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ABSTRACT
The aim of the study was to identify and compute oscillations in two different time series with similar amplitude
variations using length of day data with tide model removed (LODR) and total solar irradiance (TSI) data. The
combination of the Fourier transform band pass filter and Hilbert transform allows detecting amplitude variations
as a function of the oscillation period. The amplitude variations in two different time series enable computation of
frequency dependent or time-frequency correlation coefficients between them. It allows also identifying such oscillations in two time series which have similar amplitude variations. The method applied to LODR and TSI data,
enable to detect a possible relationship between them. This comparison method can be applied to any time series
which consist of oscillations with non-constant amplitudes.
Keywords: length of day, El Nino, solar irradiance, Fourier transform, Hilbert transform

INTRODUCTION
The modern satellite and space geodetic techniques such as Global Navigation Satellite Systems (GNSS), Satellite Laser Ranging (SLR),
Lunar Laser Ranging (LLR) Very Long Baseline
radio – Interferometry (VLBI), Doppler Orbitography and Radiopositioning Integrated by Satellite (DORIS) enable accurate determination of
the Earth orientation parameters (EOP) with a
precision corresponding to few millimeters on
the Earth’s surface. EOP consist of x, y pole coordinates, universal time UT1-UTC and dX, dY
precession-nutation corrections and are provided
by the International Earth Rotation and Reference
System Service (IERS). Their forecasts are used
for real-time transformations between the international celestial and terrestrial reference frames
for the positioning of objects in space outside the
rotating Earth [Gambis 2004; Kalarus et al. 2010].
Length of day (LOD) is the first derivative of
UT1-TAI which is UT1-UTC with leap seconds
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removed. It describes the irregular rotation of the
earth around its axis, due to different geophysical
reasons, mainly caused by solid Earth and ocean
tides [Ray and Erofeeva 2014; Yoder et al. 1981]
as well as by the exchange of angular momentum between solid Earth and atmosphere at seasonal and subseasonal time scales [Kosek 1993;
Lei et al. 2015; Zheng et al. 2003]. Longer period
variations ranging from about 2 to several years
in LOD are associated with the ENSO (El Niño
Southern Oscillation) phenomenon [Chao 1989;
Dickey et al. 1992; Dickey et al. 1994; Eubanks
et al. 1986; Gambis 1992; Haddad et al. 2017;
Liu et al. 2005]. The decadal LOD fluctuations
are caused by the exchanges of angular momentum between the core and mantle [Gross 2007;
Jault and Le Mouël 1991]. Non-tidal variations of
LOD are named length of day residuals (LODR).
The heating of different parts of the Earth’s surface with the annual period caused by the Earth’s
orbital motion induces the thermal annual cycle
in the Earth’s fluid layers. The basic source that
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causes the exchange of angular momentum between solid Earth and atmosphere as well as the
source of excitation of the ENSO phenomenon
may be solar activity. The relationship between
solar activity and the variable rotation of the
Earth has been the subject of research in the past.
Langley et al. [1981] found a common 50-day
oscillation in atmospheric angular momentum
and the length of day which was detected earlier
in zonal wind anomalies of the tropical Pacific
as 40–50 day oscillation by Madden and Julian
[1972]. Djurović and Pâquet [1988] explained the
origin of this 50-day oscillation in Earth rotation
and atmospheric angular momentum by detection
of such oscillation in other geophysical and solar
activity phenomena such as geomagnetic field,
sunspots, interplanetary magnetic field, and solar
wind. Djurović and Pâquet [1996] also detected
5.5-year oscillation in the solar activity, Earth
rotation, geomagnetic field and atmospheric circulations. The common short period oscillations
with periods of 18 and 50 days with a good phase
agreement and 27-day oscillation with a good
amplitude agreement in Earth’s rate of rotation,
atmospheric angular momentum and geomagnetic index Ap were found by Kosek [1993].
The analysis of the amplitude of the semi-annual
variation in LOD showed its strong modulation
by the 11-year cycle which suggests that Sun can
influence the zonal winds in the troposphere at the
decadal to multi-decadal time scales [Le Mouël
et al. 2010].
Solar irradiance is the Earth’s primary energy
input and external cause of terrestrial variability, which establishes the thermal and dynamical structure of the terrestrial environment. The
TSI is known to be linked to the Earth climate
and temperature variations. Total Solar Irradiance
(TSI) is spatially and spectrally integrated radiant energy from the Sun as being measured at the
top of the Earth’s atmosphere and normalized to
1 AU [Kosek 1993]. TSI was accepted as constant until the satellite measurements since 1987
demonstrated its decadal variations related to the
sunspot numbers variability [Hoyt and Schatten
1997; Parker 2000]. The historical TSI reconstructions for over the last 400 years are usually
computed from the recent revisions of sunspotnumber records representing most reliable estimates of the solar variability [e.g. Hoyt and
Shatten 1993]. Currently, 7 satellite independent
measurement instruments are used in obtaining
the TSI data, which makes it possible to ignore

the impact of the Earth’s atmosphere on the results [Scafetta and Willson 2014]. These measurements cover various periods, for example, the
time series used in the study derived from Solar
Radiation & Climate Experiment Total Solar Irradiance Monitor (SORCE/TIM) cover the period
from 2003 to now. The average value of the solar
constant, measured by the SORCE experiment, is
1361 W/m² [Scafetta and Willson 2014].
The heating of Earth’s surface and its fluid
layers caused by TSI is not constant and even
small changes in the solar output with the 11-year
solar cycle could be amplified in these layers.
Some recent papers have shown that the interannual and longer-period oscillations in the meteorological and climatic data are correlated with
the solar activity [e.g. Hoyt and Schatten 1997;
Lean and Rind 1999; Reid 1995; Sadourny 1994],
and even small changes in the solar output could
be amplified in the Earth’s atmosphere [Arnold
1997; Schindell et al. 1999]. Soon [2005] showed
that in 1875–2000 the changes in the annual arctic air temperature anomalies are correlated well
with the TSI values reconstructed by Hoyt and
Schatten [1993]. Soon and Legates [2013] found
a correlation between the TSI and Equator-toPole temperature gradient trends. Moffa-Sanchez
et al. [2014] found that the solar activity correlates well with North Atlantic temperatures. Soon
et al. [2015] found a strong correlation between
Northern Hemisphere (NH) temperatures and TSI
datasets of Scafetta and Willson [2014] implying that the solar variability has been the dominant influence on NH temperature trends since at
least 1881. Significant solar-related signals in the
equatorial sea surface temperature (SST) over the
entire 20th century were found by Lau and Weng
[1995] and White et al. [1997]. Biktash [2019]
found that the cyclical variations in the Earth’s
global temperature are related to the solar activity
and are explained by the mechanism of the TSI effect on the Earth’s atmosphere modulated by galactic cosmic rays. The impact of the TSI on LOD
and UT1 centennial variations has been studied
by Chapanov et al. [2017]. The solar origin of interannual oscillation from several months to 10
years in LOD, mean sea level and ENSO variability has been also studied by Chapanov et al.
[2019] using the TSI and sunspot numbers data.
The aim of the study was to identify and compute oscillations in LODR and TSI time series
with similar amplitude variations.
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DATA SETS

The instantaneous amplitude of the oscillation (eq. 1) is computed by the following formula:

The LODR series (Fig.1) obtained from
2
2
A(t , o )  z (t , o )   z (t , o )  (3)
the IERS EOPC04R_IAU2000_daily data in
the years 1962.1 to 2019.246 and the TSI sewhere:
ries (Fig. 2) from the SORCE/TIM data in
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is the complex-valued oscillation computed by
(http://hpiers.obspm.fr/) and the TSI daily data
the FTBPF+HT [Popiński 2008; Gasquet and
are available from (http://lasp.colorado.edu/).
Witomski 1999; Kosek et al. 2016].
The spectra temporal correlation coefficient
as a function of time t and oscillation frequency
ωo between amplitude variations of oscillations in
ANALYSIS
two real-valued x(t ) and y (t ) time series is given
In order to compute the instantaneous ampliby the following formula:
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is the parabolic transmittance function in which λ
are the residuals of oscillation amplitudes (eq. 3)
is half of the filter bandwidth. The λ>π/n paramin x(t) and y(t) time series, respectively, after reeter controls the time and frequency resolution of
moving their mean values, n f is the number of
the filtered oscillation (eq. 1). The decrease/inpoints to be dropped at the beginning and at the
crease of λ parameter makes this oscillation narend of time series due to filter errors and Δt is the
rower/wider, respectively.
sampling interval of data.

Figure 1. LODR daily time series data

Figure 2. TSI daily time series data
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For particular value of m =

n − 2n f
2

+ 1 (half

of the total number of data η the spectra-temporal correlation coefficient C(t,ωo) becomes frequency dependent correlation coefficient C(ωo)
between the amplitudes of oscillations. In these
analyses nf = 100 was adopted for all considered
oscillations.

RESULTS
The maps in figure 3 show spectra temporal
correlation coefficients for two different λ=0.001
and λ=0.002 parameters between amplitude variations in LODR and TSI time series. It can be noticed that a decrease of the λ parameter increase
the frequency resolution, but at the same time the
time resolution of information on the map decreases. High correlation coefficients occur for

oscillation with periods slightly greater than 200
days and for the annual oscillation, but from 2007
to 2012.
Figure 4 shows the frequency dependent
correlation coefficients between the amplitude
variations in LODR and the TSI time series computed for different λ parameters (0.001, 0.0015,
0.002). The maxima of these correlation coefficients detect oscillations with similar amplitude
variations in the LODR and TSI time series. It
can be noticed that these maxima may correspond
to the oscillations with periods of 200–230 days,
100–120 days, ~50 and ~30 days.
Figure 5 shows the 32 days and 230 days oscillations in TSI and LODR with similar variations of amplitudes. It can be noticed that the
phase of the oscillation with period of 230 days
has several reverses (or jumps by 180 degree) in
2005, 2013 and 2015, and no agreement during
2007–2009.

Figure 3. Spectra-temporal correlation coefficient between amplitude variations of oscillations
in LODR and TSI time series

Figure 4. Frequency dependent correlation coefficient between amplitudes of oscillations in LODR and TSI
computed for different λ parameters (0.001 black, 0.0015 red and 0.002 blue)
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a)

b)

Figure 5. Oscillations in TSI (black) and LODR (red) time series with central periods of a) 32 days and b) 230
days computed by the FTBPF (λ=0.001)

CONCLUSIONS
1. The combination of the Fourier transform band
pass filter and Hilbert transform allows detecting amplitude variations as a function of the
oscillation period.
2. Amplitude variations in two different time series enable computation of frequency dependent or time-frequency correlation coefficients
between them. It allows identifying such oscillations in two time series which have similar
amplitude variations.
3. The method applied to the non-tidal length of
day (LODR) data and the total solar irradiance
(TSI) data etc, enable to detect a possible relationship between them.
4. This comparison method can be applied to any
time series which consist of the oscillations
with non-constant amplitudes.
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