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Abstract

This study investigates the existence of a multi-frequency spectral coherence between planetary and global surface temperature oscil-
lations by using advanced techniques of coherence analysis and statistical significance tests. The performance of the standard Matlab
mscohere algorithms is compared versus high resolution coherence analysis methodologies such as the canonical correlation analysis.
The Matlab mscohere function highlights large coherence peaks at 20 and 60-year periods although, due to the shortness of the global
surface temperature record (1850–2014), the statistical significance of the result depends on the specific window function adopted for pre-
processing the data. In fact, window functions disrupt the low frequency component of the spectrum. On the contrary, using the canon-
ical correlation analysis at least five coherent frequencies at the 95% significance level are found at the following periods: 6.6, 7.4, 14, 20
and 60 years. Thus, high resolution coherence analysis confirms that the climate system can be partially modulated by astronomical
forces of gravitational, electromagnetic and solar origin. A possible chain of the physical causes explaining this coherence is briefly
discussed.
� 2016 COSPAR. Published by Elsevier Ltd. All rights reserved.

Keywords: Planetary oscillations; Solar oscillations; Climate oscillations; Coupling between planetary, solar and climate oscillations; Advanced method of
spectral coherence analysis
1. Introduction

The planets and the sun generate the gravitational and
electromagnetic fields present in our solar system. Because
the orbital movements of the planets is periodic and highly
synchronized (Scafetta, 2014a), a component of these
forces varies harmonically. As a result, oscillations in the
sun and, directly or indirectly, in the atmosphere–ocean
system could emerge yielding specific climatic oscillations
(cf.: Mörner, 2013; Mörner et al., 2013). A collective syn-
chronization of coupled oscillators, where weak periodic
forces can synchronize an entire system to specific internal
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or external forcing frequencies, may be involved in this
complex process (cf. Strogatz, 2009).

Indeed, a planetary theory of solar and climate oscilla-
tions has been proposed since antiquity by a large number
of authors such as Ptolemy et al. (1940), Ma’Sar (886) and
Kepler (1979). All ancient civilizations advocated it based
on their observations of the sky and understanding of geo-
physical and sociological phenomena (cf. Temple, 1998).

For example, the existence of a complex solar and lunar
influence on the tidal system has been well-accepted since
antiquity and today it is established science. The tidal phe-
nomenon is studied in details at multiple time scales (cf.
Wang et al., 2012). When in the 19th century the 11-year
solar cycle was discovered, Wolf (1859) commented that
the variations of the spot-frequencies could depend on
the influences of Venus, Earth, Jupiter and Saturn.
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Milankovitch (1930)’s orbital oscillations are today well-
known to induce periodic climatic glaciations (cf. Roe,
2006). Numerous evidences for a solar influence on the cli-
mate at multiple scales are also well-known (e.g. Hoyt and
Schatten, 1997). More recently, several authors have advo-
cated a planetary theory of solar and climate oscillations
on shorter scales (e.g. Abreu et al., 2012; Charvátová,
2009; Cionco and Soon, 2015; Hung, 2007; Jakubcová
and Pick, 1986; Jose, 1965; McCracken et al., 2013, 2014;
Mörner et al., 2013; Mörner, 2015; Puetz et al., 2014;
Salvador, 2013; Solheim, 2013; Tan and Cheng, 2013;
Tattersall, 2013; Wilson, 2013), which includes some of
my studies (e.g. Scafetta, 2010; Scafetta, 2012a,b;
Scafetta, 2014a; Scafetta and Willson, 2013a,b; Scafetta
et al., 2013).

Several of the latter studies have pointed out that solar
dynamics appears to be the result of interfering harmonic
modes coherent to planetary harmonics. The proposed
planetary-based solar harmonic models have reconstructed
and hindcast several features of solar variability during the
last 1000 years and during the entire Holocene. For exam-
ple, these models have been able to approximately recon-
struct the 11-year solar cycle variation using a
combination of the orbits of Venus, Earth, Jupiter and
Saturn (Hung, 2007; Salvador, 2013; Scafetta, 2012a,b;
Wilson, 2013). By doing so, these models have hindcast
the occurrence of grand solar minima such as the Maunder,
Dalton and others, a quasi millennial solar oscillation, and
have forecast a new grand solar minimum by 2030 (cf.
Mörner, 2015). Also alternative studies (e.g. Shepherd
et al., 2014) have argued that solar activity could be made
of interfering harmonic modes that should yield a grand-
minimum around 2030.

A coupling between planetary oscillations and climate
change must necessarily involve a complex and long chain
of physical mechanisms that are being investigated in the
scientific literature. First, gravitational and electromagnetic
planetary forces need to partially modulate solar activity:
some authors have proposed how this can happen (e.g.
Abreu et al., 2012; Scafetta, 2012b; Wolff and Patrone,
2010). The variation of solar activity would then modulate
both total solar irradiance and, probably more impor-
tantly, the intensity and the dynamics of the solar wind
and of the cosmic ray flux. The latter influence the ioniza-
tion level of the atmosphere (e.g. Svensmark, 1998; Kirby,
2007) and the Earth’s electric circuit and, consequently,
modulate cloud formation and regulate the Earth’s albedo
(Tinsley, 2008; Svensmark et al., 2009; Svensmark et al.,
2012). Finally, an astronomically induced albedo variation
could easily induce climatic variations. In fact, if the
Earth’s albedo oscillates by just a few percent driven by
astronomical forcings, the resulting oscillations should be
sufficient to induce the observed climatic oscillations
because these are of the order of a fraction of Celsius
degree. The hypothesis that, together with the more tradi-
tionally accepted solar irradiance forcing (cf. Hoyt and
Schatten, 1997), there might be a particle-based astronom-
ical forcing of the atmospheric chemistry partially modu-
lated by oscillations coherent to the planetary ones, is
confirmed by the fact that planetary oscillations have been
observed also in aurora’s records since 1600 (Scafetta and
Willson, 2013a).

However, evaluating the statistical significance of the
empirical result is complicated. While basic astronomy deter-
mines accurately the major gravitational oscillations of the
solar system due to the planetary revolution around the
sun, the analysis of the climate is more problematic. Any
coupling between astronomical and climate records could
be masked by non-linearities, errors of measure and by a cli-
matic variability driven by alternative internal and anthro-
pogenic mechanisms, which are typically non-harmonic. To
reduce the uncertainty, long and accurate global climatic
records should be analyzed so that the non-harmonic cli-
matic components could be filtered out and the hypothesized
harmonic astronomical component could emerge more
clearly. Yet, accurate global climatic records are short (about
165-year long) and, therefore, spectral coherence evaluations
can be ambiguous (cf. Scafetta, 2014a).

Scafetta (2014a, Fig. 5) used the JPL’s HORIZONS
Ephemeris system to calculate the wobbling and the speed
of the Sun from 12 December 8002 BC to 24 April 9001
AD to demonstrate that the major gravitational oscilla-
tions of the solar system are approximate harmonics of a
178.4-year base period: that is the period of the planetary
harmonics is about Pn � 178:4=n year with n ¼ 1; 2; 3 . . .
(cf. Jakubcová and Pick, 1986). For example, two major
oscillations of the solar system already noted since antiq-
uity (Ma’Sar, 886; Kepler, 1606) are the quasi 20-year
conjunction period of Jupiter and Saturn and their quasi
60-year trigon, which are the 9th and 3rd harmonic of the
178.4-year base period, respectively, while the orbital peri-
ods of the four Jovian planets (Jupiter, 11.86 year; Saturn,
29.46 year; Uranus, 84.01 year; and Neptune, 164.8 year)
are roughly the 15th, 6th, 2nd and 1st harmonics of the
178.4-year base period. Thus, the climate could be expected
to be modulated by a large number of close astronomically-
induced frequencies, as already well-know to occur for the
tidal system (cf. Wang et al., 2012).

A major statistical problem usually encountered in natu-
ral science is that spectral analysis is able to solve close fre-
quencies and their beats only if the analyzed record has a
minimum length of the same order of magnitude of the base
period of the harmonic generating sequence. Therefore,
because a relevant set of astronomical frequencies is made
of harmonics of a 178.4-year base period, a minimum spec-
tral resolution of about 1/178.4 year�1 is required for a sig-
nificant analysis. Unfortunately, the 165-year long climatic
record is of the same order of magnitude of the 178.4-year
base period. Thus, to determine unambiguously the statisti-
cal confidence of the spectral results could require the adop-
tion of advanced techniques of analysis because such an
outcome could be algorithm dependent.
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Here I show that the popular Matlab magnitude
squared coherence (MSC) mscohere algorithm (Welch
et al., 1967) produces ambiguous results. This algorithm
does find large spectral coherence peaks at about 20- and
60-year periods (cf. Holm, 2015), confirming the direct
spectral analysis comparison first proposed in Scafetta
(2010) and confirmed in (Scafetta, 2014a, Figs. 8 and 12),
but their 95% significance level is ambiguous. I show that
this result depends on the window function algorithm
adopted for pre-processing the data. Generic arguments
suggest that the most appropriate window function to be
used to address this specific case could be the triangular
one. However, the major problems appear to be (1) the dis-
ruption of the low-frequency component of the spectrum
caused by the window function pre-processing itself and
(2) the too low spectral resolution of the Matlab mscohere
algorithm. Thus, the Matlab mscohere algorithm is inade-
quate for comparing the multi-decadal scales of the avail-
able 165-year long temperature sequence and of the
astronomical record.

For the above reason, more advanced, high resolution
coherence analysis methodologies were searched in the lit-
erature and, for the first time, were adopted to address
astronomical and geophysical data. I will show that the
canonical correlation analysis by Santamaria and Via
(2007), which appears to be the most advanced technique
of coherence analysis available, finds five coherent frequen-
cies between planetary and climatic records at the 95% sig-
nificance level at the following periods: 6.6, 7.4, 14, 20 and
60 years.

In conclusion, the empirical evidence about the existence
of a coupling between astronomical and climate oscilla-
tions is statistically significant and, consequently, it is
worth to further investigate the theory of a planetary mod-
ulation of solar activity and climate change.
2. Methods: alternative magnitude squared coherence (MSC)

algorithms

The Matlab MSC mscohere algorithm is based on the
Welch’s averaged modified periodogram method (http://
it.mathworks.com/help/signal/ref/mscohere.html) (Rabiner
and Gold, 1975; Welch et al., 1967). The magnitude squared
coherence estimate is a function of frequency that takes
values between 0 and 1, which indicate how well a signal
xðtÞ corresponds to a signal yðtÞ at each frequency. MSC
is a function of the power spectral densities, Pxxðf Þ and
Pyyðf Þ, and of the cross power spectral density, Pxyðf Þ, of
xðtÞ and yðtÞ that is defined as:

Cxyðf Þ ¼ jPxyðf Þj2
Pxxðf ÞPyyðf Þ ð1Þ

Because the mscohere algorithm is based on the traditional
Fourier periodogram algorithm, the uncertainty associated
to a spectral peak is given by rf ¼ �1=2L or
rp ¼ �p2=2L, where L is the length of the record and
f ¼ 1=p is the frequency associated to the detected spectral
peak (cf. Scafetta, 2014a, Eq. (3)). Thus, lower the fre-
quency of interest and larger is its uncertainty. For exam-
ple, a low frequency peak is characterized by a large
uncertainty lobe in a periodogram plotted in function of
the period. The traditional Fourier periodogram is more
optimized for higher frequencies detection than for lower
frequencies detection. Moreover, if a signal contains two
close frequencies, f 1 and f 2, they can be separated by the
periodogram only if jf 2 � f 1jJ 1=2L or, alternatively, if
the length of the record is LJ 1=2jf 2 � f 1j. Thus, longer
record are required to separate closer frequencies. Fourier
based coherence functions such as Eq. (1) are characterized
by the same uncertainty properties and statistical limita-
tions discussed above.

Furthermore, in Fourier analysis a signal is also pre-
processed using a window function such as, for example,
the rectangular, the triangular, the Hann, the Hamming,
the Blackman ones. These functions are zero-valued out-
side some chosen interval corresponding typically to the
length L of the analyzed record or to a subset of it (cf.
Press et al., 2007). The purpose of using window functions
is to reduce the spectral leakage that could disrupt the peri-
odogram. This problem is particularly relevant in experi-
mental science when only short records of data are
typically available.

However, the window function pre-processing severely
alters the geometrical properties of the signal: see the
Appendix A. Therefore, the periodogram function depends
also on the adopted window function. For some applica-
tions (e.g. analyzing transient signals, self-windowing sig-
nal, pseudo-random noise excitation signal with period T,
etc.) using window functions is not advised because they
would disrupt the relevant information searched in the sig-
nal. Window functions heavily disrupt the very low fre-
quency component of the spectrum too, because they
introduce spurious very low frequencies that beat with
the lower frequencies of the record disrupting them. Thus,
using window functions when the scientific interest is in
analyzing the low frequency component of the spectrum
could yield misleading conclusions.

The Matlab MSC mscohere algorithm comes with 17
alternative window functions (http://it.mathworks.com/
help/signal/ref/window.html). The choice of the window
function depends on the expected signal frequency content.
In this regards, Hongwei (2009) commented: ‘‘If the signal
contains strong interfering frequency components distant

from the frequency of interest, choose a window with a high

side lobe roll-off rate. If there are strong interfering signal

near the frequency of interest, choose a window with a low

highest side lobe level. If the frequency of interest contains

two or more signals very near to each other, then frequency

resolution is very important. It is best to choose a window

with a very narrow main lobe. If the amplitude accuracy of
a single frequency component is more important than the

exact location of the component in a given frequency bin,

choose a window with a wide main lobe. If the signal

http://it.mathworks.com/help/signal/ref/mscohere.html
http://it.mathworks.com/help/signal/ref/mscohere.html
http://it.mathworks.com/help/signal/ref/window.html
http://it.mathworks.com/help/signal/ref/window.html
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spectrum is rather flat or broadband in frequency content, use

the Rectangle Window. In general, the Hanning Window has

good frequency resolution and reduced spectral leakage. It is

satisfactory in 95% of cases.”

As explained in the Introduction, for the phenomenon
herein under study the spectrum is not characterized by just
a single frequency of interest. Several frequencies of interest
span from the low to the high frequency components, and
these harmonics are also beating among them. Thus, it is
not evident how a window function should be preferred
above another. For example, Holm (2015) used MSC algo-
rithms with Kaiser window with parametric value b ¼ 6,
and claimed that the planetary theory of climate oscillation
needs to be dismissed because, although the coherence
analysis showed very strong peaks at 20 and 60-year
periods, these peaks would not meet the 95% statistical
Fig. 1. (A and B) Wobbling of the Sun relative to the center of mass of the sola
system, SCMSS. The quasi 20- and 60-year oscillations are highlighted. (From
confidence level. However, the Kaiser window with b ¼ 6
is relatively narrow and, as shown in the Appendix A, it
heavily disrupts the multidecadal scale of the temperature
records that needed to be investigated. Thus, like other
window functions, the Kaiser window is definitely not
appropriate for our analysis. In general, the adoption of
window functions could be safe if the scale of interest is
at least 1 order of magnitude smaller than the window
length. In this situation it is instructive to test several win-
dow functions using their Matlab default parameter values,
which are the most commonly used, and study their perfor-
mance to check whether common features emerge from
multiple analyses and whether a specific window function
provides clearer results. Some window functions are not
parametric, others are parametric. In the latter case the
Matlab default parametric values are herein used as
r system. (C) The speed of the sun relative to the center of mass of the solar
Scafetta, 2014a).
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follows: Kaiser (b ¼ 0:5), Tukey (r ¼ 0:5), Chebyshev
(r ¼ 100:0 dB), and Taylor (nbar ¼ 4; sll ¼ �30 dB).

In any case, as Hongwei (2009) noted, the most impor-
tant property that spectral analysis should fulfill to solve
the spectrum is its spectral resolution. This ability cannot
be improved significantly by simply changing the window
function of the mscohere method. The spectral resolution
can be improved only in two ways: (1) by increasing the
length of the analyzed data that, unfortunately, is not an
available option because the experimental global surface
temperature record is available only since 1850; (2) by
Fig. 2. (A) Annually resolvedHadCRUT global surface temperature. (B) Powe
95% statistical confidence levels. Note the quasi 20- and 60-year period spectr
using alternative coherence algorithms that produce shar-
per and noisy free coherence peaks. Therefore, I looked
for alternative methods of analysis that are characterized
by a spectral resolution higher than what the mscohere
method can offer.

To improve the spectral resolution of the Fourier peri-
odogram at the lower frequency range of the spectrum
the maximum entropy method (MEM) based on autore-
gressive models of the data has been developed (Press
et al., 2007). Analogously, alternative MSC algorithms
have been proposed such as the minimum variance
r spectra (MEM and MTM) of the temperature record against the 99% and
al peaks. (From Scafetta, 2014a).
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distortion-less response (MVDR) (Benesty et al., 2006) and
a technique based on a reduced-rank approximation of the
estimated coherence matrix using the canonical correlation
analysis (CCA) (Santamaria and Via, 2007). The authors of
both MSC methods have used several computer simula-
tions to demonstrate that their proposed techniques per-
form significantly better than the Matlab mscohere
algorithms. In particular, the CCA method was shown to
provide sharper and noisy free MSC estimates also over
the MVDR method (cf. Santamaria and Via, 2007).

MVDR-MSC is based on the evaluation of the follow-
ing MSC equation:

c2xyðxÞ ¼
SxyðxÞ
�� ��2

SxxðxÞSyyðxÞ ¼
fHR�1

xx RxyR
�1
yy f

���
���
2

fHR�1
xx f

� �
fHR�1

yy f
h i ð2Þ

where SðxÞ is the cross-spectrum and R is the cross-
correlation (L� L) matrix between the input time
series xðtÞ and yðtÞ, and f is a vector made of the harmonics

of x; f jðxÞ ¼ eixj=
ffiffiffi
L

p
, with j ¼ 0; 1; . . . L� 1, where L

is the window length. By mathematical construction
0 6 c2xyðxÞ � 1, and c2xyðxÞ theoretically approaches to 1 if

the two original sequences present a common major har-
monic at the frequency x. CCA–MSC is based on the
reduced rank coherence matrix as evaluated in the follow-
ing equation:

Ŝx1x2ðxkÞ ¼ fHk R̂
1=2
x1x1

~Cx1x2R̂
1=2
x2x2

fk; ð3Þ
Fig. 3. (A) Annually resolvedHadCRUT global surface temperature detrended
quasi 60-year oscillation in the record with maxima around 1880, 1940 and 20
where ~Cx1x2 is the reduced-rank version of the coherence

matrix and R̂ are the correlation matrices. Both techniques
are able to produce very sharp coherence peaks and, there-
fore, are optimal to study the low-frequency range of a
power spectrum.

The statistical significance of the MSC peaks are evalu-
ated using Monte Carlo simulations based on the non-
parametric random phase method for serially correlated
data (cf. Traversi et al., 2012, Appendix). The method aims
to compare the original coherence curve Cxyðf Þ against syn-
thetic coherence curves obtained with Monte Carlo simula-
tions characterized by identical Fourier spectra with
randomized phases yielding to curves with alternative geo-
metrical patterns. The specific methodology proposed here
is based on the following steps: (1) the FFT-transforms of
the original xðtÞ and yðtÞ series are computed, the phases
are randomized and the records are FFT-transformed back

(x!FFT f x !rand:phase
f 0
x !FFT

�1

x0 and y !FFT f y !rand:phase
f 0
y !FFT

�1

y0); (2)

coherence functions are calculated between the phase-
randomized sequences and the original series
(Cx0yðf Þ;Cxy0 ðf Þ and Cx0y0 ðf Þ); (3) steps 1 and 2 are repeated
N = 1000 times to obtain three correspondent sequences of
coherence functions, and for each frequency every sequence
is sorted from the smallest to the largest value to obtain
new coherence curves (Cx0y;iðf Þ;Cxy0;iðf Þ and Cx0y0;iðf Þ, with
i ¼ 1; 2; 3; . . . ;N ); (4) Finally, in each case the statistical
90% and 95% significance level curves are defined by setting
i ¼ 0:90N and i ¼ 0:95N , respectively. A coherence spectral
of a parabolic trend of the type f ðtÞ ¼ aðt � 1850Þ2 þ b, which highlights a
00.
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peak found in Cxyðf Þ is 90% or 95% significant if it is higher
than the obtained 90% and 95% significance level curves,
respectively. The method evaluates which peaks in Cxyðf Þ
are likely not accidental within the chosen statistical confi-
dence level.
3. Data analysis

Fig. 1 depicts the wobbling of the sun and its speed rel-
ative to the center of mass of the solar system. This record
is used just as a proxy to calculate the internal gravitational
oscillations of the heliosphere due to the movements of the
planets. Other functions of the position of the planets could
be chosen as well but all these functions share a common
set of frequencies because they depend on the same peri-
odic variables (cf. Bucha et al., 1985). The data were ana-
lytically obtained using the JPL’s HORIZONS Ephemeris
system (http://ssd.jpl.nasa.gov/?horizons). Fig. 1C high-
lights the quasi 20- and 60-year oscillations present in this
record due to the combined orbits of Jupiter and Saturn.

Fig. 2A depicts the HadCRUT global surface annual
temperature (Brohan et al., 2006) from 1850 to 2014. This
record is used as a climate global index and it is preferred
Fig. 4. Four alternative magnitude squared coherence measures between the gl
windows were used. (A) the Matlab mscohere method with the Hanning windo
MVDR-coherence analysis; (D) the canonical correlation analysis. The 20- an
to other similar temperature records because it was used in
previous works (cf. Scafetta, 2010, 2014a). Fig. 2B depicts
two alternative power spectra (maximum entropy method -
MEM- and the multi taper method -MTM-) against the
95% and 99% confidence levels of the experimental error
of measure of the data highlighted in Fig. 2A, as done in
Scafetta (2014a). Fig. 2B reveals the existence of quasi
20- and 60-year spectral peaks in the temperature record
suggesting an evident spectral coherence with the astro-
nomical record depicted in Fig. 1.

At first sight the records depicted in Figs. 1 and 2 look
quite different from each other. However, the purpose of
the present study is to check whether these two records
are characterized by a common set of frequencies indepen-
dently of their relative weight or amplitude. This compar-
ison is properly achieved by MSC analysis.

Fig. 3 depicts the temperature record detrended of a

quadratic fit function of the type f ðxÞ ¼ aðt � 1850Þ2 þ c,
which is used to extract the accelerating observed warming,
as first proposed in Scafetta (2010). This process is required
to eliminate the evident non-stationarity of the global
surface record that needs to be removed for improving
the resolution of the coherence analysis. Scafetta (2014b)
obal surface temperature record and the SCMSS record. 110-year segment
w; (B) the Matlab mscohere method with the rectangular window; (C) the
d 60-year oscillations are highlighted with their uncertainty bell width.

http://ssd.jpl.nasa.gov/?horizons


2128 N. Scafetta / Advances in Space Research 57 (2016) 2121–2135
demonstrated that on 110-year or longer sequences a quad-
ratic function is orthogonal to a 60-year or faster oscilla-
tions. Therefore, this detrending process does not disrupt
the spectrum for 60-year or shorter periods, which is the
range of interest of the present research.

The observed secular warming trend is typically associ-
ated with anthropogenic forcing and with long scale solar
and other natural forcings (cf. IPCC, 2013; Scafetta,
Fig. 5. Matlab magnitude squared coherence mscohere method with the Hanni
Monte Carlo simulations based on the non-parametric random phase method is
on the non-parametric random phase method is applied to the astronomical re
year peak pass or not the 95% significance level. (For interpretation of the refere
of this article.)
2013). It can be treated as a climatic component indepen-
dent from the 60-year and shorter scales herein of interest.
As the figures shows, the adopted quadratic detrending
clearly highlights that the surface temperature record is
characterized by a quasi 60-year oscillation with maxima
around 1880, 1940 and 2000, as first detailed in Scafetta
(2010, Figs. 1 and 10) and demonstrated also using
advanced Fourier filters (Scafetta, 2013). Indeed, the
ng window (blue) vs. 90% (green) and 95% (red) significance levels. (A) The
applied to the temperature record. (B) The Monte Carlo simulations based
cord. The ‘‘pass” or ‘‘not pass” labels refer to whether the quasi 20- or 60-
nces to colour in this figure legend, the reader is referred to the web version
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existence of a quasi 60-year oscillation since 1850 is con-
firmed by all major climatic indexes (cf. Scafetta, 2014b;
Wyatt and Curry, 2014); it appears in the GISP2 Green-
land ice core temperature record throughout the Holocene
(cf. Davis and Bohling, 2001) where it is very clear since
1350 (Scafetta et al., 2013, Fig. 1), in Atlantic and Pacific
temperature proxies since 1500 and in Indian monsoon
records since 1830 (e.g. Scafetta, 2010), in the sea level
and North Atlantic Oscillation (NAO) records since 1700
(cf. Scafetta, 2014b) and it is also present in global surface
temperature proxy reconstructions since the medieval times
(cf. Qian and Lu, 2010).

As explained in the Introduction, the coherence analysis
is herein used with correlation matrices based on 110-year
overlapping segments because this is the shortest segment
necessary to solve the beats of the major frequencies of
Fig. 6. Matlab magnitude squared coherence mscohere method with the 9 alter
levels. The Monte Carlo simulations based on the non-parametric random pha
labels refer to whether the quasi 20-year or 60-year peak pass or not the 95% sig
legend, the reader is referred to the web version of this article.)
interest, as demonstrated in Scafetta (2014a, Table 1).
Longer segments could be used, but the statistics of the
MSC algorithms requires correlation matrices that need
several segments and, on a 165-element long record, just
56 overlapping segments would be available using 110-
year windows. Shorter windows such as 20- to 60-year long
would increase the number of segments and make some of
them also non-overlapping, but this choice would make the
MSC techniques useless for our purpose. In fact, such short
segments would have a so low spectral resolution that the
MSC algorithm would be unable to detect the frequencies
of interest, in particular the 20 and 60-year periods, as
demonstrated in Scafetta (2014a, Fig. 11) and confirmed
in Holm (2015).

For similar reasons also wavelet-based coherence meth-
ods, such as those also adopted by Holm (2015), should be
native window functions (blue) vs. 90% (green) and 95% (red) significance
se method is applied to the temperature record. The ‘‘pass” or ‘‘not pass”
nificance level. (For interpretation of the references to colour in this figure



Fig. 7. The magnitude squared coherence canonical correlation analysis
(blue) vs. 90% (green) and 95% (red) significance levels. (A) The Monte
Carlo simulations based on the non-parametric random phase method
when applied to the temperature record. (B) The Monte Carlo simulations
based on the non-parametric random phase method when applied to the
astronomical record. (C) The Monte Carlo simulations based on the non-
parametric random phase method when applied to both the astronomical
and the temperature records. Multiple peaks pass the 95% significance
level at about 6.6, 7.4, 14, 20 and 60 years when MSC > 0:5. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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avoided. In fact, these techniques adopt wavelets whose
length scales with the analyzed period. In fact, a scale per-
iod p is usually analyzed by a wavelet with three oscilla-
tions, that is with a wavelet with a total length of about
3p (e.g. using the Morlet wavelet). Thus, with wavelets only
chaotic beat patterns could be highlighted for most of the
high frequency spectrum. On the contrary, for our purpose
we need to solve the expected beats among the various
expected harmonics and, therefore, the segment length
should not scale with the frequency as required by the
wavelet algorithm. As explained above, the segments must
be kept at least at the same order of the 178.4-year astro-
nomical base period (e.g. LJ 110 year). However, with
wavelets this condition would not be met for scales smaller
than 35 years, and for scales close to 60 years the number
of available segments would be too small.

Finally, the fact that minimal windows of about 110-
years need to be used to meet the spectral resolution
requirements and significantly larger windows cannot be
used for the shortness of the data, implies that windows
functions used to pre-process the data in the mscohere
method should be wide and not narrow. For example,
Holm (2015) used segments of 109-year pre-processed with
the Kaiser-Bessel window with b ¼ 6, whose waveform
attenuates by 80–100% about a third of the window record:
see the Appendix A. Thus, using this window function on a
109-year long segment is approximately equivalent to use
about 70-year long segments instead of the original 109-
year long one; and 70-year long segments is too short for
a significant analysis.

Fig. 4 compares four alternative magnitude squared
coherence spectra: (a) the Matlab mscohere method with
Hann window; (b) the Matlab mscohere method with the
rectangular window; (c) the MVDR-coherence analysis;
(d) the MSC canonical correlation analysis. Fig. 4A and
B demonstrate that in our situation the Matlab mscohere
method is unstable and produces poor quality diagrams.
In fact, the coherence curves are quite different from each
other demonstrating a strong dependency on the window
function algorithm. In addition, the observed peaks at
about 20- and 60-year periods are very wide and not well
centered at the expected frequencies derived from direct
spectral analysis comparison (Scafetta, 2014a). Using the
Hann window, the 60-year peak is observed between 50
and 60 years while with the rectangular window the same
peak ranges between 55 and 80 years. The two Matlab
mscohere curves present peaks curve with heavily distorted
bell patterns as one would expect from data too corrupted
by the pre-processing of window functions. On the con-
trary, Fig. 4C and D demonstrate the good performance
of the MVDR-coherence analysis and of the canonical cor-
relation analysis. The two curves are coherent with each
other and appear cleaner and smoother than those pro-
duced by the mscohere method. The expected peaks are
sharper and very centered at the expected coherence fre-
quencies such as at the 20- and 60-year periods. In partic-
ular, Fig. 4D also highlights coherence peaks at about 6.6,
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7.4 and 14 years, which were already observed in the
MEM-based time frequency comparison between the astro-
nomical and the climatic records (Scafetta, 2014a, Fig. 8).

Figs. 5–7 depict alternative MSC results (blue) with
added the evaluated 90% (green) and 95% (red) confidence
statistical levels, as explained above. The Monte Carlo test
was applied to the temperature record while the astronom-
ical record was kept unaltered, and vice versa. Fig. 5 uses
the Matlab mscohere method with Hann window function
and shows that the 20-year MSC peak passes the 95% con-
fidence level while the 60-year MSC peak does not pass it
by a significant margin. Fig. 6 compares the Matlab msco-
here method with nine alternative window function algo-
rithms. The results are contradictory. In some case the
95% confidence level is missed by both the 20- and 60-
year periods, as also found in Holm (2015). In other cases
the 95% confidence level is passed by the 20-year period,
but not by the 60-year one. Finally, in the remaining cases
the 95% confidence level is passed by both the 20- and 60-
year periods: e.g. using the Barlett window and the similar
Triangular window. Clearly, the Matlab mscohere algo-
rithm produces ambiguous results whose statistical signifi-
cance depends on the window function.

Fig. 7 uses the canonical correlation analysis. The same
Monte Carlo simulations based on the non-parametric ran-
dom phase method for serially correlated data is applied
for the significance test. As the figure shows, the 95% signif-
icance level is well met by both the 20- and 60-year MSC
peaks either when the Fourier shuffling of the test is applied
to only the temperature data (Fig. 7A), or to only the astro-
nomical record (Fig. 7B) or to both records simultaneously
(Fig. 7C). Also other coherence peaks at about 6.6, 7.4 and
14 years pass well the 95% significance level in Fig. 7B and C.
The result depicted in Fig. 7C is sufficient to evaluate the
95% statistical significance of the five indicated coherence
peaks because to fully randomize the test the Fourier shuf-
fling should be applied simultaneously to both records. The
results depicted in Fig. 7A and B are herein shown to
demonstrate that the statistical results are quite robust
for the 20-year and 60-year oscillations also when more
stringent statistical conditions are used. In general, Fig. 7
fully confirms the significance of the coherence results
revealed by the MEM time frequency analysis at multiple
frequencies as done in Scafetta (2014a, Table 1 and
Fig. 8). The observed MSC peaks are also very centered
at the expected periods.

4. Conclusion

This study compares several MSC algorithms to deter-
mine the spectral coherence between climatic and astro-
nomical records with their statistical confidence. I have
shown that in the present case the Matlab mscohere func-
tion has a too low resolution and is statistically unstable.
This methodology does find strong coherence peaks at
the expected 20 and 60-year periods but their 95% statisti-
cal significance depends on the window function algorithm
used to pre-process the data. According to the geometry of
the adopted mscohere window function, the 95% signifi-
cance level is met by both periods, is not met by both peri-
ods, or is met by one period (the 20-year long one) and not
by the other (the 60-year long one). This result questions
Holm (2015) because the mscohere technique is demon-
strated to be too ambiguous and ultimately inadequate to
convincingly dismiss (or support) the planetary theory of
solar and climate variation suggested by a number of
authors, as discussed in the Introduction.

As Hongwei (2009) noted, the window function needs to
be carefully chosen according to the spectral property of
the signal. In the present situation: (1) several frequencies
at multiple scales with periods Pn � 178:4=n and
n ¼ 1; 2; 3 . . . are expected; (2) the temperature record is
just 165-year long; (3) the major expected coherence peri-
ods are at about 20- and 60-year periods and, therefore,
they occupy the low frequency range of the spectrum. In
this situation, it is not evident how to chose a window func-
tion above another. A window function should not be too
rectangular to reduce the spectral leakage and should not
be too narrow because such windows would significantly
disrupt the low frequency component of the spectrum.
The triangular windows could be a good compromise
and, indeed, using these window functions, the mscohere
coherence peaks at the 20 and 60-year are both 95% signif-
icant: see Fig. 6. In any case, the mscohere results depicted
in Figs. 5 and 6 are unsatisfactory.

In the present case, the ambiguity of the mscohere
method appears to be mostly due to its too low spectral res-
olution and the situation is worsen by the fact that this
methodology requires the adoption of window functions.
On the contrary, using alternative MSC algorithms charac-
terized by a higher spectral resolution that, in addition, do
not require any window function pre-processing, e.g. the
canonical correlation analysis (Santamaria and Via,
2007), very sharp and high quality MSC curves are found.
Repeating the same statistical test used in the mscohere
method the 95% significance level is robustly met by both
the 20- and 60-year MSC peaks. Also other MSC peaks
at about 6.6, 7.4 and 14 years met the 95% significance
level: see Fig. 7B and C.

The found coherence result confirms Scafetta (2014a)
where a direct MEM power spectrum comparison was pro-
posed. In fact, the astronomical harmonics can be calculated
with a very high accuracy using several thousand year long
records obtained with the JPL’s HORIZONS Ephemeris sys-
tem. On the other hand, periodogram and MEM power
spectra of the temperature record show several peaks at
the 99% confidence level, as shown in Fig. 2B that are coher-
ent with several astronomical spectral peaks within their 99%
confidence level (cf. Scafetta, 2014a).

However, MSC methods are more adequate for evaluat-
ing the spectral coherence between two records. The short-
coming of the method is that it requires correlation
matrices using sub-window of the total record. Using
sub-windows necessarily reduces the spectral resolution of
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the analysis. As demonstrated in this paper, a technical dis-
cussion has been necessary because the common mscohere
method gives ambiguous results. To overcome the prob-
lem, higher resolution MSC methods have been needed
to properly test our specific scientific hypothesis.

The result empirically suggests that the climate system is
partially modulated by astronomical forces of gravitational
and solar origin. The result appears robust also on a wider
scale. In fact, although herein we have analyzed accurate glo-
bal climate records, which unfortunately are available only
since 1850, typical astronomical harmonics at 20- and 60-
year periods have been observed also in a number of climate
proxy records covering several centuries and millennia (cf.
Chylek et al., 2011; Davis and Bohling, 2001; Jakubcová
and Pick, 1986; Klyashtorin et al., 2009; Qian and Lu,
2010; Scafetta 2010, 2013, 2014b; Scafetta et al., 2013).

Critiques of the planetary theory of solar and climate
variation have been published too, together with proper
rebuttals. The most typical physical critique has been that
Fig. 8. Distortion of low frequency harmonics induced by a window-function
temperature record depicted in Fig. 3. (B) Three samples of 110-year segments
Example of a window-function: the Kaiser (b ¼ 6) window is depicted. (D) Th
serious distortion of the 60-year oscillation caused by the convolution.
the planets are too far from the sun to influence it in any
meaningful way (e.g. Callebaut et al., 2012). However, this
critique ignores the possibility that the small forcing
induced by the planetary tides on the sun could be greatly
amplified up to a four million factor by a nuclear fusion
feedback yielding luminosity fluctuations of an order of
magnitude compatible with the observations (cf. Scafetta,
2012b; Wolff and Patrone, 2010). In addition, this critique
ignores that the planets-sun coupling could also be electro-
magnetic with the coupling signal traveling throughout the
solar wind: such a mechanism would be far less sensitive to
a r�3 distance attenuation factor as present in the gravita-
tional tidal forcing. The existence of such a link appears
supported by the fact that the side of the sun looking
toward Jupiter appears brighter yielding to a quasi 1.09-
year oscillation during solar maxima in the total solar irra-
diance records observed from the Earth (Scafetta and
Willson, 2013b). In addition, there are numerous empirical
evidences for a planetary modulation of solar activity, as
. (A) 165-year long record of a 60-year period oscillation simulating the
to be processed in the covariance matrices of the coherence algorithms. (C)
e 110-year segments convoluted with the window-function to highlight the
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discussed and referenced in the introduction, even at the
shortest time scales. For example, Hung (2007) reported
that ‘‘twenty-five of the thirty-eight largest known solar

flares were observed to start when one or more tide-

producing planets (Mercury, Venus, Earth, and Jupiter)

were either nearly above the event positions (less than 10
deg. longitude) or at the opposing side of the Sun. The prob-

ability for this to happen at random is 0.039 percent.”

Critiques involving the statistical confidence of spectral
results were also proposed. For example, Cameron and
Schüssler (2013) and Poluianov and Usoskin (2014) cri-
tiqued the statistical analysis present in Abreu et al.
(2012) showing an excellent agreement between the long-
term cycles in proxies of solar activity and the periodicities
in the planetary torque. This critique is not directly rele-
vant for the present study because only specific long-term
cycles in proxy records were analyzed while herein different
oscillations and only accurate dynamical and experimental
records were studied. However, McCracken et al. (2014)
confirmed the evidence for a planetary forcing of the cos-
mic ray intensity and solar activity throughout the past
9400 years, which was also observed in Scafetta (2012a)
using alternative data. Moreover, because herein I have
demonstrated that a critique based merely on a statistical
analysis could be ambiguous, it would be worthy in the
future to address the issue using the advanced coherence
methodologies herein adopted.

Cauquoin et al. (2014) also was critical of Abreu et al.
(2012) by claiming that 330,000 years ago no evidence for
a planetary influence on solar activity would exist. How-
ever, Scafetta (2014a) rebutted this claim highlighting that
Cauquoin et al. (2014) observed solar oscillations at 103,
115, 130 and 150 year periods at the 95% confidence level
and demonstrated that these specific oscillations are plane-
tary induced oscillations. In fact, they derive from
non-linearity applied to the beats of the 9.96-year
Jupiter-Saturn spring tidal period and the 11.86-year
Jupiter orbital period with the 11-year solar cycle as pre-
dicted by a planetary model of solar variation (cf.
Scafetta, 2012a, 2014a).

Finally, Holm (2014a,b) claimed that ‘‘An estimate of

the magnitude squared coherence shows instead that under

certain conditions only coherence at a period of 15–17 years

can be found in the data” and, therefore, he claimed to dis-
miss the otherwise well observed and expected coherence
between astronomical and climate records at the 20- and
60-year periods, which has been confirmed also herein.
Scafetta (2014a, Section 3) rebutted the claim demonstrat-
ing that Holm’s analysis was prejudiced by its too low spec-
tral resolution due to Holm’s adoption of too short Fourier
windows. In his response, Holm (2015) acknowledged the
validity of my rebuttal and that longer windows needed
to be used. He also confirmed the existence of a spectral
coherence peaks at 20 and 60-year periods when a 109-
year long window is adopted. However, he added that
the result did not meet the 95% confidence level and con-
cluded that because ‘‘none of the high values of coherence
then turn out to be significant . . .the planetary hypothesis is

therefore dismissed.” The present study rebuts this claim
demonstrating that Holm’s result is an artifact of the low
spectral resolution of the mscohere and wavelet methods
that he adopted: see also the Appendix A. In fact, as
explained in the present study, the data have specific char-
acteristics (e.g. the shortness of the temperature data) that
require the adoption of high resolution spectral coherence
methodologies to perform a meaningful analysis of the
spectral range of interest and of its significance evaluated
with Monte Carlo simulation based on a non-parametric
random phase method.

I have shown that a high resolution coherence analysis
methodology needs to be used and this methodology con-
firms that the climate system can be partially modulated
by astronomical forces of gravitational and solar origin
with a 95% confidence level.

Appendix A

Herein I show how window functions disrupt the low
frequency component of a spectrum making the mscohere
algorithm unstable. This property explains well the poor
results depicted in Figs. 5 and 6. Fig. 8 shows a simple
example made of a sinusoidal function of the type

f ðtÞ ¼ cosð2pðt � 1880Þ=60Þ; ð4Þ

which has a 60-year period and maxima in 1880, 1940 and
2000, as shown in the temperature record depicted in Fig. 3
(cf. Scafetta, 2010, Figs. 1 and 10).

In the paper the mscohere function constructs covari-
ance matrices based on 110-year segments of the original
record. Fig. 8B shows three of these segments in the period
1850–1960, 1877–1987 and 1905–2015, respectively. These
three segments still reveal a quite recognizable 60-year
oscillation.

The mscohere methodology, however, pre-processes the
segments with a window function to reduce aliasing distor-
tion in the spectrum. Fig. 8C depict the Kaiser window
function with b ¼ 6. This window function was herein cho-
sen because it was explicitly adopted by Holm (2015) in his
critical study. Other generic windows functions could be
adopted but the logical result exposed in this appendix
would remain the same.

Fig. 8D shows the segments depicted in Fig. 8B convo-
luted with the Kaiser window function depicted in Fig. 8C.
These convoluted curves are those that are directly processed
by the mscohere algorithm. It is evident that these curves
show a very disrupted and almost unrecognizable 60-year
oscillation compared to those depicted in Fig. 8B and to
the original record depicted in Fig. 8A. In particular, the
extremes are too dumped and the time distance between con-
tiguous maxima, which is 60 years in the original record, is
now quite variable and even reduced to about 50 years.

Because the curves depicted in Fig. 8D significantly
depend on the particular window functions, this simple
example qualitatively explains why the mscohere
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algorithm, by processing segments with disrupted patterns
as those shown in Fig. 8D, provides result for the low fre-
quency component of the spectrum that are both highly
uncertain and window-function dependent, as Figs. 5 and
6 show. Thus, one would expect that in such a situation
the coherence peaks at 20- and 60-year periods could be
not fully statistically significant. However, this simple
example clearly suggests that the failure of finding fully sta-
tistically significant results is due to the computational arti-
facts introduced by the window-function pre-processing
algorithms adopted by the mscohere methodology.

On the contrary, the canonical correlation analysis, in
virtue of its algorithm, is less sensitive to aliasing distor-
tions and presents a higher spectral resolution at the low
frequency range of the spectrum than the mscohere
method. Thus, this methodology does not require any
window function pre-processing. Consequently, it can
directly process unaltered 110-year segments of data that,
as implicit in Fig. 8B, would still conserve a sufficiently
clear 60-year modulation. This property helps to find the
95% statistical significant results depicted in Fig. 7.
References

Abreu, J.A., Beer, J., Ferriz-Mas, A., McCracken, K.G., Steinhilber, F.,
2012. Is there a planetary influence on solar activity? Astron.
Astrophys. 548, A88.

Benesty, J., Chen, J., Huang, Y. 206. Estimation of the coherence function
with the MVDR approach. In: Acoustics, Speech and Signal Process-
ing. ICASSP 2006 Proceedings, vol. 3, 500–503.

Brohan, P., Kennedy, J.J., Harris, I., Tett, S.F.B., Jones, P.D., 2006.
Uncertainty estimates in regional and global observed temperature
changes: a new dataset from 1850. J. Geophys. Res. 111, D12106.

Bucha, V., Jakubcová, I., Pick, M., 1985. Resonance frequencies in the
Sun’s motion. Stud. Geophys. Geod. 29, 107–111.

Callebaut, D.K., de Jager, C., Duhau, S., 2012. The influence of planetary
attractions on the solar tachocline. J. Atmos. Sol. Terr. Phys. 80, 73–
78.

Cameron, R.H., Schüssler, M., 2013. No evidence for planetary influence
on solar activity. Astron. Astrophys. 557, A83.

Cauquoin, A., Raisbeck, G.M., Jouzel, J., Bard, E., 2014. (ASTER Team):
No evidence for planetary influence on solar activity 330 000 years ago.
Astron. Astrophys. 561, A132.
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