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18	ABSTRACT
19
Our investigation focused on the analysis of the fluctuations of slow and fast solar winds through the determination of the fractal dimension at different time scales of this ionized flow that escapes from the sun towards the atmosphere. The data used to achieve this goal are high-frequency solar wind speed data covering a twenty-five-year period (1998-2022), directly extracted from the omniweb server database. The box counting method was adopted to calculate the fractal dimension of the solar wind speed. It appears from this study that the frequency of occurrence of the slow solar wind is 78.61% compared to 31.39% for the fast solar wind. The fractal nature of the solar wind speed is dependent on the time scale. For the fast solar wind, the values of fractal dimension vary between 0.65 obtained in 1989 and 0.91 recorded in 2003. As for the slow solar wind, the values of the fractal dimension obtained remain more or less stable with small variations from one year to another. Although the slow solar wind has been shown to be more fractal than the fast solar wind, it appears to have deterministic behavior due to the invariance of its monthly fractal dimension.
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23
24	1. INTRODUCTION
25
26 The Sun–Earth system is a complex system, composed of multiple interactions leading, among other things, to energy
27 transfers from regions of the Sun to the near-Earth space environment, particularly its magnetosphere [1, 2]. Indeed, the
28 Sun manifests itself in the interplanetary environment following several mechanisms that affect all of space, the main ones
29 being electromagnetic radiation and solar wind [3]. This energy is mainly transported by the solar wind, which is a low-
30 density plasma composed of charged energetic particles. The first explanations of the origin of the solar wind came from
31 the American physicist Packer [1]. He made simplifying assumptions, which allowed him to obtain an equilibrium solution
32 from the hydrodynamic equations. He concluded that the speed of the solar wind at a given distance depended on the
33 temperature, that is, the higher the temperature, the greater the pressure gradient and therefore the faster the solar wind.

34 All the hypotheses he had put forward earlier were confirmed thanks to artificial satellites and space probes that were able
35 to measure for the first time the geomagnetic field and the characteristics of the solar wind [3-6]. With the progress, the
36 numerous investigations that followed have allowed us to know today that this flow of particles that escape from the sun
37 contains electrons, protons and alpha particles which form an electrically neutral whole. According to [7], the
38 characteristics of the solar wind, in particular its speed and density, vary with the nature of the sources of this wind. The
39 two main sources of the solar wind identified in the literature are the coronal holes from which the fast solar wind
40 (𝑠𝑝𝑒𝑒𝑑 ~ 800 𝑘𝑚/𝑠) emanates, and the helio which induces the slow solar wind (𝑠𝑝𝑒𝑒𝑑 ~400 𝑘𝑚/𝑠) [6]. It is important to
41 note that the slow and fast solar winds are characterized by quite different physical parameters. For example, studies
42 have shown that the temperature of the fast wind is higher, but its density is lower, the presence of large amplitude Alfvén
43 waves is also frequent in the fast wind and less in the slow one [8]. Furthermore, the composition of minor species
44 (particularly particles) is also different in these two types of wind. Thus, in many aspects, these two types of environments
45 are quite different, even if there are some invariants [9].
46
47 The potential effects of Sun-Earth interactions are now well known and their impact on modern societies is the subject of
48 economic estimates which justify the need for increased consideration [10]. The consequences of the space radiation
49 environment are multiple and mainly impact space infrastructures, which can cause irreversible damage (singular events,
50 dose effects, internal and surface charge effects, etc.). But Sun-Earth interactions can also disrupt terrestrial
51 telecommunications, satellite positioning systems and aeronautical systems, which can therefore endanger aircraft and
52 their passengers [11-14]. Furthermore, the consequences can extend and be observed as far as the Earth, through
53 geomagnetically induced currents, which can, for example, damage transformers and high-voltage lines. According to
54 [15], the effects of Sun-Earth interactions can be classified into four broad categories: effects on long conductors, on
55 telecommunications and on aerospace infrastructures, without forgetting biological effects. In view of its effects, solar wind
56 measurements, analyses, and interpretations are very important for better understanding the near-Earth space
57 environment.
58
59 Most natural phenomena exhibit complex behaviors that are difficult to describe with classical methods. However, owing
60 to the notion of the fractal dimension introduced by [16], we can quantify this complexity. For discrete data series, this
61 approach makes it possible to evaluate the density of the information at different scales. Fractal dimension is the main
62 indicator of the fractality of an object [17, 18]. It measures in some way the degree of irregularity and fragmentation of a
63 mathematical geometric set or representing a natural object [16]. Several authors have already used this approach to
64 analyze certain intrinsic parameters that govern the complexity of the sun-earth system. According to [19], a single fractal
65 dimension is not always sufficient to describe the complex and heterogeneous behavior of some meteorological variables.
66 In this case, a set of fractal dimensions must be considered [20]. Thus, if the measurement has different fractal
67 dimensions on different parts of the medium, the measurement is multifractal [21]. For example, using solar wind data
68 measured by the Helios 2 spacecraft in the inner heliosphere, [22] found that they exhibit a multifractal structure.
69 Investigations conducted by [23] on daily mean solar wind speed data collected over a period of 2492 days between
70 January 1997 and October 2003, revealed the highly fluctuating character of the solar wind, predominating over different
71 fractal structures and singularities of different strengths. The same observations are later made by [24] on daily mean
72 solar wind speed data collected between January 1996 and December 2006. The study carried out on the magnetic field
73 data of the ACE satellite allowed to conclude that the presence of large-scale coherent structures during coronal mass
74 ejections induces a decrease in multifractality compared to periods after the coronal mass ejections events [26]. Recently,
75 [27], based on measurements of the solar wind magnetic field from the ESA-Cluster mission, analyzed the fluctuations of
76 the solar wind magnetic field. The results suggest that the fluctuations of the magnetohydrodynamics have an intermittent
77 character, well described in the framework of classical multifractal models [26].
78
79 In view of the above, fractal analysis is widely acknowledged today as one of the effective tools for evaluating the
80 persistence of wind speed time series using fractal dimension as a quantitative indicator. Therefore, it is important to
81 continue exploring the probable causes of the multifractality identified in the solar wind plasma because the irregular
82 behavior of the solar wind speed observed by different authors seems to result from nonlinear dynamics rather than
83 random external forces. This paper aims to improve current knowledge on the nonlinear dynamics of solar wind speed.
84 More precisely, it is about determining the fractal dimension of solar wind speed over a long time series of data using the
85 box counting method. This study will serve as a basis for the development of a simulation model for predicting solar wind
86 speeds, essential for reducing the effects of this impressive phenomenon. Its main purpose is to improve our ability to
87 predict geomagnetic disturbances of solar origin. To our knowledge, this is the first time that such a long series of this type
88 of data has been used to analyze the nature of solar wind fluctuations with this method which gives statistically significant
89 results depending on the wide range of observations. After this introduction, the rest of this paper is organized as follows.
90 In following section 2, we present the data used as well as the description of the box counting technique. The various
91 results obtained, their analysis and their interpretations constitute the main part of section 3. Finally, we end with a
92 conclusion in section 4.
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2. 
MATERIAL AND METHODS

2.1 Material
The study of Sun–Earth interactions involve the observation and analysis of the solar wind. The main way to measure the state of solar wind at different locations in the heliosphere is to use in situ instruments. Most space agencies place solar wind satellites around Lagrange point L1, located on the axis connecting the Sun to the Earth, slightly upstream of it. This is one of the ideal points to place a satellite whose mission is to measure the parameters of the solar wind heading towards the Earth. It is often possible to access the measurements made by the different instruments directly from their Principal Investigator. In our study, we favored the use of the omniweb database. Indeed, this database, held by NASA, offers a complete history of the parameters of the solar wind, by grouping together the measurements made by the different missions that have followed one another. In addition, the data in this database are intercalibrated, and all are projected at the nose of the bow shock, in order to be spatially homogeneous. Two types of OMNI data are available: low- frequency data (time steps of one hour), and high-frequency data (time steps of the order of minutes). For our study, we used high-frequency data, more precisely solar wind speed data over the period from 1998 to 2022. 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 Methods
There are several methods developed in the literature to determine the fractal dimension of an object. These methods vary not only depending on the type of fractal studied, but also on the available data. [28] gives more details on the methods of determining the fractal dimension. The best-known method among them is the box method. It can be applied in structures lacking the strict self-similarity property. This method can also be used for multifractal analysis.

Let T be the total observation time; it is divided into 𝑛 contiguous intervals of length 𝜀 taken as successive powers of 2 (20, 21, 22 … ). We consider the total number of occupied intervals, 𝑁(𝜀), in which at least one value of the average solar wind speed of the time series of data used, is observed. Furthermore, we used an additional condition to calculate the same parameter for each type of solar wind. The wind speed must lower or greater than a given threshold. Thus, for the slow solar wind, 𝑁(𝜀) represents the total number of occupied segments (or intervals) in which at least one value below 400 km/s is observed. Similarly, 𝑁(𝜀) represents the total number of occupied segments (or intervals), in which at least one value above 500 km/s is recorded for the fast solar wind case. In case the data forms a one-dimensional fractal, then we have:1 𝐷

𝑁(𝜀) ≈ ( )	(1)
𝗌
By composing this equality with the logarithm function, we obtain the following relation:
log 𝑁(𝜀) = −𝐷 log(𝜀) + 𝐶	(2)
where 𝐷 represents the fractal dimension of the series considered and 𝐶 a constant. To obtain an approximation of the

134

box dimension 𝐷 we perform a linear regression on the diagram (

1
log( ) , log 𝑁(𝜀)
𝗌

). The slope of this line provides an

135	estimator of the fractal dimension 𝐷. Once found, the dimension 𝐷 will allow us to say whether or not the object
136	considered has a fractal structure. In fact, for 𝐷 very close to 1 or 2, the object analyzed will be considered to have a
137	Euclidean structure; on the other hand, for 1< 𝐷 <2, while being very far from these two values, the structure will be said
138	to be fractal.
139
140
141	3. RESULTS AND DISCUSSION
142
143	2.1 Temporal variability of solar wind
144
145 Figure 1 shows the temporal evolution of the solar wind speed at a time step of 5 minutes over the entire study period. As
146 can be seen in this figure, the values of the recorded speeds vary between 230.5 and 1076 Km/s. Wind speeds at this
147 time scale vary greatly. However, although no clear trend emerges from this variability, there is still a significant decrease
148 in the frequency of high wind speed values within a very specific time interval.
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[image: ]Fig. 1. Temporal evolution of solar wind speed at 5-minute steps over the entire study period.
Figure 2 illustrates the monthly variation of the solar wind speed during the study period. The analysis of this figure shows that at this time scale, the months of January, July, August and November record the maximum values with speeds exceeding 1000 km/s. The lowest values of wind speed are observed during the months of September and December. This variability predominates the slow solar wind.

[image: ]

Fig. 2. Monthly variation of solar wind speed over the entire study period


Figure 3 illustrates the evolution of the minimum, average, and maximum recorded solar wind speeds for each year of the study period. The minimum speed remains relatively stable with few fluctuations. The average speed shows moderate variations over the years. The maximum speed, however, exhibits significant variations with notable peaks. These peaks are often associated with periods of intense solar activity, characterized by major events (giant solar flares, coronal mass ejections). The variations between minimum and maximum speeds reflect changes in solar wind intensity over time, influenced by coronal mass ejections. Unlike the maximum speed, the minimum speed remains nearly constant, illustrating fractal properties confined to extreme variations. The average speed acts as a stable baseline, upon which chaotic events are superimposed. Although the minimum and average speeds are stable, the maximum speed reveals a more chaotic dynamic, reflecting rare but intense events characteristic of fractal structures. The peaks in maximum speed correspond to the most chaotic and fractal phases of solar activity.
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[image: ]Fig. 3. Annual variation of solar wind speed over the entire study period.

The analysis of Figures 1, 2 and 3 clearly illustrate the complex and chaotic variations of solar wind, reflecting its fractal and turbulent nature. However, an in-depth analysis based on specific mathematical (or statistical) tools is required to quantify this fractality and reveal its underlying properties.
3.1 Fractal dimension of solar wind speed at different temporal Scales
According to several studies, the solar wind is described as slow when its speed is of the order of 300 km/s and it is said to be fast when its speed exceeds 500 km/s. Based on these reference values, we classified the solar winds recorded during our observation period. Figure 4 therefore presents the frequency of each type of wind observed during our study period. The analysis of this figure shows a high occurrence of the slow solar wind compared to the fast solar wind. The frequency of occurrence of the slow solar wind is 78.61% compared to 31.39% for the fast solar wind. This observation is in agreement with the conclusions of the work of [28]. The high occurrence of the slow solar wind whose density exceeds that of the fast solar wind, could be explained by the fact that it appears predominantly around the sunspot minimum because the heliosheet almost coincides with the solar equator at this period of the cycle and can sometimes reach a great thickness [7].
[image: ]

Fig. 4. Frequency of occurrence of each type of solar wind during the observation period from 1998 up to 2022.


We have evaluated in Figure 5, the effect of the time scale on the value of the fractal dimension. For this purpose, starting from the original series of one-minute data, we have constituted by aggregation, series of data of 5 min, 10 min, 30 min and one hour. The chosen method was applied to each of the series constituted and the value of the fractal dimension is determined for each of them. As can be seen in this figure, the value of the fractal dimension of the solar wind speed decreases as the time step of its measurement increases. To do this, the rest of our analyses focused on the time scale of one minute.
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Fig. 5. Variation of the fractal dimension as a function of the time step of the time scale of measurement of the solar wind speed.0,6
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Fig. 6. 𝑵(𝜺) versus 𝜺 for (a) all data, (b) fast solar wind and (c) slow solar wind from 1998 up to 2022.
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We have represented in Figure 6 the scatter plot of the number of boxes as a function of the box sizes for the whole data set (Figure 6(a)), for fast solar winds (Figure 6(b)) and for slow solar winds (Figure 6(c)). According to the box counting method, the slope of the linear regression fitted to the scatterplot represents the fractal dimension of the series considered. It appears overall that the scatterplot obtained with the slow solar wind speed data are distributed linearly than the others. The values of the correlation coefficients obtained by fitting the linear regression line to the scatter plots are respectively 0.99 for the slow solar wind versus 0.75 for the fast solar wind, with a low p-value (< 0.005) in both cases. This result shows that there seems to be some dynamics in the plasma velocity field that manages to escape by pushing and opening the magnetic field lines near the equator better than the magnetized jets in the interplanetary medium.

We have represented in Figure 7 the variability of the fractal dimension for each type of solar wind as a function of the months of the year. The analysis of this figure clearly shows that the values obtained for the slow solar wind are clearly higher than those obtained with the fast wind, whatever the month considered. The same observation is made at the monthly scale as can be seen in Figure 8. Overall, the values of the fractal dimension of the fast wind are the lowest whatever the year. For the fast solar wind, these values vary between 0.65 obtained in 1989 and 0.91 recorded in 2003. Concerning the slow solar wind, the values of the fractal dimension obtained remain more or less stable with small variations from one year to another. This result implies the existence of multifractal characteristics in solar wind speed.


[image: ]

Fig. 7. Monthly variability of the fractal dimension computed for both slow and fast solar wind.

[image: ]

Fig. 8. Annual variability of the fractal dimension computed for both slow and fast solar wind.

276
277	4. CONCLUSION
278
279 In this study, we analyzed the fluctuations of the solar wind speed using the Mandelbrot method known as the box
280 counting method through the determination of the fractal dimension of the solar wind speed at different time scales. We
281 used high-frequency of solar wind speed data over the period from 1998 to 2022. This data is directly extracted from the
282 omniweb server database. The technique used to compute the fractal dimension of the series considered is the box
283 counting method. The main results of this investigation have allowed us to better understand the degree of fractal or
284 irregular character that the solar wind plasma speed field presents. The frequency of occurrence of the slow solar wind is
285 78.61% compared to 31.39% for the fast solar wind. Overall, our analysis shows that during the study period, the solar
286 wind speed exhibits chaotic behavior. The smaller the measurement time step, the more irregular the solar wind is with
287 complex dynamics. For the fast solar wind, the values of fractal dimension vary between 0.65 obtained in 1989 and 0.91
288 recorded in 2003. Concerning the slow solar wind, the values of the fractal dimension obtained remain more or less stable
289 with small variations from one year to another. These results can serve as a basis for designing simulation models and
290 predicting solar wind speed. Moreover, whatever the time scale considered, the values of the fractal dimension of the slow
291 solar wind are higher than those of the fast solar wind, which means that the slow solar wind is more variable and that is
292 to say irregular than the fast solar wind. Despite this chaotic structure of the solar wind speed, a certain order of evolution
293 of this slow solar wind speed field could be hidden there. In addition to this study, we are planning to use more robust
294 mathematical tools very soon, in particular the MFDA method, to better assess the behavior of the solar wind.
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