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Statistical and Wavelet Analysis of the Solar Wind Data
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We perform statistical and wavelet analysis of three time series based on the solar wind velocity of the year
2000, the original time series and two filtered components. We use the Haar Wavelet Transform to separate this
annual time-series into two parts, corresponding to high and low frequencies. We then calculate the kurtosis and
skewness parameters for the three time-series. The results show that these parameters present high values in the
low-pass filtered time-series, indicating that the intermittence level is superior at large scales (low-frequencies)
if compared with the small scales of the turbulence. It is possible to conjecture that the Coherent Structures are
responsible for this behavior. The use of the Morlet Wavelet Transform is presented to understand this behavior
in terms of the gradient and nonlinear interaction of energy between scales.

. INTRODUCTION II. THEORETICAL BACKGROUND

L . . A. Statistical Analysi
The study of geomagnetic indices, solar wind velocity alstical Analysis

and proton density in solar-terrestrial relations and magne- L . .
tospheric physics is very important due to several activities DUe to the difficulties to study turbulence in computer sim
on Earth, as data transmission by satellite, working of poweH'at'O”S- statistical analyses as the Probability Density Fun
lines, and many others. Thus, the study of the statistical progions (PDF) are useful tools to understand the phenomena tt
erties of geomagnetic indices and their relations to the solaCCcur in any turbulent system, involving hydrodynamic [6,7
wind has attracted a growing interest [1,2]. According to Hnat?" Magnetohydrodynamic [8,9] flows. Two statistical para
[3], statistical properties of velocity field fluctuations recordedMeters that have been used to accomplish this objective, t
in wind tunnels or obtained from solar wind observations ex-Skewness and kurtosis parameters. ,
hibit striking similarities. The common feature in these fluc- _According to Frisch [10], the kurtosis is a measure of inter
tuations is the statistical intermittence. The intermittence pheittence in flows and is the parameter that controls the sha

nomena opened up an interesting research area. Kinney afiPDF. This parameter is calculated from the relation

collaborators [4], investigating the phenomenology of magne- VS

. . ) ) ;
tohydrodynamic turbulence through of direct numerical simu- Ki=—5-, Q)
lations, have established the existence of Coherent Structures <=

(CS) called coherent magnetic vortices. These vortices contr@lherer is the increment scale amgi(x) = v(x+r) — v(x).
the turbulent cascade of indirect current sheets generated dur-The skewness parameter was used to investigate the tra

ing close encounters between the vortices. Furthermore, ﬂ'&)rt asymmetry in hydrodynamics turbulence, specifically il
energy spectra have atime dependence at early times, whichdsonvective Boundary Layer (CBL) in atmosphere [11]. Ir
associated with coalescence events of the CS. Hussain [5] d%cent years, there are many works demonstrating the imp
fined the CS in turbulent variables (VelOCity, temperature, dentance of the Study of the skewness parameter in magneto}'

sity and others) that have high self-correlation or other varigrodynamics turbulence data obtained in laboratory [12] ar
ables in the determined time scale. The structures are strongbperimental sites [13].

associated with energy dissipation of the turbulent flows and

also a source of instability at least in some scales. In this

work, we will use the statistical analysis to study the intermit- B. Wavelet Analysis

tence and the CS that are present in experimental data. We

will calculate the skewness, which is a less explored parame- The Fast Fourier Transform (FFT) is a useful tool to stud:
ter in magnetohydrodynamics turbulence, and the kurtosis fofe power spectrum of stationary time series. A distributiol
high-pass and low-pass filtered time series of the solar wing¢ spectral density identifies the energy associated with tt
velocity. In order to filter the time series, we will use the Haarfrequencies, but does not give any information about tempor
Wavelet Transform to decompose it in all possible frequenygcaization in the time series. In other words, FFT is a globz

cies. Furthermore, we will apply the Morlet Wavelet Trans-yransform. For a signai(t), the Fourier transform is given by
form and Global Wavelet Spectrum in order to understand the 7

behavior of energy between large and small scales. X(f) = X(t)efzjnftdt' ®)

—o00

This paper is organized as follows. Section two is devoted
to the theoretical background of statistical and wavelet analyThis analysis, however, is not adapted to non-stationary tim
sis. Section three is concerned with the measurements and theries. In order to overcome this difficult, Morlet developec
experimental site. In the fourth Section, we present some rehe Wavelet Transform (WT). Meyer [14] demonstrated the
sults and discuss their consequences. Finally, in last Sectionpnditions for orthogonality of this new mathematical oper
we present some conclusions. ator. The wavelet word indicates a set of functions with th
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form of small waves created by dilatiorig(t) = W(2t), and

Velocity Solar Wind of 2000 year
translations¥(t) = W(t + 1), from of simple generator func- ‘ ‘ ‘

1100

tion, W(t), which is called mother-wavelet. Mathematically, 1000~ 1
the wavelet function with a scakeand at positiorb is given ol
by
Wap(t) = a /2y <ﬂ> , 3)
a
wherea andb are real anda > 0. The Wavelet transform is
defined by 500
Z 400 -
1 t—b
(V\/Lpf)(&, b) = m f(t)l-lJ (T) dt7 (4) 3001

200 I I I I I
[

6
Months

where the temporal functiofi(t) is any time series.

Exist two types of wavelet functions, the continuous and
discrete wavelets. The most famous discrete wavelet families
are, Haar wavelet [15], Meyer and Daubechies [16], whileFIG. 1. Solar wind velocity time-series obtained by SOHO satellite
the most famous wavelet families are, Morlet [17] and theat year 2000.
mexican-hat [18].

In this work, we used the two types of wavelet function, the Original Signal, Solar Wind, 2000 year
Morlet wavelet applied to a time series for investigating the ™/ T ‘ T ‘ T
dominant period, and the Haar wavelet, for filtering the time , 4,
series into two parts, one part with high frequencies only, and £ swo N
another one with low frequencies only. 400

200 I I I I I I I I I
0

400 T T T T T T T T

. DATA 20r 1
0

In this work we used data of solar wind from SOHO ™| |
satellite obtained in the public internet addrestp : T S T R Fre%}uencieés 2RI
//umtofumdedw/ pm/crn/ [19]. Data were obtained during 1200 ‘ ‘ ‘
the year 2000, with a sampling rate of one measurement by *°*f
hour (approximateh2.78 x 10~4Hz). This paper deals with & ..k i
the analyses of the solar wind records in this year. Graphs ir o}
Fig. 1 show the data set for 12 months of this year. 200, T 5 3 . s . : PR —

The curve represents a characteristic scenario in the evolu Months
tion of the solar wind, notably the rapid change of the magni-
tude of solar wind velocity in July, where the increase in mag- . . . . .
nitude is associated with the very strong solar disturbance th [{G. 2: Decomposition of time-series of solar wind in two parts

. - , : . . rough of the Haar wavelet transform.

occurred in this year. Kacs [1] illustrated that if one disre-
gards the real reason for the evolution of the geomagnetic dis-
turbances (storms, or substorms), the fluctuating nature of the
field can be interpreted in the present context as the manifesta-
tion of turbulent phenomena that take place within the plasma
of the magnetosphere. It has long been accepted that turbu- In order to perform a more detailed investigation of inter:
lence evolves through cascade processes that involve a hignittence and coherent structures we decompose the time -
archy of coherent vortex structures belonging to a wide rang#es into two parts. The first time series presents high freque
of spatial scales. Kolmogorov [20] proposed the inhomogecies only. The other time series presents low frequencies on
neous flow down (cascade) of the energy from system-sizEor this purpose, we used the Haar Wavelet Transform, wi
scales to dissipative (Kolmogorov) ones. The inhomogenea cut-off frequency o2.17 x 10-®Hz This frequency choice
ity involves the singular behavior of the energy distribution inwas obtained from the visual aspect of all of the frequencie
physical space resulting in strong gradients, or intermittencéhat are present in the time series. Fig. 2 shows the results
in the time-series of the energy related to physical quantitieghis decomposition.
of the system, e.g. velocity [21], temperature [7] or magnetic The next step was to calculation of the kurtosis parame
fields [1,2]. Thus, we used the approach of this Kolmogorov+er given by equation (1), witBO increment scales for the
ian scenario to study this data. two filtered and the original time series. According to Friscl

km/s

IV. RESULTS AND DISCUSSIONS
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Solar Wind, 2000 year y-axis denotes the frequencies or periods in the time serie
‘ o o" - the gray scale bar represents the third dimension of the
riginal . . .

—=—  High Frequencies riodogram, and denotes the energy associated with each f
—*—  LowFrequencies guency or period. In Fig. 4a, we show the periodogram ok
tained for a high-pass filtered time series, and in Fig. 4b w
show the periodogram obtained for a low-pass filtered tim
series. Figs. 4c and d show the Global Wavelet Spectru
(GWS) [25] for each time series. From the analysis of th
1 periodograms, we note that the high-pass filtered time-serie
Fig. 4a, presents more defined and compact structures th
the low-pass filtered time-series, Fig. 4b. This behavior cg
be interpreted according with to the Heisenberg uncertain
principle, i.e., in the high-frequency region we observe the
the structures concentrate in a small time interval (x-axis) bt
are dispersed in terms of periods (y-axis). This behavior is tt
1 ‘ ‘ ‘ opposite of Fig. 4b, in which we observe that structures al
chfg © 10 dispersed at large time intervals, but are concentrated in a fe

period intervals. Thus, we write the Heisenberg principle a

AtAP ~ constant whereAt is the time interval (x-axis) and
FIG. 3: Kurtosis parameter calculated in 30 increment scales td\P is the period interval (y-axis). The constant in this relatior
three time-series, velocity solar wind, high-pass filtered velocity so-can be associated with the energy of each structure. This |
lar wind and low-pass filtered velocity solar wind. sults has important physical features. At high frequencies, tt
structures associated with intermittent events try to dissipa
energy at all possible frequencies, according of Kolmogorov

[10], the kurtosis is a measure of intermittence in flows. LargeF@Scade. It should be pointed out that this conclusion is just
values of the kurtosis has also been observed in strongly noM€W form of definition of intermittence.

Gaussian Probability Density Functions (PDFs)[3,4,6,7,8,9]. Analyzing the energy of both time-series through of GWS
In Fig. 3, we observe that the intermittence level grows withFi9s- 4c and 4d, we note that the energy of the high-pa:
decreasing values of theincrements for the three time se- filtered time series has a small co.ntr|but|qn to thg time serie
ries. Forr — 0, the values of kurtosis parameter grow expo-2S compared with the low-pass filtered time series, Fig. 4
nentially, reaching maximum values in the low-pass filtered! hese results show that the energy from large scales can
time series. Furthermore, we observe that the three time seri&§eful for the creation of the coherent structures at large sca
are self-similar [9] at large scales, i.e., the kurtosis parametefoW frequencies). The larger values of the kurtosis paramet
shows constant values for determineutervals. The results @t the large scales may be an indication of the intermitten
for low-pass filtered time series are in contrast with results obPheénomena caused by the CS.

tained by Ramos [23] for data referring to the Amazon forest, [n order to study the CS, we used the skewness parame
In this work, the high-pass filtered data showed an increas&h€ histogram of solar wind velocity presents a strong skev
of the Kurtosis parameter, exposing the intermittent characte?ess [26], centered 400kms *, as shown in Fig. 5. This fact
of high frequencies. In the present work, this result showshows the presence Of_ gradients in this time series. As in tl
that the intermittence and coherent structures are present ffeatment of the kurtosis, we calculated the skewness paran
the large scales of the time-series, contrary to the results d8f With 30 increments in the scale in the two filtered and
Ramos [23]. However, itis important to note that the actual reOriginal time series. Fig. 6 shows the results. We note that tt
sults and the results obtained by Ramos [23] are different fron§kewness alternates between positive and negative values
the point of the used data, since the data of Ramos [23] wer@rge values of the parameter, but it becomes positive alon
obtained in a situation of hydrodynamic turbulence while thethe direction of the small values of theincrement parame-
data used in this work were obtained under magnetohydrody€r- Furthermore, we observe that the large scales contriby
namic turbulence. Also, according to Biskamp and Schwargtrongly for positive skewness. In general, the kurtosis ar
[24], although both kinds of turbulent flows have similar cas-Skewness parameters have the same behavior, also accore

cade properties, they do not always display the same statisticicent results of Burgala and Forman [13]. Thus, these resu
behavior. shows that the source of skewness of the large scales is ¢
According to the behavior studied above, it would be pos_the presence of the coherent structure in the time series. Ho
sible to conjecture that the differences betvx’/een both time s&’C" in frhis st.udy itis not possible to determine the geomets
ries can be directly associated with the large number of sola‘?al configuration of these .structur.es..AIso, in future works w
storms in 2000. Thus, with the purpose of analyzing this dif-p.lar.] to analy;e a’TOther t'm.e Series in order Io see whethel
ference between both filtered time series, we applied the Mor‘?"m.'l.a.r behavior still occurs in the years of high and low sola
let Wavelet Transform for constructing a periodogram. Theactlwtles.
periodogram is a tridimensional graph in which the x-axis de-

notes the current time of duration of the time series, and the

Kurtosis
o
O»
T
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Solar Wind, year 2000
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FIG. 4: a) Periodogram of Morlet Wavelet Transform applied to time-series of solar wind of the year 2000 high-pass filtered; b) Period
for time-series low-pass filtered; c) Global Wavelet Spectrum for time-series high-pass filtered and; d) Global Wavelet Spectrum for time

low-pass filtered.
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FIG. 5: Histogram of velocity solar wind, year 2000.

V. CONCLUSIONS

In this work, we used the annual time series of the sole
wind velocity, measured by the SOHO satellite in the yea
2000, in order to study the presence of Coherent Structur
and intermittence phenomena. We used the Haar Wave
Transform to separate this annual time series of the solar wil
velocity into two parts, one part of high frequencies and ar
other one of low frequencies. We then used a statistical anal
sis for calculating the kurtosis and skewness parameters.

Results for the kurtosis have shown larger values in the lov
pass filtered time-series as compared with other time-seri
with ther interval betweerl®® and 10?, showing the higher
level of the intermittence in the large scales of the flow. Thi:
result shows that the intermittence level is higher at the larg
scales as compared with the small scales of the turbulence
is possible to conjecture that the source of this intermittenc
are the Coherent Structures at the large scales.

In order to further understand these phenomena, we stu
ied the behavior of the skewness parameter for the three tir
series. The results have shown that the low-pass filtered tir
series also presents large values of the skewness as comp:
with the other time-series. Furthermore, we used the Mo
let Wavelet analysis and Global Wavelet Spectrum to stuc
the energy interaction between scales. The results for tl
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. Solar Wind, 2000 year low-pass filtered time-series showed strong energy at the lar
—o—  Original scales.
r —s—  High F ies| . . .
* T low Frfc?ffr?gfss These results lead to the following physical conjecture. Th

i high energy at the large scales of the magnetohydrodynami
turbulence, due the high solar activity in 2000, contributes t
il creation of Coherent Structures in the time series. Furthe
more, based on the results for the kurtosis and skewness ane
ses, we conclude that the solar wind velocity presents a spe
1 gradient along the distance between the Sun and the Eatr
and that this gradient can be associated with the solar act
ity. These conclusions are consistent with the results frol
statistical and wavelet analysis for hydrodynamics turbulenc
performed by Katul [27].

Skewness

-0.5

Scale (r)
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