lines should be thoroughly distinguished and
quantified to be suitable for predicting the majority of
variations with a time resolution of 10 days and reliably
forecasting climate changes for tens of years in advance. The
existing practice of smoothing these lines and adjusting the
available observational data to a representation in terms of a
random process leads to the loss of useful information.

Prognosis of pressure variations provides a solid basis on
which to forecast weather and climate changes caused, in the
first place, by astronomical factors. The elucidation of the
nature of spectral lines can make it possible to use astronom-
ical observations of planetary motions to improve the
accuracy of forecasting. The intense planetary action on the
Earth, which does not reduce to gravitational effects,
influences atmospheric processes and thus induces climatic
variations. The mechanism of this action consists of the
modulation of the solar-energy flux due to oscillations in the
orbital position of the Earth. This action is seriously
perverted by the Earth's rotation, which leads to additional
climatic variations not only at the harmonics of the planet's
synodic period but also at the first combination of these
harmonics with the frequency of the Earth's revolution
around the Sun.

An interesting physical fact described in this review is the
marked difference between the periods of the Earth's orbital
revolution and oscillations in the distance between the Earth
and the Sun. These processes are involved in the formation of
line S. This should be a composite line containing two
complex peaks and resembling line Mm related to the
Moon's motion. In the context of a study of this phenom-
enon, it is of great interest to analyze sea-level-fluctuation
spectra using periods of 100 and 200 years, which could make
it possible to resolve the components of the peak and
accurately determine the period of radial oscillations, the
astronomical estimate of which appears doubtful.

Some of the above findings can be used in the research
practice.

1. The understanding of the periodic nature of climatic
variations with the most intense fluctuations at the periods of
Jupiter's revolution (11.8 years) and regression of lunar
orbital nodes (18.6 years) may be useful in analyzing the age
of Holocene deposits to develop methods for tracing geologic
catastrophes. It is this finding that seems to be the most
valuable result of this study. These periodic variations were
considered in the corresponding section of this review.

2. Fine-structure analysis of the spectral lines of tidal
variations at the lunar rotation frequency contributes to a
more accurate evaluation of lunar motion and can be used in
astronomy for studies of the Moon's orbital evolution [38].

3. Also important for future research is the possibility of
comparing spectral-line amplitudes of atmospheric-pressure
and sea-level variations. The amplitude ratios may differ
considerably, but most of them concentrate near two values,
1 mbar2 cm2 and 0.3 mbar2 cmÿ2. The classification of lines
based on this characteristic allows the origin of fluctuations to
be identified as atmospheric or oceanic [39].
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