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Abstract 

There is an increasing interest in the relation between the solar activity and 
climate change. As for the solar activity, a fractal property of the sunspot 
number was studied by many works. In general, a fractal property was ob-
served in the time series of dynamics of complex systems. The purposes of this 
study are to investigate the relations among the solar activity, total ozone, 
Quasi-Biennial Oscillation (QBO), the North Atlantic Oscillation (NAO), and 
El Niño-Southern Oscillation (ENSO) from a view of multi-fractality. To 
detect the changes of multifractality, we examined the multifractal analysis on 
the time series of the solar 10.7-cm radio flux (F10.7 flux), total ozone, QBO, 
NAO, and Niño3.4 indices. During the period 1950 and 2010, for the F10.7 
flux and QBO index, the matching in monofractality or multifractality is ob-
served and the increase and decrease of multifractality is similar; that is the 
change of multifractality is similar. In the same way, it is very similar, during 
the period 1985 and 2010, for the QBO and the total ozone, and during the 
period 1950 and 2010, for the QBO, and NAO and for the QBO, and Niño3.4. 
Compared to Niño3.4, the multifractality of NAO and QBO was strong and it 
turns out that they are undergoing unstable change. The relation among the 
solar activity, total ozone, QBO, NAO, and ENSO was clarified by the methods 
of fractal analysis and the wavelet coherence. These findings will contribute to 
the research of the relation between the solar activity and climate change. 
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1. Introduction 

Various objects in nature show the so-called self-similarity or fractal property. 
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Monofractal shows an approximately similar pattern at different scales and is 
characterized by a fractal dimension. Multifractal is a non-uniform, more com-
plex fractal and is decomposed into many sub-sets characterized by different 
fractal dimensions. Fractal property can be observed in the time series 
representing dynamics of complex systems as well. A change of fractality ac-
companies a phase transition and changes of state. The multifractal properties of 
daily rainfall were investigated in two contrasting climates: an East Asian mon-
soon climate with extreme rainfall variability and a temperate climate with 
moderate rainfall variability [1]. In two contrasting climates, the frontal rainfall 
shows monofractality and the convective-type rainfall shows multifractality.  

Hence, climate change can be interpreted from the perspective of fractals. A 
change of fractality may be observed when the climate changes. We attempt to 
explain changes in climate, referred to as regime shifts, by analyzing fractality. 
We use the wavelet transform to analyze the multifractal behavior of the climate 
index. Wavelet methods are useful for the analysis of complex non-stationary 
time series. The wavelet transform allows reliable multifractal analysis to be per-
formed [2]. In our previous paper [3], in terms of the multifractal analysis, we 
conclude that a climatic regime shift corresponds to a change from multifractal-
ity to monofractality of the Pacific Decadal Oscillation (PDO) index. 

The influence of solar activity on climate has been discussed for a long time.  
Recent measurements from space indicate that the total solar irradiance 

changes associated with the 11-year solar cycle are negligibly small (0.1%), al-
though larger (4% - 8%) variations are found in the ultraviolet (UV) range of 
200 - 250 nm [4]. Even if we do not expect direct solar cycle impacts at Earth’s 
surface, a significant influence should be detected in the stratopause region [5]. 
The influence of the solar activity on the climate has been studied as below. 

A decadal variation that correlates positively with 11-year solar activity cycle 
of tropical lower stratospheric ozone and temperature has previously been iden-
tified.  

However, the El Niño-Southern Oscillation (ENSO) also influences lower 
stratospheric ozone and temperature [6]. The coherent temperature and ozone 
signals are evidence that ENSO modulates upwelling in the tropical lower stra-
tosphere [7].  

Solar and the Quasi-Biennial Oscillation (QBO) in the equatorial lower stra-
tosphere influences on the timing of stratospheric sudden warmings [8]. The in-
fluence of the 11-year solar cycle on the QBO was shown [9], [10]. Chemical 
constituents, such as ozone, water vapor, and methane, are affected by circula-
tion changes induced by the QBO [11].  

A significant part of temperature variation could be the result of a solar wind 
interaction with the Earth’s atmosphere and a subsequent modulation of the 
North Atratic Ocillation (NAO) [12].  

The relations between the solar activity and climate indices and those between 
the climate indices have been examined, but the relations of their fractal proper-
ties have not been investigated. So in this study, we examined the relation among 
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the solar activity, the total ozone, QBO, NAO, and ENSO by the change of frac-
tality paying attention to the QBO. To detect the changes of multifractality, we 
examine the multifractal analysis on the solar 10.7-cm radio flux (F10.7 flux), 
QBO, NAO, Niño3.4 indices, the Southern Oscillation Index (SOI), and total 
ozone using the wavelet transform. Moreover we examined the wavelet cohe-
rence and phase of those indices. To investigate the influence of the sun on the 
climate in the case of the strong solar activity, we examined the wavelet cohe-
rence and phase between them, and the change of fractality.  

2. Data and Method of Analysis 

We used the monthly time series provided by NOAA’s Climate Prediction Cen-
ter, USA (CPC), as detailed below. We used the solar 10.7-cm radio flux (F10.7 
flux) (Figure 1(a)), which is an excellent indicator of the solar activity, QBO 
(Figure 1(b)), NAO (Figure 1(c)), Niño3.4 (Figure 1(d)) indices and SOI. QBO 
index from the zonal average of the 30 mb zonal wind at the equator was used. 
The total ozone provided by NASA (nasasearch.nasa.gov) were used.  

We used the Daubechies wavelet as the analyzing wavelet because it is widely 
used in solving a broad range of problems, e.g., self-similarity properties of a 
signal or fractal problems and signal discontinuities. The data used were a dis-
crete signal that fitted the Daubechies Mother wavelet with the capability of pre-
cise inverse transformation. Hence, precisely optimal value of τ(q) could be cal-
culated as explained below. We then estimated the scaling of the partition func-
tion Zq(a), which is defined as the sum of the q-th powers of the modulus of the 
wavelet transform coefficients at scale a. In our study, the wavelet-transform 
coefficients did not become zero, and therefore, for a precise calculation, the 
summation was considered for the entire set. Muzy et al. [2] defined Zq(a) as the 
sum of the q-th powers of the local maxima of the modulus to avoid division by 
zero. We obtained the partition function Zq(a): 

( ) [ ]( ),
q

qZ a W f a bϕ= ∑                     (1) 

where Wφ[f](a, b) is the wavelet coefficient of the function f, a is a scale parame-
ter and b is a space parameter. The time window was set to six years for the fol-
lowing outlined reasons. We calculated the wavelets using a time window of 
various periods, 10, 6 and 4 years. For a time window of 10 years, a slow change 
of fractality was observed. Thus, this case was inappropriate to find a rapid 
change of climate indices because when we integrated the wavelet coefficient 
over a wide range, small changes were canceled. For four years, a fast change of 
fractality was observed. The overlap of the first and subsequent data was 3 years, 
which is shorter than the 9 years in the case of the 10-year calculation and thus 
the change of fractality was large. For six years, a moderate change of fractality 
was observed and hence the time window was set to this period. For small scales, 
we expect  

( ) ( )~ q
qZ a aτ                         (2) 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 1. (a) F10.7 flux; (b) QBO; (c) NAO; (d) Niño3.4. 
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First, we investigate the changes of Zq(a) in time series at a different scale a for 
each q. A plot of the logarithm of Zq(a) against the logarithm of time scale a was 
created. Here τ(q) is the slope of the linear fitted line on the log–log plot for each 
q. Next, we plot τ(q) vs q. The time window was then shifted forward one year 
and the process repeated. We define monofractal and multifractal as follows: if 
τ(q) is linear with respect to q, then the time series is said to be monofractal: if 
τ(q) is convex upwards with respect to q, then the time series is classified as 
multifractal [13]. We define that the value of R2, which is the coefficient of de-
termination, for fitting straight line, if R2 ≥ 0.98 the time series is monofractal 
and if 0.98 > R2 that is multifractal. 

We calculated τ(q) of different moments q for individual records for the 
Niño3.4 index. In Figure 2, τ(q) between 1980 and 1994 is shown. The data were 
analyzed in six-year sets, e.g., τ(q) of n80 was calculated for the 1980-1985 pe-
riod, and that of n81 was calculated for the 1981-1986 period. To examine the 
change of fractality, the time window was then shifted forward one year and τ(q) 
was calculated from n80 up to n89. A monofractal signal would correspond to a 
straight line for τ(q), while τ(q) would be nonlinear for a multifractal signal. 
Most of the multifractality observed is due to the negative value of q, i.e., small 
fluctuations are more inhomogeneous than large fluctuations. In Figure 2, the 
data sets were monofractal in the cases of n80 - n82, n85 - n87, and n89 and 
were multifractal in the cases of n83, n84, and n88.  

We plot the value of the τ(−6) in each index. The negative large values of the 
τ(−6) show large multifractality. For the τ(−6), q = −6 is the appropriate number 
to show the change of τ. The value of the τ(−6) do not always correspond to the 
fractality obtained from the value of R2.  
 

 
Figure 2. τ(q) for individual Niño3.4 between 1980 and 1994. 
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3. Results 

3.1. The Influence of the Solar Radio Flux on the QBO 

To examine the influence of the solar activity on the QBO, we investigated the 
relation between the F10.7 flux and QBO index. The τ(−6) of the F10.7 flux and 
QBO index are shown in Figure 3. The red square shows monofractality and the 
green circle shows multifractality for the 6 years centered on the year plotted.  
 

 
Figure 3. The τ(−6) of the F10.7 flux, and QBO index (top). Wavelet coherence (middle) 
and phase (bottom) between the F10.7 flux and QBO index. The thick black contour en-
closes regions of greater than 95% confidence. The thin black contour encloses regions of 
greater than 90% confidence. The cone of influence, which indicates the region affected 
by edge effects, is shown with a black line. In the wavelet phase, the positive value shown 
by the blue and pink shading means that the F10.7 flux leads QBO index and the negative 
value shown by the green, yellow and red shading means that QBO index leads the F10.7 
flux. 
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For example, the green circle for 1970 in the QBO shows multifractality between 
1967 and 1972. The data was excluded from Figure 3 (top) for cases where we 
could not distinguish between monofractality and multifractality. During the 
period 1950 and 2010, for the F10.7 flux and QBO index, the matching in mono-
fractality or multifractality is observed and the increase and decrease of multi-
fractality are very similar, that is the change of multifractality is similar. We in-
vestigated the relation between the F10.7 flux and QBO index by means of 
wavelet coherence, phase and fractality. We show the wavelet coherence and 
phase using the Morlet wavelet between the F10.7 flux and QBO in Figure 3 
(middle) and (bottom), respectively. The coherence between the F10.7 flux and 
QBO index in 1 - 2 year scale was strong and the lead and delay of the F10.7 flux 
was observed every ten years.  

3.2. Relation between the QBO and Total Ozone 

We investigated the relation between the QBO and total ozone. The τ(−6) of the 
QBO and total ozone are shown in Figure 4. During the period 1985 and 2010, 
for the QBO and total ozone, the change of multifractality are very similar. We 
show the wavelet coherence and phase using the Morlet wavelet between the 
QBO index and total ozone in Figure 4 (middle) and (bottom), respectively. The 
coherence between the QBO index and total ozone was strong in 2 - 3 year scale 
for 1980-1995 and in 1 year scale for 1995-2008 and the leads of the QBO index 
were observed. This result consisted with the result of [11]. 

3.3. Relation between the NAO and QBO 

We investigated the relation between the NAO and QBO. The τ(−6) of the NAO 
and QBO are shown in Figure 5. During the period 1950 and 2010, for the NAO 
and QBO, the change of multifractality is very similar. The coherence between 
the NAO and QBO indices was strong and the lead and delay of the QBO index 
was observed.  

3.4. Relation between the ENSO and QBO 

We investigated the relation between the ENSO and QBO. The τ(−6) of the 
Niño3.4 and QBO are shown in Figure 6. During the period 1950 and 2010, for 
the Niño3.4 and QBO, the change of multifractality is very similar. The cohe-
rence between the Niño3.4 and QBO indices was strong and the lead and delay 
of the QBO index was observed. The τ(−6) of the SOI and QBO are shown in 
Figure 7. During the period 1950 and 2010, for the SOI and QBO, the change of 
multifractality is very similar. The coherence between the SOI and QBO index 
was strong and the lead and delay of the QBO index was observed.  

4. Discussion 

We considered the relation among the solar activity, total ozone, QBO, NAO, 
and ENSO. We examined the changes of fractality, τ(−6) and the wavelet cohe-
rence and phase in those indices. 
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Figure 4. The τ(−6) of the QBO index and total ozone (top). Wavelet coherence (middle) 
and phase (bottom) between the QBO index and total ozone. In the wavelet phase, the 
positive value shown by the blue and pink shading means that the QBO leads the total 
ozone and the negative value shown by the green, yellow and red shading means that the 
total ozone leads the QBO. 
 

During the period 1950 and 2010, for the F10.7 flux and QBO index, the 
matching in monofractality or multifractality is observed and the increase and 
decrease of multifractality are very similar, that is the change of multifractality is 
similar. The coherence between the F10.7 flux and QBO index in 1 - 2 year scale 
was strong and the lead and delay of the F10.7 flux was observed every ten years. 
The influence of the solar activity on the QBO has been shown. The influence of 
the 11–year solar cycle on the quasi-biennial Oscillation is shown [10]. As the 
correlation between QBO and F10.7 flux is strong, the QBO contains the 11-year 
cycle from the sun. The QBO influences the solar cycle in climate indices. 
Hence, the QBO influences on the F10.7 flux and leads the F10.7 flux. 
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Figure 5. The τ(−6) of the NAO and QBO indices (top). Wavelet coherence (middle) and 
phase (bottom) between the NAO index and total QBO. In the wavelet phase, the positive 
value shown by the blue and pink shading means that the NAO leads the QBO and the 
negative value shown by the green, yellow and red shading means that QBO leads the 
NAO. 
 

During the period 1985 and 2010, for the QBO and total ozone, the change of 
multifractality are very similar. The coherence between the QBO index and total 
ozone was strong in 2 - 3 year scale for 1980-1995 and in 1 year scale for 
1995-2008 and the leads of the QBO index were observed. The influence of QBO 
on ozone has been shown and this result consisted with the result of Baldwin as 
below. Chemical constituents, such as ozone, water vapor, and methane, are af-
fected by circulation changes induced by the QBO [11].  

During the period 1950 and 2010, for the NAO and QBO, the change of mul-
tifractality is very similar. The coherence between the NAO and QBO indices 
was strong and the lead and delay of the QBO index was observed. Holton and 
Tan [14] have presented strong evidence that the equatorial QBO modulates the  
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Figure 6. The τ(−6) of the Niño3.4 and QBO indices (top). Wavelet coherence (middle) 
and phase (bottom) between the Niño3.4 index and QBO. In the wavelet phase, the posi-
tive value shown by the blue and pink shading means that the Niño3.4 leads the QBO and 
the negative value shown by the green, yellow and red shading means that QBO leads the 
Niño3.4. 
 
global circulation at 50 mb. The solar cycle modulation of the NAO is more 
strongly enhanced in the weaterly phase of the 50-hPa QBO wind [15]. On the 
other hand, a clear AO/NAO response to the QBO is seen at the surface [14], 
with the tropospheric anomalies lagging the stratospheric anomalies by about 2 - 
3 weeks [16]. 

During the period 1950 and 2010, for the Niño3.4 and QBO, the change of 
multifractality is very similar. The coherence between the Niño3.4 and QBO in-
dices was strong and the lead and delay of the QBO index was observed. Between 
1950 and 2010 years, for the SOI and QBO, the change of multifractality is very 
similar. The coherence between the SOI and QBO index was strong and the lead 
and delay of the QBO index was observed. During the period 1950 and 2010, es-
pecially for the 1970s, for the Niño3.4 and SOI, the matching in monofractality  
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Figure 7. The τ(−6) of the SOI and QBO index (top). Wavelet coherence (middle) and 
phase (bottom) between the SOI and QBO. In the wavelet phase, the positive value shown 
by the blue and pink shading means that the SOI leads the QBO and the negative value 
shown by the green, yellow and red shading means that QBO leads the SOI. 
 
or multifractality is observed and the increase and decrease of multifractality are 
very similar, that is the change of multifractality are very similar. The multifrac-
tal analysis used in this study is effective as a method to analyze complicated 
time series data. The relation between the QBO and ENSO has been shown. 
During the east phase of the QBO (QBOE), the Pacific regional pressure and 
circulation anomalies which arise in response to QBO-linked trends in convec-
tive activity are consistent with conditions leading to warm ENSO events (El 
Niño). If the heat content of the warm pool is sufficient, a warm event will occur. 
Conversely, conditions favoring the development of cold events (La Nina) tend 
to occur in association with the westerly phase of the QBO (QBOW) [17]. On 
the other hand, ENSO modulates QBO properties and the underlying easterly jet 
in QBOW is weaker during El Niño compared to La Nina, while the underlying 
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westerly jet in QBOE is stronger during El Niño compared to La Nina [18].  
We show the absolute value of τ(−6) for QBO, NAO, and Niño3.4 in Figure 8. 

The vertical axis is natural logarithmically transformed. The change rate for 
NAO and QBO was similar. Especially, the change rate for Niño3.4 index was 
large between 1950 and 1980 and after the 1976/77 regime shift, the change rate 
for Niño3.4 became small and ENSO became stable. The negative large values of 
the τ(−6) show large multifractality and instability. The absolute value of τ(−6) 
for NAO was large, hence the multifractality for NAO was strong. At some pe-
riod, the absolute value of τ(−6) for QBO was small, hence the multifractality for 
QBO was weak. During the period 1950 and 1980, the absolute value of τ(−6) for 
Niño3.4 was small, hence the multifractality for Niño3.4 was weak. Hence the 
multifractality for NAO and QBO was strong comparing to Niño3.4 and the 
change of NAO and QBO was unstable.  

The relation among the solar activity, total ozone, QBO, NAO, and ENSO 
were shown clearly by the wavelet coherence and phase and the similarity of the 
change of multifractality. 

5. Conclusions 

We investigated the change of multifractal behavior of the climate index. We 
used the wavelet transform to analyze the multifractal behavior of the F10.7 flux, 
total ozone, QBO, NAO, and Niño3.4 indices. We showed the change of multi-
fractality by plotting the τ(−6). In this study, we examined the influence of the 
solar activity on the climate through the total ozone, and QBO. To detect the 
changes of multifractality, we examined the multifractal analysis using the wave-
let transform on the F10.7 flux, total ozone, NAO, and QBO indices. Moreover 
we investigated the wavelet coherence and phase of these indices.  

During the period 1950 and 2010, for the F10.7 flux and QBO index, the 
matching in monofractality or multifractality is observed and the increase and 
decrease of multifractality are similar; that is the change of multifractality is sim-
ilar. In the same way, it is very similar, during the period 1985 and 2010, for  
 

 
Figure 8. The absolute value of τ(−6) for QBO, Niño3.4, and NAO indices. The vertical 
axis is natural logarithmically transformed. 
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the QBO and the total ozone, and during the period 1950 and 2010, for the QBO 
and, NAO and for the QBO, and Niño3.4. Compared to Niño3.4, the multifrac-
tality of NAO and QBO was strong and it turns out that they are undergoing 
unstable change. 

The relation among the solar activity, total ozone, QBO, NAO, and ENSO was 
clarified by the methods of fractal analysis and the wavelet coherence. These 
findings will contribute to the research of the relation between the solar activity 
and climate change. 
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