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Abstract

This paper investigates the nature of the fluctuation of both solar wind speed
and the interplanetary magnetic field intensity during solar cycle 24. Since
detrended multifractal fluctuation analysis can provide information about the
internal regularity, randomness, and long-term correlation of time series, we
applied this technique to our two time series data to better understand their
evolution regularity and analyze their multifractal behavior. The results indi-
cate the existence of strong multifractal characteristics in both data sets stud-
ied. According to the width of the multifractal spectra of the two series, the
solar wind speed exhibits a more complex multifractal behavior than the in-
terplanetary magnetic field. The different parameters from the multifractal
spectra show that this multifractality is dependent on both a fat-tailed proba-
bility density function and long-range temporal correlations. Furthermore,
the multifractality identified in both time series appears to be associated with
an energy cascade process.

Keywords

Wind Speed, Magnetic Field, Fluctuation, MFDFA, Solar Cycle 24

1. Introduction

The Sun-Earth system is a complex system, composed of multiple interactions.

These interactions result in energy transfers from regions of the Sun to the near
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Earth space environment [1]. This energy is primarily transported by a stream of
particles called the solar wind. It is therefore a low-density plasma, made up of
charged particles in particular, electrons, ions and protons [1]-[3]. With a speed
generally between 300 and 800 km/s depending on the origin, it plays a funda-
mental role in the dynamics of the interplanetary medium and Sun-Earth interac-
tions. This solar wind then interacts with the Earth’s magnetosphere.

These interactions between the solar wind and the magnetosphere are thus
complex phenomena because of the magnetic reconnection which induces ex-
changes of plasma and energy between the two [3]. During this process, there is
sometimes a simultaneous release of large quantities of magnetized plasma,
known as a Coronal Mass Ejection (CME). When the CME subsequently interacts
with the Earth’s magnetic field, it induces disturbances that can have a significant
impact on critical infrastructure [2]-[4]. Scientific opinion now converges on the
fact that coronal mass ejections are the cause of most disturbances on the ground,
more than solar flares, which are accidental [5]. Moreover, the interplanetary
magnetic field results from the extension of the solar magnetic field and its
transport by the solar wind. Like the solar wind, it is an important factor in mod-
ulating the near-Earth space environment. The orientation of this field is very im-
portant for the magnetosphere ionosphere coupling, since it determines the effi-
ciency of magnetic reconnection at the magnetopause [6]-[9].

Several studies have shown that variations in the solar wind speed are not only
linked to the structure of the solar magnetic field but also to the evolution of the
solar cycle, and they condition the nature of the couplings with the Earth’s mag-
netosphere [3]-[5] [10]-[13]. Indeed, the dynamics of the Sun has a cyclical com-
ponent called the solar cycle. It is the period at the end of which solar activity
varies, reproducing the same phenomena as during the previous period of the
same duration. The solar cycle lasts approximately eleven years and is measured
in particular by observing the number and location of sunspots, which constitute
the most obvious manifestation of solar activity [5] [7] [9]. The effects of the space
radiation environment on human activities are strongly linked to solar activity
and geomagnetic activity. These permanently disrupt the radiative balance of the
regions crossed by satellite orbits. The consequences of the space radiation envi-
ronment are multiple and diverse. They can impact aerospace infrastructure by
causing irreversible damage. Sun-Earth interactions can also disrupt terrestrial
telecommunications, satellite positioning systems, and aeronautical systems, po-
tentially endangering aircraft and their passengers. Furthermore, consequences
on Earth can even be observed through geomagnetically induced currents, which
can, for example, damage transformers and high-voltage lines. Lanzerotti et al
[14] even add biological effects to this list. In view of these possible damages, it is
becoming increasingly important to be able to predict the dynamics of geomag-
netic activity.

Numerous studies exist in the literature on the solar wind, its speed and the

interplanetary magnetic field. These investigations show that these two phenom-
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ena have a non-stationary character [1]-[4] [6] [12]-[14]. Indeed, most natural
phenomena often present self-similar structures and fluctuations at different
scales [15]. To better understand these fluctuations in depth, the use of simple
ordinary tools such as linear correlations is not appropriate because of the non-
linear nature of these variables. Fortunately, several tools are now being developed
for such processes. Among these, the most common is Multifractal Detrended
Fluctuation Analysis (MFDFA). This approach is applied in several fields, includ-
ing physics [1]-[6] [11]-[16], finance [17]-[20], and environmental sciences [21]-
[33]. The important advantage of MFDFA over other approaches is its ability to
detect long-term correlations in non-stationary time series. Multifractal analysis
proves to be a powerful tool for characterizing the complexity and heterogeneity
of fluctuations in natural phenomena because it allows describing the distribution
of local singularities in a time or spatial series and identifying the different scales
of intermittency and self-organization in the dynamics of a physical or geophysi-
cal signal. Thus, the study of the multifractal characteristics of natural phenomena
is an essential research topic for understanding the complex dynamics of physical
and geophysical systems.

Gomes et al. [1] used a multifractal relaxed fluctuation analysis coupled with
surrogate and volatility methods to study the effects of current sheets on solar
wind turbulence. Starting from a p-model to reproduce the multifractal behavior
of the solar wind series, they found that a nonlinear turbulence energy cascade
dynamic system is at the origin of the dynamics observed in the data series they
used. Macek ef al [2] investigated the intermittency and multifractality of the so-
lar wind using both magnetic field data collected by Voyager in the outer helio-
sphere and plasma data recorded by Helios in the inner heliosphere. They showed
that the multifractal spectrum of the solar wind attractor is consistent with that of
the multifractal measure of the self-similar weighted Baker map. Salam et al [3]
used wavelet transforms to study the scaling and intermittency properties of solar
wind MHD turbulence. They obtained results similar to those previously reported
by other authors [4]-[6]. According to these authors, the scaling of the magnetic
field and the velocity fluctuations are found to be fundamentally different. Indeed,
the magnetic field and the bulk plasma velocity have fundamentally different scal-
ing laws, close to K41 for the magnetic field components, and close to IK for the
velocity components. Bolzan ef al. 7] analyzed the interplanetary magnetic field
obtained by the ACE satellite during coronal mass ejections. Their multifractal
analysis showed that the presence of these strong and well-behaved structures in
the coronal mass ejection decreases the degree of multifractality, compared to pe-
riods following the ejections. This trend was also found by Li et a/. [8], who also
observed this behavior on geomagnetic time series where, according to them, the
presence of strong oscillations strongly reduces the degree of multifractality of the
signal.

The main objective of this work is to use the MFDFA method to characterize

and compare the complexity of fluctuation dynamic both of the solar wind speed
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and the interplanetary magnetic field during solar cycle 24. This paper is orga-
nized as follows: the first part of Section 2 presents the data used in the study. The
second part of Section 2 details the methodology adopted, ie., the different steps
to follow to apply the MFDFA method to a time series of data. Section 3 presents
the main results of the study as well as their analysis and interpretation. Finally,

some conclusions and future work are provided in Section 4.

2. Data and Methodology
2.1. Data

Understanding the Sun-Earth interaction involves observing and analyzing the
solar wind. In our study, we focused on using the OMNIweb database. OMNIweb
is a NASA online service that provides data on the space environment around
Earth. that offers a comprehensive history of solar wind parameters, bringing to-
gether measurements made by various successive missions. These data contribute
to a better understanding of the impact of solar activity on Earth’s atmosphere
and weather. The vast collection of historical solar wind data and the regular up-
dates to this dataset make OMNI a valuable asset for understanding the past and
present of the Earth-Sun relationship. The information stored on the omminweb
site comes mainly from orbiting satellites and space probes such as: ACE, WIND,
DSCOVR, IMP-8, etc. These different satellites measure, among other things, in
real time certain intrinsic characteristics (speed, density, temperature) of the solar
wind, the components of the interplanetary magnetic field, geomagnetic parame-
ters (Kp, Dst, AE indices, etc.), as well as solar flares and energetic particles. Fur-
thermore, a technological effort is being made to intercalibrate these data and pro-
ject them onto the shock wave nose to ensure spatial consistency.

The data available on the OMNIweb site are provided at two time scales. These
are low-frequency data (with a recording scale of one hour) and high-frequency
data (with a recording scale of the order of minutes). For this study, we used both
solar wind speed data and mean magnetic field strength in the interplanetary me-
dium, collected with a one-minute resolution during solar cycle 24, ranging from
December 2008 to December 2019. Despite the presence of time holes gaps in
some data time series due for example to a momentary failure of an instrument,
the solar wind parameters made available on OMNIweb are well suited for use in
data-driven models. Indeed, these time holes, when they are not too large, can be
filled using different interpolation techniques. It is important to point out that in
the specific case of our work, the data used is complete. Thus, we did not use any

interpolation technique.

2.2. Methodology

According to several authors, detrended multifractal fluctuation analysis is a pow-
erful tool for identifying scaling behaviors and multifractal properties of non-sta-
tionary time series. It is based on eliminating the intrinsic fluctuation of the signal

from the time series, by distinguishing the polynomial trends of the signal. This
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technique was initially developed by Peng et al [31], as basic Detrended Fluctuta-
tion Analysis (DFA) and later extended to the study of multifractal processes by
Kandelhardt et al [32], under the name MFDFA. The MFDFA method is in other
words, the modified version of the generalized detrended fluctuation analysis. The
detailed computational procedure can be found as follows [6]-[10] [14] [16]-[20]
[30]. Consider any given time series X(i) containing N discrete data
(i=1,2,---,N ), the steps to apply the MFDFA method to this series are as follows:
Step 1: The first step in this method is to create a cumulative sum of the original
time series X, . The profile Y; is created by converting the noises into random
walks. The objective of this transformation is to align the analysis with stationary
assumptions. This therefore allows a more precise exploration of intrinsic fractal
characteristics while removing superficial trends. The accumulated deviation of

the series can be calculated as using Equation (1)
Y(i)=3(x %), ()

where X isthe mean of the original series.

Step 2: The second step is to divide the integrated series Y (I) into non-over-
lapping intervals by the equal length s. Thereare N, =int(N/s) segmentsand
N, is the nearest integer part of N/s. Since thelength N of the series may not
be an integer multiple of the timescale S, some data may remain at the end of the
series Y (i). In order not to ignore the rest of the series, the same computation
procedure is repeated from the end to the start of the series. Finaly, 2N seg-
ments are obtained in total. Such double segmentation tends to minimize the
boundary effects and ensure sufficient stability. In each segment, a local trend is
fitted using a polynomial of degree m.

Step 3: A least squares fit method is applied to calculate the trend for all of the
2N, segments, and the variance is determined by

%ZS:[Y ((v—l)s+i)—y§"‘)(i)]2 v=12-N,
F2(s,v)=1. "7 o

%Z;:[Y(N —(v—l)s+i)—y‘(/m)(i)}2,v: N, +1---,2N,

The order of the polynomial y™ (i) determines the order of trend in the time
series which will be removed. For the linear (ie., polynomial order m = 1), quad-
ratic (Ze., m = 2), cubic (ie., m = 3) or higher order polynomials, MFDFAm are
denoted accordingly like MFDFA1, MFDFA2, MFDFA3 and so on [11].

Step 4: In MFDFAm, possible m order trends are eliminated in the profile. By

averaging over all windows, we obtain the fluctuation as

FAs){{f(FZ(s,v))?f o

where g is the order of moment. It is the fluctuation parameter which can be any

real value except zero. Indeed when g tends towards zero, F, (S) will diverge. So
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a logarithmic average has been taken to find F,(s) at gtends towards zero as:

2N,

Fo(s):exp{‘l—;sglnﬂFz(s,v)D} 4)

This procedure is repeated for different scale length s and F,(s) for differ-
ent values of ¢gis computed.

Step 5: The final step is to estimate the slope of the log-log plot of F, (s) versus

s for each value of ¢. From this plot, the scaling behaviour of the fluctuation func-

tions can be determined. If the series X (i) arelong-range power-law correlated,

Fq (S) increases with increase of s, as a power-law
F,(s)~s"" (5)

where h(q) is the slope in a log-log plot of F,(s) versus $ called the gener-
alized Hurst exponent, which characterizes the fractal properties of the time series.
Form the log-log plot of F,(s) againsts, h(q) is computed for various values
of ¢. The moment g can take values between —oo and +4o0. For positive values
of ¢ h(q) describes the scaling behavior of segments with large uctuations and
for negative values of g, h(q) describes the scaling behavior of segments with
small uctuations. If h(q) varies with g, we deduce that the scale is multifractal.
According to Kantelhardt et al. [32], this dependence is one of the intrinsic char-
acteristics of a multifractal process. But to avoid a divergence of the moments the
fat tails of the fluctuation distribution, several authors suggest restricting the order
q [33]-[36]. In our paper, the moment g from —5 to +5 with the increment of 1.
This choice of parameters follows several tests. On the other hand, if h (q) does
not depend on g and keeps a constant value A whatever g, then we conclude that
the time series is monofractal. A is known as the Hurst exponent and represents
an important parameter in the analysis of fractal and chaotic time series, since it
allows to quantify the degree of persistence, long-term memory or randomness of
a time series. This parameter, which varies between 0 and 1, therefore character-
izes the degree to which past values of a chronological series can influence future
values. If H =0.5 the process is memoryless. There is no correlation and the
time series is an uncorrelated signal (white noise). H >0.5 implies long-term
persistence and H < 0.5 implies short-term persistence.

It is important to note that when the time series is multifractal, the generalized
Hurst exponent h(q) is in turn related to the multifractal exponent also called
Reényi exponent 7(q) through the following formular. If the curve representing
the evolution of T(q) as a function of ( is linear, then the time series is mon-
ofractal. On the other hand, if it is non-linear, then the time series has multifractal

properties.
7(a)=ah(a)-1, ©)

On the basis of the obtained 7(q) characteristic, it is possible to get more in-
formation about the data series and properly characterize the strength of mul-

tifractality by calculating the Holder exponents o and the singularity spectrum
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f (a) witch is an important tool in fractal investigation for the time series. These

functions obtained by a first-order legend transformation are given by:
a(q)=7'(q)
7)
f(a)=qa-7(q)

Figure 1 is a schematic representation of a singularity spectrum. From this fig-

ure, a set of parameters allowing each series to be characterized can be obtained.

These are:
. . . q=0 )
1 D0 information carrier Mul tl frac tal
D, information dimension =1 e Sp ectrum
0.8 £ - q°
¢ 9
¢ °.q
N
0.6 o F
~~
2
=1
0.4} f(@)=a
. asymmetry
a
q=+oo : q=-
0 A A ' A ' A ' A A
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% min o, o ax

- >
< >

spectrum width w

Figure 1. Example of a schematic representation of any multifractal
spectrum including some important intrinsic parameters [13].

1) a,,the a value when f(a) reaches its maximum value. It is obtained
by setting f (&) =1. Generally, the underlying process is more regular in appear-
ance for low values of « .;

2) W, the a width

W=a,, -, (8)

in

where o, and o, are respectively the minimum and maximum values of
o that mark the base of the concave parable in the multifractal spectrum. «,,,

and o, are obtained by setting f(a)=0. According to several authors, the
width of the spectrum w can be considered as a real indicator of the degree or
complexity of the multifractality of the series studied. A large width indicates that
the probability distribution is more heterogeneous and the time series has strong
multifractality. On the contrary, a small width indicates that the fractal region is
more uniformly distributed.

3) a,,the asymmetry parameter

[04 —Q,
as — max 0 (9)
Ay — Oin

the spectrum is symmetricif a, =1, for a, >1, the spectrum is right-skewed and

DOI: 10.4236/0japps.2025.1510199

3031 Open Journal of Applied Sciences


https://doi.org/10.4236/ojapps.2025.1510199

A. ). Adéchinan et al.

for a, <1, the spectrum is left-skewed [17] [20]. A multifractal spectrum with a
long right tail has a greater contribution from small fluctuations. In contrast, a
multifractal spectrum with left asymmetry has a greater influence from local fluc-
tuations with large values [4].

Furthermore, Af is an additional parameter that can be deduced from the

multifractal spectrum. It is defined by:
Af = f (amax)_ f (amin) (10)

For positive values of f , the number of largest subsets is greater than the min-
imum number in the probability measures and thus the multiscale fractal spec-
trum has the left hook shape. In contrast, For negative values of f , the multiscale
fractal spectrum is right hook shape.

Furthermore, it is possible to identify the origin of multifractality in a given
time series. In the literature, there are two possible sources: the shuffling proce-
dure and the surrogating procedure [37]. On the one hand, multifractality due to
a broad probability density function for the values of the time series; and on the
other hand, multifractality due to different long-term correlations of small and
large fluctuations. Indeed, we can determine the source of multifractality by ana-
lyzing the corresponding random series. The technique is to place the values in a
random order during the shuffling procedure. This destroys all correlations. Thus,
if the multifractality is due to long-range correlations, the shuffled series presents
a non-fractal scaling. On the other hand, if the initial A4(g) dependence does not
change, then the multifractality is due to the broad probability density, which is
not affected by the shuffling procedure [38]. It is also important to note that when
both sources of multifractality are present in the data series studied, the shuffled
series will present a weaker multifractality than the initial series. To obtain the
surrogate data in our case, we used the usual amplitude-adjusted Fourier trans-
form method. According to Dong et al. [39], this technique consists to: 1) per-
forming a discrete Fourier transform of the original series, 2) multiplying the dis-
crete Fourier transform of the data by random phases, and 3) generating a phase
randomized surrogate by performing an inverse Fourier transform.

In our study, the different steps of the MFDFA method that we have just de-
scribed were applied to both the solar wind speed data and the interplanetary mag-
netic field intensity data recorded during solar cycle 24. The main results obtained

at the end of this procedure are presented in the following section.

3. Results
3.1. Solar Wind Speed

Figure 2 shows the temporal variation of the strength of the solar wind during the
study period. As can be seen in this figure, the speed of the solar wind varies
greatly during solar cycle 24. It can take values ranging from 230.5 to 944 km/h
with an average of 418.4 km/h. The solar cycle therefore recorded both slow solar
winds (speeds below 400 km/h) and fast solar winds (speeds between 400 km/h

DOI: 10.4236/0japps.2025.1510199

3032 Open Journal of Applied Sciences


https://doi.org/10.4236/ojapps.2025.1510199

A. ). Adéchinan et al.

and 800 km/h). These values are perfectly in agreement with those found in sev-
eral works [15] [27] [33].

1000 T T T T

800

|
[
600 |

400 B
|

Solar Wind Speed (km/s)

o b e b by

200

2x106  3x10°  4x10¢ 5%10°6

Time (minute)

0 1x10°

Figure 2. Variation of solar wind speed time series during so-
lar cycle 24.

As we pointed out above, in MFDFA any kind of detrending is retained in the
profile. In Figure 3(a), the fluctuation spectrum Hs) is plotted against sin a log-
log diagram for the specific case where g = 2. Overall, the observed trend is the
same for all values of order m. The fluctuation spectrum increases as the length of
the segments increases. On the other hand, the fluctuations decrease when the
order of the polynomial increases. Figure 3(b) shows the generalized Hurst expo-
nents A(q) against ¢g. The chosen values of gvarying between —5 and 5 with a step
equal to 1. As can be seen from this figure, a general trend emerges. The general-
ized Hurst exponent is not independent of the moment ¢. Indeed, /(g) decreases
with increasing moment g regardless of the order of the polynomial. This varia-
tion of A(g) as a function of g suggests the existence of multifractal behavior in
the solar wind speed series during solar cycle 24. Furthermore, it is noted that the
values of the Holder exponent « are greater than 0.5. This observation indicates
that both small and large fluctuations exhibit long-term persistent properties in
this time series.

As we mentioned in the previous sections, to better quantify the multifractality
of a given system, it is generally recommended to carefully analyze the representa-
tive curve of the singularity spectrum f(a) as a function of a singularity
strength « . This function therefore makes it possible to describe the singularities
that appear in the probability measure attributed to different regions of the phase
space of a given dynamical system [10]. Compared to other variables, the mul-
tifractal singularity spectrum is easier to interpret theoretically by comparing ex-
perimental results with the studied models. To do this, we therefore represented
in Figure 3(c), the multifractal spectrum f (a) of solar wind speed occur during
solar cycle 24. We note that the curve obtained has the appearance of a concave
function of « . This form of the function f(a) has a universal character in
multifractal theory [1] [3] [5]-[7]. The multifractal spectrum can either be left or

right truncated. In our case, the asymmetry parameter obtained is positive and
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Generalized Hurst exponent

greater than 1 (&, =2.31). So we have a right truncated multifractal spectrum for
all values m of the order of the polynomial, indicates that the time series is insen-
sitive to local fluctuations with small magnitudes. In other words, this shape of
the multifractal spectrum allows us to say that the scaling behavior of the solar
wind speed during solar cycle 24 is dominated by periods with stronger fluctua-
tions. The dynamics of the solar wind is mainly marked by fast winds which are
characterized by high speeds. The variability therefore comes from intense epi-
sodes. The width of this curve is an additional parameter witch can be identified
as the degree of multifractality. In Figure 3(c), this width is large, which means
that the probability distribution is more heterogeneous and therefore the degree
of multifractality of the solar wind speed fields is high. Since the types of sources
for multifractality in our time series could be different temporal correlations for
small and large fluctuations or a fat-tailed probability distribution for the values
of the time series, we then computed the corresponding multifractal spectrum
width for the original series, shued series, and surrogated series. This allows us to

concretely evaluate the multifractality contributions of these two types of sources.

Fluctuation spectrum (q = 2)

3333
[T
A WN P

0.85
0.80
§0.75
£0.70
0.65

0.60

3 4 5 6 7
log(s)
(a)
1 1.0 —
2 m=2
3 0.9 m=3
4 m=4
=0.8
=
0.7
0.6

0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95
a

(©)

Figure 3. (a) Fluctuation spectrum F, (S) as a function of s where g = 2, (b) Generalized Hurst exponent /(q) as a function of ¢,

and (c) Multifractal spectrum f (@) asa function of & of solar wind speed time series obtained using MFDFA1-4 during solar

cycle 24.

Figure 4 shows the results that follow from this. Analysis of this figure shows
that when one type of trend is retained in the profile or when fourth-order trends
are eliminated, multifractality due to fat-tailed probability is the least dominant

multifractality in the solar wind speed series during the study period. It is found
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that the degree of multifractality of the surrogate data is lower than that of the
original dataset. This shows that a broad, fat-tailed distribution would be the cause
of multifractality in the solar wind speed time series during the study period. It is
also observed that for any value of the order of the polynomial,

Aa
multifractality is lower than that of fat-tailed probability distribution multifractal-

¢ <Aag,,, <Aa . This indicates that the strength of long-range correlation

shu surro

ity. It follows that multifractality results from both a fat-tailed probability density
function and long-range temporal correlations. The multifractal spectrum ob-
tained is not symmetric. It has a long right tail, indicating that the contribution of
small fluctuations is the most important. Moreover, whatever the order consid-
ered, the difference in the width of the spectrum between the original solar wind
series and the shuffled series is higher than that found between the original solar
wind series and the surrogated series. These results therefore show that the mul-
tifractal characteristics, the degree of multifractality and the origin of multifrac-

tality are strongly dependent on the type of detrending chosen.

0.35 e
0.30 T
o --+- Original
2 0.25 Shuffled ol
Iy --+- Surrogated
0.20
0.15

10 15 20 25 30 35 40
Polynomial order

Figure 4. Aa—-m plots of solar wind speed time series ob-
tained using MFDFA1-4 (m = 1, 2, 3, 4) for original, shuffled,
and surrogated data during solar cycle 24.

3.2. Interplanetary Magnetic Field

The interplanetary magnetic field plays a major role in the interactions between
solar winds and the Earth’s magnetosphere. Figure 5 shows the temporal variation
of its intensity during solar cycle 24. This figure shows that this parameter fluctu-
ates significantly between 0.13 nT and 44.85 nT, with an average of 5.27 nT.
During the minimum period of the solar cycle, the Sun’s magnetic field resembles
that of the Earth [39]. Based on the standard deviation values, the dynamics of
the field appear to be more stable than that of the solar wind. We have plotted in
Figure 6 respectively the variation of the fluctuation spectrum (Figure 6(a)), the
generalized A(q) (Figure 6(b)) and the singularity spectrum function f(a)
(Figure 6(c)), obtained using MFDFA1-4. In Figure 6(a), the fluctuation spec-
trum A(s) is plotted against sin a log-log diagram for the specific case where ¢ =
2. Overall, the observed trend is the same for all values of order m. The fluctuation
spectrum increases as the length of the segments increases. On the other hand, the
fluctuations decrease when the order of the polynomial increases. This suggests

multifractal behavior in this data set. The curve representing the generalized Hurst
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Figure 5. Variation of interplanetary magnetic field time series during
solar cycle 24.

exponent is not constant (Figure 6(b)). It is noted that for any order of the poly-
nomial, A(q) decreases with increasing moment g. The curve for the first-order
moment deviates widely from the curves of the others. Moreover, the dependence
of the exponents /(g) on gis less pronounced in the interplanetary magnetic field
series, confirming the presence of long-range correlations and intermittency at
several time scales. This evolution of A(g) as a function of gindicates the existence
of multifractal behavior in the magnetic field series during solar cycle 24. When
the m™-order trends (m = 1, 2, 3, 4) are eliminated from the profile, it is noted
that the same exponent /(q) varies little with increasing q, which shows weak mul-
tifractal behavior.

The curve representing the multifractal spectrum of the interplanetary mag-
netic field occur during solar cycle 24 also has the appearance of a concave func-
tionof a (Figure 6(c)). Globally, it is noted that the values of the Hélder expo-
nent « are greater than 0.5 as what we got for wind speed. But for the moment
of order 4, certain values of « are the exception. The width of this curve is an
additional parameter witch can be identified as the degree of multifractality. Com-
pared to what we obtained for the solar wind speed series, we notice that the width
of the spectrum recorded here is less wide. This means that the probability distri-
bution is less heterogeneous and therefore the degree of multifractality of the solar
wind speed fields is high. The highest values of o are noted for m = 1. To better
identify the origin of multifractality and assess the contribution of the two types
of possible sources, we computed the corresponding multifractal spectrum width
for the original series, shued series, and surrogated series.

Figure 7 shows the impact of shued and surrogated series on the initial mul-
tifractal spectrum width. For all polynomial orders, the Aa values for the sub-
stituted series are significantly lower than those for the shuffled series. This trend
clearly indicates that the multifractality due to the fat-tailed probability is there-
fore the least dominant multifractality in our magnetic field data. Moreover,

whatever the order of the polynomial considered, the curve of the width of the
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Figure 6. (a) Fluctuation spectrum F (S) as a function of s where g = 2, (b) Generalized Hurst exponent A(g) as a function of g,

and (c) Multifractal spectrum f (a) vs. a of magnetic field intensity time series obtained using MFDFA1-4 during solar cycle

24.

spectrum of the shued series is clear below that surrogated, which reveals the pres-
ence of non-linearities in the series. We also note that for polynomials of order m
=1, m =2 and m = 4, the values of the width of the initial multifractal spectrum
and those shuffled are close. This indicates that multifractality comes mainly from
the distribution of values. The difference recorded between these two widths for
polynomial order m = 3 is quite significant.

Based on Figure 3(c) and Figure 6(c), we have recorded in Table 1 the numer-
ical results of the representation of the singularity spectrum of both the solar wind
speed and the interplanetary magnetic field. The maximum value reached by the
function f,, (&) isequalto 1, which isin perfect agreement with the schematic
representation of Figure 1. This result, although compatible with several works,
is however not in agreement with Sarkar et a/s [9] observations. Indeed, these
authors have studied the nature of the fluctuation of the daily average solar wind
speed time series collected over a period of 2492 days. They found that the maxi-
mum of the spectrum function is f,, ()=2. For all orders of polynomial
tested, the maximum of values of Ao the multifractal spectrum witch is 0.35
obtained with solar wind speed. For both our data series, f is negative except for
MFDFA4 for the magnetic field series, which induces a multi-scale fractal spec-

trum is shaped like a right hook.
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Table 1. Numerical results extracted from the singularity spectrum of both Figure 3(c) and Figure 6(c). To avoid confusion, pa-

rameter values relating to solar wind speed are written in italics.

Polynomial order MFDFA1 MFDFA2 MFDFA3 MFDFA4
o (@) 1 1 1 1 1 1 1
Spectrum a, 0.771 0.687 0.610 0.728 0.591 0.745 0.585
Parameter Aa 0.142 0.350 0.159 0278 0.183 0.276 0.180
Af -0.027 -0.15 —-0.058 -0.1 -0.027 -0.045 0.375
--e—- Original
0.201 = Shuffled
--e-- Surrogated I B 3
0,15 et "
] i
<
0.10 i |
0.05

10 15 20 25 30 35 40
Polynomial order

Figure 7. Aa—m plots of interplanetary magnetic field time se-
ries obtained using MFDFA1-4 (m = 1, 2, 3, 4) for original, shuf-
fled, and surrogated data during solar cycle 24.

4. Conclusions

In this study, we analyzed both the fluctuations of the solar wind and the inter-
planetary magnetic field during solar cycle 24. We used high-frequency data of
solar wind speed and interplanetary magnetic field strength over an eleven-year
period from December 2008 to December 2019. This data is available and directly
extracted from the NASA OMNIweb server database. The method used to analyze
our two data sets is known as MFDFA (Multifractal Detrended Fluctuation Anal-
ysis) which is a powerful tool for identifying scaling behaviors and multifractal
properties of nonstationary time series. We compared their degree of multifrac-
tality based on the evolution of the generalized Hurst exponents A(g) and on the
width of the singular spectrum A« .

The main results of this study have allowed us to improve our current
knowledge on the complexity of the fluctuations behavior of the solar wind plasma
velocity field as well as the interplanetary magnetic field during the cycle known
to be the weakest cycle in terms of sunspots for several decades. It is clear from
our investigation that the solar wind speed exhibits a more complex multifractal
behavior than the interplanetary magnetic field. In other words, the internal struc-
ture of the solar wind speed appears to be governed by non-trivial scaling laws,
reflecting a more marked fractal behavior. On the other hand, the intensity of the
interplanetary magnetic field, by the relative narrowness of its spectrum, reveals a
more homogeneous and less intermittent dynamic. The nature of the physical

processes governing each of these quantities could be the cause of this difference.
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Indeed, the dynamics of the solar wind is strongly marked by the coexistence of
speed regimes (slow and fast), the presence of transient structures (coronal mass
ejections, shock discontinuities, ...) and the development of compressible turbu-
lence during expansion. These multiple contributions induce a hierarchy of tem-
poral and spatial scales that can reinforce the fractal spectrum of the speed. On
the other hand, the intensity of the interplanetary magnetic field is more con-
strained by the global topology imposed by the Parker spiral and by the conserva-
tion of magnetic flux during radial expansion. Its variations are often linked to
Alfvenian waves and coherent structures, which could lead to a reduction in the
diversity of multi-scale behaviors detectable in the interplanetary magnetic field
intensity data set. It is also possible that the observed difference is linked to the
use of scalar intensity which could mask part of the complexity contained in the
vector components of the magnetic field. Furthermore, we noticed that the mul-
tifractality of the original series is caused partly by the large fat-tailed distribution
of the original series or by nonlinear correlations, since the surrogate series exhibit
lower multifractality than the original series. In view of the important results ob-
tained at the end of this study, we will be interested in our future work in the Bz
component of the interplanetary magnetic field by taking into account certain ge-
omagnetic indices during the different phases (minimum, ascending, maximum
and descending) of the solar cycle 24. Indeed, it has already been demonstrated in
the literature that the intensity and orientation of the interplanetary magnetic field
(particularly the B, component) condition the coupling by magnetic reconnec-
tion which is often translated by geomagnetic indices. Based on this hypothesis, if
the fractality of an index follows that of the interplanetary magnetic field rather
than that of the speed, we will then be able to confirm that the magnetosphere

responds more to magnetic fluctuations than to kinetic variations alone.
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