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Abstract. Time-dependent changes in wind speed (WS) observed at different locations in East Timor
and Japan are analyzed using a statistical approach in the time domain. The WS histogram is approximated
to be the Weibull distribution at two different locations. The reason why the histogram follows the Weibull
distribution will be discussed through a generalization of the Rayleigh distribution which has been originally
applied to the scattering of the electromagnetic wave. It is also found that the waiting time probability density
for WS, defined as the time spent by the wind speed below or above a given threshold value, is presented
by a power-law scaling with time as £ (a < 2.5), which will be associated with long-term correlations,
but not a Poisson-type distribution. A new concept of fractional dynamics within the stochastic analysis
of WS will be presented.

Keywords: wind power, stochastic approach, waiting time distribution, Weibull distribution, fractional
dynamics

Introduction

Wind power should be a major energy source for maintaining sustainable environmental conditions
on the globe (Hasche 2010; Joselin et al. 2007). However, wind power is inherently unstable, and the
power produced by turbines fluctuates significantly over time. Therefore, it is necessary to understand
the characteristic features of these variations through the establishment of standard analytical techniques,
regardless of location. There are two primary approaches to analyzing wind characteristics, namely
analyses in the time and the frequency domains (Apt 2007; Bucaneg, Wan 2002; Liu et al. 2016; Murthy,
Rahi 2014).

In the time domain, a simple way is to construct a statistical histogram of the wind speed (Bucaneg,
Wan 2002; Murthy, Rahi 2014) and to apply variogram time-series analysis (Liu et al. 2016). It is well
known that the wind speed histogram follows the Weibull distribution (Matsfelt, Davidson 2018;
Murthy, Rahi 2014). In the frequency domain, the frequency spectrum (FS) helps to elucidate detailed
features associated with periodicity (Apt 2007).
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In the present study, we investigate WS in the time domain at two different locations: near the seaside
in East Timor and on the mountain side in Japan. At both locations, the wind speed histogram is well
approximated by the Weibull distribution. The reason why the histogram follows the Weibull distribu-
tion is discussed in terms of a generalization of the Rayleigh distribution which has been originally
applied to the scattering of the electromagnetic wave (Hofmann, Okafor 2001; Muller et al. 2002).
We further examine the waiting time statistics, defined as the time during which the wind speed remains
below or above a given threshold value. To our knowledge, the waiting time distribution ¥(t) for wind
speed has not yet been fully understood. We find that ¥(¢) follows a power-law scaling with time
as t* (a < 2.5), indicating the presence of long-term correlations rather than a correlated Poisson-type
distribution.

Experimental

We measured wind speed (WS) variations in the time domain at two different locations. One site was
the Hera campus, located 10 km east of the Dili city, East Timor (8.55° S latitude, 125.56° E longitude),
where measurements were conducted from June to September 2019. Wind speed was measured using
a 6-m instrumented tower equipped with a 600 W wind generator (Nantong R&X Energy Technology:
RX-600H3). The output voltage of the wind turbine was recorded every 100 s by a data logger, yielding
a total of N = 74398 (Belo, Shimakawa 2021).

The second WS dataset was obtained at the Takayama Field Station of the River Basin Research Cen-
ter, Gifu University. The station is located on a high mountainside at an elevation of 1,342 m at 36°8' N
latitude and 137°26’ E longitude in Gifu, Japan. The observation site lies within a basin characterized
by a complex topography, and the instrument is installed in an open area of approximately 1,100 m?,
surrounded by evergreen coniferous trees about 20 m in height. Wind speed was measured using a pro-
peller anemometer (Young 05103-47) mounted at a height of 4.2 m. The data were sampled every 10 mins
from January 2008 to December 2017 (for 10 years), yielding a total of N = 525,600 data points.

Results

Fig. 1 shows the time variation of the wind speed v(¢), measured every 100 s over three months
(June — September 2019) at the Hera campus. Before proceeding to the discussion of our main focus
area, i. e, the waiting-time statistics of wind speed, to get overall features of wind power, we first discuss
the histogram for the wind speed v(#) in which the probability density at a particular wind speed is ob-
tained. The number of occurrences of each speed N is counted for this project.
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Fig. 1. Time-variation of the wind speed v(£), measured every 100 s over three months at the Hera campus.
Wiaiting time £ is defined as the time interval between the i-th and j-th events within a selected velocity range,
for example, 25 < v < 30 (red dashed lines)

Discrete bars shown in Fig. 2 represent the normalized wind speed distribution, N/N_, where
N, = 74,398 is the total number of data points. It is well known that the Weibull distribution is widely
accepted and commonly used for wind data analysis (Matsfelt, Davidson 2018; Murthy, Rahi 2014).
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We therefore examine whether the wind speed follows the Weibull distribution, as shown by the solid
red line and given as

ww =4i(®) e[~ ()] g

where k is the shape parameter, ¢ is the scale parameter (with the same units as wind speed, ms™),
and A is the fitting parameter.

The solid line in Fig. 2 represents the probability density W(v) (equation (1)), obtained using the pa-
rameters A = 1.35, ¢ = 11.5, and k = 2.1. This model reproduces the experimental observation reasonably
well (R* = 0.82), although the histogram itself shows some scatters. Note that the well-known Rayleigh
distribution corresponds to the special case, k = 2.0 (Hofmann, Okafor 2001; Muller et al. 2002).
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Fig. 2. Normalized wind speed distribution (histogram) and the Weibull distribution at the Hera campus
with fitting parameters (A = 1.35, ¢ = 11.5, k = 2.1) (R* = 0.82)

Let us now discuss how to define the waiting time distribution (WTD) for a particular wind speed,
as shown in Fig. 1. From the waiting time t, i e, the time interval between the i-th and j-th events
within a selected velocity range between v and v + dv, the waiting time probability density ¥, (¢) between
the i-th and j-th events can be deduced from the number of occurrences N, (histogram) divided by the
total number of events (N ) in a manner similar to the wind speed distribution (see Fig. 2). In the fol-
lowing, we present the experimentally obtained ¥(¢) (normalized event number), discussing their scien-
tific insight in Section IV.

Fig. 3 shows the normalized histogram (dots) of waiting time, i. e., N /N_, which is defined as the
waiting time probability density ¥(¢) (s™') (solid line), for v <5 (a),5<v< 10 (b),10<sv<15(c),15<v<
20 (d), 20 < v < 25 (e), and v > 25 (f). ¥(¢) is approximately given by a power law as

t) =Ct™ %, (2)

where C is a constant, ¢ is time (s), and a is a numerical parameter. The fitting parameters are listed
in Table 1. It is found that the value of a is approximately 2, except for v > 25 m/s. The reason why ¥(¢)
follows a power law will be discussed in Section I'V.

Let us now discuss WS in another place (Takayama, Japan). Fig. 4 shows the WS histogram (a) for
the period 2008-2017 (10 years), with a total number of data points N, =526,027, obtained in the same
manner as in Fig. 2 (Hera campus), and (b) for 2017 (1 year), with a total number of data points
N, = 52,560. There is no significant difference between (a) and (b) in Fig. 4, suggesting that climate change
found globally cannot be affected for the Weibull parameters A, ¢, and k (see figure caption) between
2017 and the period of 2008—2017.

Let us now turn to the waiting time probability density ¥(¢) (s™*). Fig. 5 shows the waiting time his-
togram (dots) and the waiting time probability density ¥(£) (s™') (solid line for fitting) at Takayama (Japan):
(a) for v< 0.25, (b) for 0.25 < v < 0.5, (c) for 0.5 < v< 1.0 and (d) v > 1.0. Similar to the Hera campus results,
Y(t) (s7!) is also well approximated by a power law (see equation (3)). The fitting parameters for Fig. 5
are listed in Table 2.
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Fig. 3. Waiting time probability density for v< 5 (a), 5 <v <10 (b), 10 < v < 15 (c),
15<v<20(d),20<v <25 (e),and v = 25 (f)

Table 1. Fitting parameters for the power law (see equation (2))

C o R?
(a) 1.5 x 10° 2.0 0.940
(b) 3.6 x 10° 1.9 0.999
(©) 3.7 x 10* 2.3 0.954
(d) 5.0 x 10° 1.9 0.910
(e) 1.8 x 10° 1.7 0.904
(f) 1.5 x 10! 0.94 0.577
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Fig. 4. Histogram of wind speed for (a) the 2008—2017 period at Takayama: W(v) (solid line) fitted
with A = 0.08, ¢ = 0.45, and k = 1.45 (R* = 0.86), and for (b) January—December 2017: W(v) (solid line)
fitted with A = 0.08, ¢ = 0.45, and k = 1.45 (R? = 0.89)
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Fig. 5. Waiting time probability density for v < 0.25 (a), 0.25 < v < 0.5 (b), 0.5<v < 1.0 (c), v > 1.0 (d)

Table 2. Fitting parameters for the power law (see equation (2))

C a R
(a) 1.8 x 10? 1.1 0.863
(b) 4.0 x 10° 2.3 0.961
(c) 4.7 x 10* 1.8 0.998
(d) 6.4 x 103 1.6 0.953
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Discussion

The previous section showed that the histogram of the wind speed variation over a given period
is described by the Weibull-type probabilistic distribution W(v) (see Fig. 2 and 4). It was also shown that
the waiting-time distribution ¥(¢) for producing a wind speed v follows a power law (equation (2)).

In the present section, we first discuss the origin of W(v) used in the wind speed v (equation (1)).
An easier approach may be a generalization of the Rayleigh distribution (RD), i. e., the case k = 2 in equa-
tion (1) (Hofmann, Okafor 2001; Muller et al. 2002), where the RD is regarded as a special case of the
Weibull distribution. Note that the RD was originally applied to propagating electromagnetic waves with
random reflection and scattering (a two-dimensional random vector), although wind (or sound) waves
are completely different from electromagnetic waves. In the RD, the magnitude of the signal intensity
A is given by

Prp(A) =1 —exp [— (é)z], (3)

where the variable A is used for the RD, but not velocity v. The probability density, dPRD(A)/dA, is then
given by

dPro(4)/dA =2 (%) exp [— (f)z] (4)

Note that equation (4) is equivalent to equation (1) with k = 2. The exponent k, when smaller than 2,
can be predicted from the concept of fractional dynamics. A vector representation in fractional space
can be introduced: e. g., x> + y* = r* is transferred into x* + y? = ' (non-integer a, B, y < 2). Consequent-
ly, k = 2 in Euclid space can be modified to k < 2 in non-Euclid space (Vicsek 1989).

Next, we will discuss the waiting-time distribution ¥(£). We begin with the well-known Poisson waiting
time distribution in the time domain given as (Papoulis 1965)

H(t) = Aexp(=At), (5)

where A is a constant with dimension s™'. We further assume that wind can be generated by a pressure
(potential) difference between two blocked random sites (i. e., a potential barrier L), as shown in Fig. 6.
The parameter A can be determined by a potential energy barrier U and is given by

U

A= dge Vo, (6)

where A, and U, are constants.
In complex processes, such as wind scattering, the potential / may have distribution, e. g.,

P(U) = ﬁe_%, )

where U_ is a constant. Then, A is distributed in some manner G(1) given by (Papoulis 1965)

u Uopln(4/40) K
G(j«)— % = /1Ume = ﬂUme —/1(/10) o< A , (8)

where k = U,/U_. Equation (5) is then modified to
¥(t) = [ GO rexp(—rt)dh = C [rke#tdr =Ct 1 k=Ct, ©)

where C is a constant and o = 1 + k, replicating well the experimental data (see Fig. 3 and 5). The para-
meter k may depend on the wind speed v, since complexities such as wind scattering etc. should be dif-
ferent for v.
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Potential Energy

site (a) site (b)

Fig. 6. Potential barrier U between two sites (a) and (b)

Conclusions

Time variations in wind speed at different locations, near the seaside in East Timor and on the moun-
tain side in Japan, were analyzed using a statistical approach in the time domain. The WS histograms
at these locations were well approximated by the Weibull distribution. The reason for following the Weibull
distribution was discussed in terms of the generalization of the Rayleigh distribution. The waiting time
probability density for WS, defined as the time during which the wind speed remains below or above
a given threshold value, was found to follow a power law scaling with time, £* (a < 2.5). This behavior
may be associated with long-term correlations and is not consistent with a Poisson-type distribution.
It was found that the characteristic features of W(v) and ¥(¢) were almost the same even at completely
different locations on our globe.
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