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= ABSTRACT: The complexity of wind direction dynamics at Fernando de Noronha Island, Brazil
is analyzed from the point of view of its lacunarity and persistence. We analyze hourly wind
direction data recorded over the period 2003-2010. We apply lacunarity analysis that measures
the distribution of gaps in dataset on daily wind direction time series in different directional
sectors and estimate power-law exponent that describes the rate at which the lacunarity decreases
with window length. We also apply Detrended Fluctuation Analysis (DFA) to study temporal
correlations in wind direction increments. The results show that the value of lacunarity L(r) for
all window sizes, as well the value of power-law exponent are the lowest for prevailing
directional sector indicating less clustering and more uniform gaps in wind episodes. The value
of DFA exponent o for increment series is greater than 0.5 indicating persistence in wind
direction dynamics. These findings should prove useful for developing and validation of
theoretical and computational models for wind direction dynamics in Fernando de Noronha,
which is crucial for implementation of alternative energy solutions that guarantee sustainable
development of this island.
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1 Introduction

Wind energy plays a strategic role in Brazil’s efforts for sustainable
development. Brazil is one of thirteen countries involved in the Solar and Wind Resource
Assessment (SWERA) project, designed to provide a reliable database in solar and wind
energy resources, together with socio-economic, infrastructure and environmental
information that enable policy makers to evaluate potential for investments in new
renewable energy technologies (MARTINS et al., 2007).

The implementation of such technologies will facilitate energy supply in remote
areas as in the Amazon region and islands, and help decrease greenhouse gas emissions to
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the atmosphere, by reducing the fossil fuel consumption. The coastal areas of northeastern
Brazil are characterized by high potential for wind energy developing programs due to
trade wind regime caused by the equatorial Atlantic Ocean (DUTRA and SZKLO, 2008).

The use of wind energy in this region will help regulating energy production
during dry season, and preservation of bioenvironmental resources for future generations.
Fernando de Noronha archipelago located about 360 km offshore from the Brazilian coast
in the Atlantic Ocean, belongs to the state of Pernambuco and is divided in two
conservation units: National Marine Reserve (retained for fauna, flora and natural
resources protection) and Environmental Protected Area that is reserved for human
occupation.

Each of these units has preservation rules that are established by federal and state
government with a purpose to preserve natural resources that can be achieved through
sustainable development. However, the island energy supply is mainly from diesel
generators, which is a serious threat for the environment due to greenhouse gases and
particular matter emissions. In order to decrease these emissions recently the hybrid wind
diesel system was installed on the island (ROSAS et al., 2004).

There is continuous effort in developing efficient technological solutions for
energy supply of the island based on wind resources that requires detailed knowledge of
wind dynamics at this location. Most of studies related to wind data analysis are
concerned with the applicability of various probability density functions to describe wind
speed frequency distribution (CARTA et al., 2009), however much less work is done on
wind direction which is circular variable and thus more complex for statistical analysis
(VAN DOOM et al., 2000).

On the other hand beside energy generation both wind speed and wind direction
fluctuations play important role in modeling of various wind-related phenomena including
soil erosion (JONSSON, 1992), air pollution (DEMIRCI and CUHADAROGLY, 2000),
pollen and seed dispersal (FRIEDMAN and BARRET, 2009; JONGEJANS and
TELENIUS, 2001), evapotranspiration (SKIDMORE et al., 1969) etc. One of important
characteristics of stochastic process governing spatial and temporal variability of climatic
variables as temperature, precipitation, and river discharge is the existence of long-range
correlations that are described by power-law, which is a fingerprint of fractal and
multifractal processes (EICHNER et al., 2003; KANTELHARDT et al., 2006).

However there are only a few results on scaling properties of wind speed
(GOVINDAN and KANTZ, 2004; DE OLIVEIRA et al. 2012), while wind direction, to
the best knowledge of the authors, was not studied in this context. In order to contribute
better understanding of wind velocity dynamics in Fernando de Noronha which is crucial
for evaluation of wind energy potential at this island we analyze correlation properties in
daily wind direction time series recorded during the period 2003-2010. We apply
Detrended Fluctuation Analysis (DFA) (PENG et al., 1994) which was designed to
quantify correlations in non-stationary signals. We also apply lacunarity analysis
(PLOTNICK et al., 1996) that provides information about heterogeneity of wind episodes
in a certain direction.
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2 Material and method

2.1 Data

The data used in this work are part of a historical climatic database provided by the
Center for Time Prevision and Climatic Studies (Centro de Previsdo de Tempo e Estudos
Climaticos - CPTEC) of the Brazilian National Institute for Space Research (Instituto
Nacional de Pesquisas Espaciais - INPE). We chose hourly wind direction time series
recorded at Fernando de Noronha Island during the period 01/01/2003 — 12/31/2010. The
Fernando de Noronha island located in the Atlantic ocean east of the state Rio Grande do
Norte, Brazil (longitude: 32.41 W; latitude: 3.84 S; altitude: 38 m), Figure 1, with area
18.4 kmz?, clime is tropical of type Awi second Kdppen classification, the average
temperature and precipitation is 25°C and 1400 mm, respectively (CASTRO, 2010). In
recent decades the wind speed potential in Fernando de Noronha island has been
extensively studied as reported by: ANJOS et al. (2015); FILIPE et al.,, (2010);
WACHSMANN and TOLMASQUIM, (2003).

Fermando
de Noronha

FERMAMBUCO

Figure 1- Location of the Fernando de Noronha Island.
The wind rose diagram shown on Figure 2 reveals that prevailing wind direction

for this location is Southeast (SE) with 74.9% of total wind direction data belong to this
sector.
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Figure 2- Wind rose for the Fernando de Noronha Station.

2.2 Detrended fluctuation analysis (DFA)

Detrended Fluctuation Analysis (DFA) introduced by Peng et al. (1994) is a
powerful method for the quantification of correlations in non-stationary time series. This
method represents a modified root-mean-square analysis of a random walk, and was
successfully applied in physiological processes (NASCIMENTO et al., 2010),
geophysical signals (VARATSOS et al., 2009), climate temporal series (De OLIVEIRA et
al., 2012), financial data (SIQUEIRA JR. et al., 2009), etc.

The implementation DFA algorithm is described as follows. The first step is

integration of original series to produce X(k) = Y&, [ x(i) - <X>], k =12,...,N, where,

<X> =1/N YK, x(i) is the average.

Next, the integrated series X(k) is divided into Nn non-overlapping segments of
length n and in each segment s = 1,...,N, the local trend Xs(k) (linear or higher order
polynomial least square fit) is estimated and subtracted from X(k). The detrended variance
is calculated as

N, sn
Py =1/nNy . D [X(K) - Xs(K)] )

s=1 k=(s-1)n+1
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Repeating this calculation for all box sizes provides the relationship between
fluctuation function F(n) and box size n. If long-term correlations are present in original
series, F(n) increases with n according to a power law F(n) ~ n“ The scaling exponent o
is obtained as the slope of the linear regression of log[F(n)] versus log(n).

The value a =0.5 indicates the absence of correlations (white noise), o > 0.5
indicates persistent long-term correlations meaning that large (small) values are more
likely to be followed by large (small) values, o < 0.5 indicates anti-persistent long-term
correlations meaning that large values are more likely to be followed by small values and
vice versa. The values a = 1 and a = 1.5 correspond to 1/f noise and a Brownian noise
(integration of white noise) respectively (PENG et al., 1994; KANTELHARDT et al.,
2001).

2.3 Lacunarity

The concept of lacunarity was introduced by Mandelbrot (1982) as a measure of
the distribution of gap sizes in the fractal object. Geometric objects with gap sizes
distributed over a wide range have greater lacunarity than those with smaller and more
uniform gaps. Gefen et al. (1983) related lacunarity with deviation of a geometric object
from translational invariance. Geometric objects with low lacunarity are homogeneous
and translationally invariant, while geometric objects that have high lacunarity are
heterogeneous and not translationally invariant. Translational invariance is highly scale
dependent: the objects that are heterogeneous at small scale can appear homogeneous at
higher scale and vice versa. Lacunarity was originally developed to describe properties of
fractal objects, but it can be extended on general spatial patterns including those with
fractal and multifractal properties and can be used with both binary and quantitative data
in one, two and three dimensions (PLOTNICK et al., 1996).

Various methods for calculating lacunarity (MANDELBROT, 1982; GEFEN et
al., 1983) have been developed. Aamong them, intuitively clear and computationally
simple, Allain and Cloitre (1991) gliding box algorithm was extensively used in studies in
medicine (DOUGHERTY and HENEBRY, 2001; LUCENA and STOSIC, 2014), ecology
(SAUNDERS et al., 2005), climatology (LUCENA et al., 2016; LUCENA, 2015;
LUCENA et al., 2015; LANA et al., 2015; LUCENA et al., 2014; LUCENA and
CAMPOS, 2014; LUCENA and STOSIC, 2013; LANA et al., 2010; MARTINEZ et al.,
2007).

In this work, we apply gliding-box algorithm on one-dimensional set constructed
from temporal series of the wind direction. We choose directional sector and we consider
each time step as the site that is occupied if wind was blowing within the sector. Figure 3
shows one-dimensional set constructed for prevailing directional sector (SE: 112.5< o
<157.5) for Fernando de Noronha data.
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Figure 3 - One dimensional set constructed from hourly wind direction data for prevailing
directional sector (SE) for Fernando de Noronha Station.

To characterize the wind direction, the lacunarity is a measure of the distribution
of segments, defined as a sequence of consecutive hours that the wind is found in a certain
direction, and the gaps defined as sequence of consecutive hours that the wind is not in
particular direction. Lacunarity analysis has been used in eight different wind directions.
Quantitatively, we have n(s,r) is the number of windows mobile size r(hours) containing

s segments (hours is not found in a particular direction). The probability p(s,r) is defined

by —7;(?:)) where, the total number of windows of size r is N(r) = —r + 1, and [ is the

number of time records, including segments and gaps. Then, the lacunarity is defined as
the quotient:

L(r) = M2(r) / [M1 (n]?

The first and second moment of s is denoted by
ML(r) =X, s * p(s,r)and M2(r) =X7_;s* = p(s,7).

The lacunarity can be estimated from the following model (MARTINEZ et al., 2007):

L(r) = ar?

3 Results and discussion

Figure 4 shows the result of DFA analysis for amplitude of wind direction
increments for hourly wind direction time series recorded in Fernando de Noronha. To
avoid artificial large increments which are the result of crossing -180°/180° boundary, we
follow the procedure proposed by Van Doorn et al. (2000) and calculate corrected
increment

YV |AB>180°, AB —> AB—(A6/|AB])360°.

The linear behavior between log[F(n)] and log(n) observed on Figure 4 indicates
the presence of long-term correlations in wind direction time series. In order to verify
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whether the observed power-law behavior stems from long-term correlations or from a
wide probability density (KANTELHARDT et al., 2001), in Figure 4 we also showed the
results of the DFA analysis after shuffling the data.

Figure 4 showed what the original and shuffled series temporal of wind direction
had long-term correlations persistent 0=0.83 and 0.52, respectively. The fact that the
resulting DFA analysis display linear behavior, with slope very close to 0.5 (shuffled
series), indicates that the observed power-law behavior in wind direction increment series
stems from the temporal ordering of the observations and the associated long-term
correlations.
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Figure 4- The DFA analysis for the hourly wind direction for the Fernando Noronha station.

The results of lacunarity analysis for wind direction time series recorded in
Fernando de Noronha are shown on Figure 5. Observed that smaller lacunarity values are
represented in directions E, SE and S, indicating more homogenous distribution these
wind directions. In sectors SW, W and NW have highest lacunarity values, indicating
greater wind heterogeneity these directions, Figure 5.
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Figure 5 - Empirical lacunarity L(r) (open circles) as a function of window length r for Fernando de

Noronha station.

The values of lacunarity exponent’s 3 for all directional sectors (together with a
percentage of wind data) and DFA exponent o are presented in Table 1. It is seen from
Figure 5 and Table 1 that smaller values of lacunarity exponent’s B is represented by
sector with highest proportion of wind while highest value exponent is defined by sector

with smaller proportion wind.

Table 1- Rate wind direction and B exponent lacunarity of Fernando de Noronha

meteorological station

Wind Direction % wind direction B
N 1.2 -0.39
NE 1.6 -0.48
E 13.0 -0.30
SE 74.9 -0.29
S 7.8 -0.35
SW 0.5 -0.64
w 0.4 -0.69
NW 0.6 -0.55
apra =0.83
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Conclusions

We apply lacunarity analysis on daily wind direction time series recorded at
Fernando de Noronha Island, Brazil, and calculate power-law exponent B that describes
the rate at which the lacunarity decreases with window length. Our results show that the
value of lacunarity L(r) for all window sizes, as well the value of exponent B are the
lowest for prevailing directional sector indicating less clustering and more uniform gaps
in wind episodes.

We also apply detrended fluctuation analysis (DFA) to study correlations in wind
direction increments. The value of DFA exponent o is greater than 0.5 indicating
persistence in increment series, meaning that large (small) values are more likely to be
followed by large (small) values, The DFA analysis of shuffled data display linear
behavior, with slope very close to 0.5, indicating that the observed power-law behavior in
wind direction dynamics stems from the temporal ordering of the observations and the
associated long-term correlations.

Results should prove useful for developing and validation of theoretical and
computational models for wind direction dynamics and related phenomena in Fernando de
Noronha, which is crucial for implementation of alternative energy solutions that
guarantee sustainable development of this island.

LUCENA, L. R. R., ARAUJO, L. S., STOSIC, T., CUNHA FILHO, M. Lacunaridade e correlagdo
de longo alcance da dire¢do do vento em Fernando de Noronha. Rev. Bras. Biom. Lavras, v.35, n.4,
p.645-657, 2017.

= RESUMO: A dindmica da complexidade da dire¢io do vendo da ilha de Fernando de Noronha,
Brasil é analisada do ponto de vista da lacunaridade e persisténcia. Analisamos registros
horarios da diregdo do vento no periodo de 2003 a 2010. Aplicou-se a Andlise de lacunaridade
que mede a distribuicdo de lacunas no conjunto de dados da série temporal horaria da direcao
do vento em diferentes setores direcionais e a estimativa do expoente de lacunaridade que
descreve a taxa na qual a lacunaridade diminui com o comprimento da janela. Também foi
aplicada a anélise de flutuacdo retificada (DFA) para estudar as correlagdes temporais em
incrementos da dire¢cdo do vento. Os resultados mostraram que o valor de lacunaridade L(r) e 0
expoente de lacunaridade sdo menores para o setor direcional mais prevalente, indicando menor
agrupamento e lacunas mais uniformes nos registros do vento. O valor do expoente DFA para a
série de incremento é maior do que 0,5, indicando persisténcia na dinamica da direcdo do vento.
Estes resultados devem ser Uteis para o desenvolvimento e validacdo de modelos tedricos e
computacionais para dinamica da dire¢do do vento em Fernando de Noronha, que é crucial para
a implementagdo de solugBes de energias alternativas que garantam o desenvolvimento
sustentavel da ilha.

= PALAVRAS-CHAVE: Direcdo do vento; lacunaridade; correlacéo de longo alcance.
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