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Abstract. In addition to the evident 11-year periodic changes, Total solar irradiance (TSI) also has some
short-period processes. We carried out the wavelet analysis for TSI observational series and its inter-annual
time series that is filtered out components less than 2 years and more than 8 years . Whether the wavelet graph or
the global wavelet power spectrum, the results significantly show that there is a short period about 5.3 years, and
its length and intensity both vary with time. Specifically, the strength of this period varies with the 11-year cycle
change, showing pronounced characteristics of peak strength and valley weakness. Moreover, the amplitude
of these low-frequency fraction results indicates different TSI variation properties. Under each solar cycle, the
sum of the power spectrum density of the 3–6 year period terms reflects that the energy value of the short period
is concentrated in that range. When the 11-year cycle is intensive, the 3–6 year period also becomes intensive
in TSI. And the total spectral intensity of TSI will be concentrated in that short-period terms.
Keywords. Total solar irradiance—short period.

1. Introduction
Solar radiation is the main source energy in the Earth
system. The change of total solar irradiance (TSI)
affects the amount of solar activity to the ground and
becomes one of the main natural driving factors of surface temperature, water cycle, etc., and especially the
influence on Earth’s climate. Without precise instruments in space in the past, TSI had been considered
a constant for years, formerly called solar constant’,
although it is not a stable value based on observation
results when compared with the speed of light and other
physical constants.
Since November 1978, this “constant” has been
monitored by space telescopes and recorded Cycles 21–
24, by NASA, NOAA, ESP, etc. These records have
been obtained from accurate satellite measurement,
e.g. SORCE (Solar Radiation and Climate Experiment)/TIM (Total Irradiation Monitor) (Ball et al.
2016), SOHO (Solar & Heliospheric Observatory)
/VIRGO (Variability of Irradiance and Gravity Oscillations sun photometer) (Yeo et al. 2014), ACRIMSAT
(Active Cavity Radiometer Irradiance Monitor Satellite)/ACRIMIII (Willson 2014; Scafetta and Wilson
2014).

From different instruments on the above-mentioned
satellites, the long-term records show that this “constant” varies by approximately 0.15% between the solar
activity maximum and minimum (Willson and Hudson
1988, 1991). Moreover, the higher-precision, longerterm and continuous TSI records will be provided by
future satellites and spacecrafts.
With the development of the instrument correction and numerical fitting methods, there are three
main TSI composites according to these records, the
Physikalisch-Meteorologisches Observatorium Davos
(PMOD) (Fröhlich and Lean 1998; Fröhlich 2006,
2012, 2013), the Active Cavity Radiometer Irradiance
Monitor (ACRIM) (Willson 1997; Willson and Mordvinov 2003) and the Institute Royal Météorologique de
Belgique (IRMB) (Dewitte et al. 2004).
Based on these composites, groups of scientists
have done research on different wavelength ranges
for TSI contribution. Long-wave radiation accounts for
the majority of TSI energy, while short-wave radiation
is the principal cause of TSI variation (Wilson 2003;
Ball et al. 2016; Dasi-Espuig et al. 2016). Wavelengths
higher than 400 nm, i.e. visible light, infrared, and
radio, contribute over 90%, while the relative variability at these spectral ranges is only of the order of 0.1%
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(Willson and Hudson 1988, 1991). However, for the
contribution of wavelengths between 200 and 300 nm
the relative variability is 1–10%, and it reaches 50% or
more below 200 nm (Bolduc et al. 2012).
In addition, TSI provides nearly 99.96% of the energy
driving Earth climate and its 0.15% variation has a great
influence (Kren 2015). Moreover, not only does TSI
vary by about 0.01%, caused by the several-minuteslong continuous change from the solar convection zone
to the photosphere, it also varies by about 0.3% over
300 years (Eddy 1976). Besides TSI, solar wind is
another solar activity, which consists of three types
based on the different velocity, extremely high-velocity
(v≥725 km/s), high-velocity (450≤v<725 km/s) and
low-velocity (v<450 km/s) wind.
While TSI is an important observable factor in solar
activity variation, a lot of weather and climate models
attempt to attribute it as a physically important factor when trying to understand whether and how the
Sun has an impact on the Earth’s weather and climate
(Scafetta 2010; Coddington et al. 2016). Beyond the
widely known quasi 11-year and century periods, Mendoza (2005) concluded that the TSI fluctuations on
the 5 min range are due to solar oscillations (Fröhlich et al. 1997; Wolff and Hickey 1987), while few
days to weeks are dominated by sunspots (Chapman
1987), and faculae can enhance the total flux by 0.08%
(Hudson et al. 1982). Apart from the intrinsic longand short-term variations of TSI, the changes of the
Earth’s orbital parameter and albedo cause the variations of the solar electromagnetic radiation that arrives
at the Earth (Mendoza 2005). The radiation, especially
in the UV bands influenced by the short but strong
solar activity (e.g., flare, coronal mass ejection), affects
the temperature variation that plays a key role in climate change (Smith et al. 1990). And Fountoulakis
et al. (2016) mentioned that the short-term variability of
spectral solar UV irradiance influences aerosol optical
depth at Thessaloniki, Greece. Therefore, short-period
or high-frequency components show great importance,
especially in the research of terrestrial physical phenomena (Eddy 1976; Lean & Rind 1994; Mann et al.
1998, 1999), e.g. precipitation, sea-level air pressure
(Kelly 1977), sea-surface temperature (Reid 1987),
equatorial wind pattern (Labitzke and Chanin 1988),
terrestrial atmospheric problem (Friischristensen and
Lassen 1991) and storm intensity (Tinsley et al. 1994).
Since TSI has a great impact on the solar-terrestrial
environment, earth climate change and some natural disasters, the scientists pay more attention to analyzing
its regularity. Power spectrum analysis (e.g., Wavelet,
Fourier transformation) is an efficient method to show
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TSI spectral properties and expose the TSI periods with
time-varying characteristics. These results can not only
guide us to clearly understand the physical mechanism
of solar activity, but also have practical significance in
solar-terrestrial scientific research.
As for solar wind, Li et al. (2017) concluded that the
solar rotation cycle (about 27.5 days) and its 1/2 and
1/3 harmonic periods were indeed determined in solar
wind speed during the years 1964-2000 (Svalgaard and
Wilcox 1975; Fenimore et al. 1978; Gonzalez and Gonzalez 1987; Clúa de Gonzalez et al. 1993; Sabbah and
Kudela 2011; Katsavrias et al. 2012). Also, a 1.3-year
period in solar wind velocity was confirmed during the
20-22 solar cycles, measured from the Pioneer 10, Pioneer 11, Voyager 2, IMP 8 and Pioneer Venus Orbiter
spacecraft (Richardson et al. 1994, 1995). And the scientists reported a period of about 4.83 years appearing in
high-velocity wind, while not occurring in low-velocity
wind, and a period of about 4.1-years exists in both
velocities wind. The possible reason for the former
period is a multifold period of the rotation period (Li
et al. 2017), and for the latter period is affected by one
kind of solar full-disk activity, e.g. oscillation of the
magnetic field of the solar surface (Zou and Li 2014).
Differently, measurements and power spectrum results show that TSI varies at all the timescales from
minutes to decades (Xu et al. 2017). The short-term
periods include 27 days (Lee et al. 2015) and 35 days
(Chapanov et al. 2012), etc., and long-term periods
(Sello 2012; Pelt and Kärner 2012) include half a year,
one year, 11 years (Schwabe Cycle), 22 years (Hale
Cycle), 50-80 years (Gleissberg Cycle), 128 years (a
planetary period), 176 years (Jose Cycle), 210 years (de
Vries Cycle), 230 years (Hallstatt Cycle), etc. (Xiang
2014; Dasi-Espuig et al. 2016). Nevertheless, many
periodic and quasi-periodic fluctuations exist in TSI
variation, and the different properties exist in the magnitude and intensity of periodic components (Kopp 2016).
Apart from TSI complex variation, a clear understanding of the physical mechanism to cause these
TSI periods is a hot topic not only in astronomy and
geophysics, but also in solar-terrestrial fields. It is generally accepted that at timescales longer than one day or
shorter than the solar cycle is mainly driven by the magnetic features on the solar surface, including sunspots,
faculae, etc. (Domingo et al. 2009; Li et al. 2012; Xiang
and Kong 2015; Kopp 2016; Xu et al. 2017). Some
articles suggest that there is the influence of planetary
motion and TSI. One group focused on the movement
periods of the adjacent planets (Mercury, Venus, Earth
and Jupiter), while the other group paid attention to the
major planets (Jupiter, Saturn, Uranus and Neptune).
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The former group has explained the synodic period of
Earth and Jupiter results in the 1.09-year period of TSI
(Scafetta and Wilson 2013). Additional, the latter group
explained how Jupiter and Uranus orbits lead to 12-year
and 84-year periods (Yndestad and Solheim 2017).
In this paper, we apply the wavelet analysis to the
original and filtered TSI data respectively and focus on
the discussion of the short-period components and its
proportion in the total-periods power using the amplitude of low-frequency fluctuation method.
2. Data
The daily total solar irradiance (TSI) data1 provided
by the Physikalisch-Meteorologisches Observatorium
Davos (PMOD), World Radiation Center (WRC) from
November 1978 to September 2017. With daily data,
we can get the monthly TSI used in this article.
As shown in Figure 1(a), the maximum value of
TSI can be found in February, 2002, at approximately to 1367.3493 W/m2 , while the minimum value
of 1365.3341 W/m2 occurs in October, 2004. The range
of the TSI minimum is from 1365.3 to 1365.7 W/m2 ,
and the TSI maximum varies between 1367.2 and
1367.4 W/m2 . Therefore, the range of TSI variation in
every cycle is less than 2 W/m2 , nearly 0.1%.
3. Wavelet analysis
The most direct way to study the frequency domain feature of a time series is to use the Fourier transform (FT).
Using FT to convert the time series from time domain to
frequency domain reveals the frequency characteristics
of the signal. If the time series is stable and unchanging,
FT results are very good. However, in the astronomical
observational datasets, most of the time series are variational time sequences. FT could reflect the total intensity
of a certain period series, but it is unable to reflect the
changing characteristics of the cycle. Aiming at these
problems, wavelet analysis shows its strength.
Similar to the FT, the wavelet analysis represents
the signal with a specific group of functions. Otherwise, the wavelet transform maps the signal into a
two-dimensional array, including time and frequency
domains, whereas the FT could only see the signal
in frequency domain. It means that the wavelet transform could overcome the intrinsic deficiency of the
FT. It could be used to discuss the time and frequency
characteristics of a signal with an interconnected
1 ftp://ftp.pmodwrc.ch/pub/data/irradiance.
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viewpoint. Moreover, because of the time-frequency
localization characteristics of the wavelet basis, the
wavelet analysis has relatively high localization capability on time domain. Therefore, it has the ability to
obtain not only a panoramic view of the periods, but
also the local time information of each period and, even
more, the length variation of periods.
The wavelet transformation is increasingly important
in analyzing the long-term or short-term part of time
series. We now apply a continuous wavelet transform to
investigate the original monthly and the filtered series of
TSI to analyze the oscillating energy of different periods.
Here, we choose Mexihat hat (Torrence and Compo
1998), the second derivative of the Caussian, as the
mother wavelet because the Mexihat hat has a good performance of localization both in the time domain and
frequency domain. The probability density function is:
1
x2
2
(x) = √ π − 4 (1 − x 2 )e− 2
3

(1)

When we calculate the wavelet power spectrum, we
also calculate the global wavelet spectrum. The global
wavelet spectrum provides the average characteristics
of all data ranges.
3.1 Wavelet analysis of total solar irradiance
Figure 1 shows the observed data sequence of TSI,
unit (W·m−2 ), and its wavelet analysis diagram. Threedimension equal high value diagram of power spectrum
are shown in Figure 1(c), where the horizontal and vertical ordinates are the observation time (year) and the
different detection period respectively. The isopleth in
this Figure represents the real part of the wavelet coefficient, which reflects the variation of TSI periods with
the timescale and their distribution in the time domain.
A bigger value indicates a more reliable period along the
corresponding y-axis. Therefore, these isopleths help us
judge the future TSI tendency in different time scales.
In addition, the absolute value of the wavelet coefficient expresses the power density distribution in the
time domain of different timescale periods. The darker
the red color, the higher the power value is, indicating the stronger periodicity along the corresponding
time scale. The dashed line in the Figures 1(c), (d) and
2(c), (d) is the 99% confidence level due to the edge
effects and finite length of data. Cross-hatched regions
on either end indicate the “cone of influence” where
edge effects become important (Torrence and Compo
1998; Zhao and Han 2005). The periods analyzed in
Figure 1(c) are between 2 and 256 months. The
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Figure 1. Wavelet analysis of total solar irradiance (a) original time series; (b) mother wavelet; (c) local wavelet power
spectrum (dashed line indicates the cone of influence and the darkest solid contour is the 99% significance level); (d) global
wavelet power spectrum (dashed line is 99% significance level).

spectrum peaks indicate the periods in data. It is now
much clearer from Figure 1(c) that multiple periods
exist in TSI.
During TSI variation, the quasi-11-year periodic
amplitude is the largest (Figure 1c), traversing the whole
time series. Global wavelet power spectrums of TSI
are presented in Figure 1(d). The period, 11-year solar
activity cycle, changes with time between the years of
9 and 13, which corroborates our analysis of sunspot
number.
However, as can be seen in the Figure 1(c), TSI
has some other evident short periods, between 2 and
64 months aside from the 11-year period. These short
periods clearly show the properties of strong or weak
solar activity. On the whole-time scale, there are four
short-period active intervals, occurring in the strong
solar activity years (1982, 1993, 2003, 2015), and three
weaker intervals, existing in the weak solar activity
years (1986, 1996, 2009). At present, it’s also in a
weaker stage. It is generally accepted that the short periods are modulated by the 11-year period. Short-period
activity is intense with strong solar activity near the 11year period peak value. Otherwise, when close to the
11-year period valley value, the short-period activity is
weak, even disappearing. The results also prove solar
activity is intense at the peak TSI values and silent at
the valley values.
The magnitude and intensity of period of shortperiods have pronounced time-varying character.

3.2 Filtering method
As the former section mentioned, TSI, an important
indicator of solar activity (Zhao and Han 2012). In this
paper, what we pay more attention to the fluctuations in

TSI is the short periods, which are also likely to affect
the climate system, rather than its secular variation.
From the previous wavelet studies above, because of
the intensity of the 11-year period amplitude, we could
see that it is hard to analyze the short periods from 2 to
96 months based on the global wavelet spectrum.
However, the filtering method helps us to separate the period components to eliminate or extract the
component in digital signals. Therefore, for a better understanding the short periods and its variation
properties in TSI, we filter the TSI to remove the
influence of the 11-year period based on the wavelet
spectrum results. Meanwhile, in addition to the wavelet
method in spectrum analysis, the Fast-Fourier Transform (FFT) and Inverse FFT (IFFT) methods are usually
used to realize the transformation between the time
and frequency domain due to their good selectivity and
flexibility on the period components.
In this paper, we apply FFT function to the unfiltered
TSI in Matlab, and the results contain the different periods with their own spectrum power in the frequency
domain. For FFT results, the spectrum power of the
periodic parts, at the timescales shorter than 2 years or
longer than 8 years, are set to zero. Then the IFFT function is used to it to regain the digital signals in the time
domain, and the result is the filtered TSI.

3.3 Wavelet analysis of filtered total solar irradiance
To clearly show the short-period variation properties of
the inter-annual series between 2 and 8 years, we perform the same procedure and obtain the filtered TSI
series. As shown in Figure 2(a), it shows a 5–6 year
period in the filtered series roughly. When removing
the 11-year period, this short period appears clearly
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Figure 2. Wavelet analysis of filtered TSI series (a) filtered time series; (b) mother wavelet; (c) local wavelet power spectrum
(dashed line indicates the cone of influence and the darkest solid contour is the 99% significance level); (d) global wavelet
power spectrum (dashed line is the 99% significance level).

unfiltered TSI and (b) filtered TSI. The 5.3-year shows
up after filtering, which is similar to former wavelet
result.

4. Amplitude of low-frequency fluctuation

Figure 3. Lomb-Scargle periodogram (LS) analysis of
unfiltered and filtered TSI series. (a) LS for unfiltered TSI;
(b) LS for filtered TSI.

in wavelet spectrum (Figure 2c). Its value, about 5.3
years, and the intensity vary with time. The strength of
the period also changes with the change of the 11-year
cycle, e.g. the intensity becomes weaker clearly around
1987 while stronger afterwards. It seems that there is
still a relatively weaker cycle with a length ranging from
16 to 32 weeks. This cycle has very pronounced temporal variability and is intermittent.
The global wavelet power spectrums of filtered TSI
was presented in Figure 2(d), and we can clearly see the
existence of a short period around 5.3 years.
In order to confirm the result analyzed by the wavelet
further, the Lomb-Scargle (LS) periodogram method is
applied to the unfiltered and filtered TSI. And as shown
in Figure 3, the LS result is quite different between (a)

From wavelet analysis of TSI observed data and the filtered data series, we can see that in addition to the most
energy and the most significant period, quasi-11-year
period, we also see very active short periods. The two
wavelet spectrums in Figures 1 and 2 show a significant
feature that a short period around 5.3 years exists.
Therefore, we hope to study the proportion of the TSI
short periods over the whole frequency domain by analyzing the ratio of them using the improved Amplitude
of low-frequency fluctuation (ALFF). The time-varying
properties of the amplitude share of the short periodic
term over the whole frequency domain are obtained.
The Periodogram method is a basic method for classic
power spectral estimation of signals. Time series x(t) is
directly treated by Fourier spectral transform to obtain
X ( f ) for getting power-spectrum density estimation.
Ŝx ( f ) =

1
|X ( f )|2
N

(2)

where N is the total number of frequencies of the segmented time series.
The ALFF method does not determine the properties of the signal sequence by analyzing the position
of the spectral peak, which is different from the general spectral method. In this paper, based on the power
spectrum estimation of the periodic diagram method,
we select a frequency domain of 3–6 years, near the 5.3
years period seen in the previous filtered sequence and
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5. Conclusion and discussion
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Figure 4. Correlation between the St and TSI peak value.
The asterisks are the St value and the solid line is the fitting
curve.

discuss the variation of the short period components
with the intensity of the solar activity period.
The value St is the sum of the power spectrum density
from f 1 to f 2 . As the characteristic value of this signal
sequence, the bigger the St , the greater the energy contained in the [ f 1 , f 2 ] frequency band, and the more it
intensifies solar activity.
St =

f2


Ŝx ( f )

(3)

fi = f1

The relationship between the intensity of TSI in each
cycle of solar activity and the intensity of short periods is discussed. The series is divided into four data
sequences according to four solar cycles. Firstly, the
power spectrum analysis of each activity cycle is carried out using the Periodogram method, and its power
spectral density is obtained. Thus, the sum of the power
spectral densities for 3–6 years of each activity cycle
is calculated, as St . The St value varies with the TSIMAX of each activity cycle, and the scatter diagram is
shown in the Figure 4. It can be seen that the peak value
of TSI increases with the increase of St , and the law
of increase approximately conforms to the following
formula:
St

T S I M AX = 1367.3596 − 6.1283e− 0.1473

(4)

where TSIMAX is the value of peaks in TSI of every
solar cycle. The variance is 0.00763. The St value of the
3–6 years short period term reflects the energy value of
the short period concentrated in that range in each solar
cycle. When the 11-year TSI is intensive, the TSI in a
period of 3–6 years also becomes intensive.

As an important index of the Sun itself and the Earth
climate system, TSI is concerned in astronomy research,
especially in its variation consisting of short- or longterm periods. The spectrum analysis methods, e.g.,
FFT, wavelet, are usually applied to obtain the possible periods in time series. Scientists have found that
TSI possesses complex period properties in different
time scale, which is not only significant in researching
its own patterns and physical mechanism, but also valuable in the solar-terrestrial environment and terrestrial
physical phenomenon.
In this study, the wavelet analysis result for TSI interannual variation clearly shows that the quasi 11-year
period due to its max amplitude at all time. While except
the widely known period, there are short periods found
in TSI after filtering. These cycles together constitute
the changing characteristics of the main active cycle.
We obtain a short period with the length of about 5.3
years, and the length and strength of this short period
will change with time, showing evident characteristics
of peak strength and valley weakness. Around the peak
year, when the solar activity is intense, the short-period
activity is also very intense. On the contrary, in the valley part of the solar 11-year cycle, the short period is
very weak or even nonexistent.
The results of the amplitude of this low-frequency
fraction (ALFF) indicate different TSI variation properties when applying the ALFF method to the power
spectrum results. In this ALFF process, the St value
means the power provided by these corresponding
periods in TSI. Combined with the analysis of their
changing with TSI peaks, it results in that the St value
of short-periods among 36–72 months period is proportional to TSI. It also means that these periods vary with
time, and it appears more intense in stronger solar activity; otherwise, it lowers or even disappears in weaker
solar activity. Unfortunately, the TSI data series is too
short to collect more pairs of St with the TSI peak value.
From the past to the future, deeply understanding
the TSI variation is meaningful in the Earth climate
influenced by solar activity. What cause TSI variation
are solar activity indices more than the sunspot numbers. And, we believe that the long-term periods also
exist in TSI as sunspots variation, such as the 85-year
period (Gleissberg Cycle). The short-term periods in
TSI analysis are affected by the long-term periods,
leading to lower amplitude in the results of the power
spectrum.
Because of the high accuracy of the space radiometer,
people can recognize the time variation characteristics
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of TSI from a few minutes to several decades. At
different time scales, the causes of change, convection
and convection-related grains, magnetic structures on
the surface of the sun, sunspots, faculae, etc., should
also be different.
The relation between TSI and sunspot has been extensively studied. It is widely recognized that the evolution
of sunspots causes the TSI variations at the timescale
shorter than the 11-year (Li et al. 2012). In recent years,
it is found that TSI lags the sunspot numbers by about
29 days in cycles 21, 23, and 24, which is approximately
a solar rotation period (Xu et al. 2017). In some degree,
the result provides the powerful phase relation between
the TSI and sunspot number at timescales longer than
a month and shorter than one solar cycle. Also, Mandal
et al. (2017) mentioned that the global wavelet power
shows the sunspot activity with a dominant 11-year
period with the presence of weak power concentrations
at 5.5 years. The 11-year period is probably governed
by the global dynamo mechanism (Charbonneau 2010).
While the 5.5-year period, apart from being a harmonic
of the 11-year cycle, is closely related to the double peak
behavior of the solar cycle (Gnevyshev 1967, 1977;
Georgieva 2011). What causes and changes these shortperiod, such as 5.3 years in TSI? Does it relate to the
5.5 years in sunspots? It should be necessary to study
the solar atmosphere, magnetic field structure and so
on, in order to fully understand the physical mechanism
of the solar periodic variation. Furthermore, more and
higher-resolution TSI observation datasets are expected
to support TSI regularity and mechanism research.
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