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RESUMO

Vento € uma varidvel climdtica chave e de interesse em varias aplicacdes, incluindo avaliacdes
de danos a infraestrutura, riscos ambientais, socioecondmicos e € importante no aproveitamento
edlico. E considerado uma varidvel meteorolégica dificil de prever devido as dinimicas atmos-
féricas e a impossibilidade de fornecer uma previsao precisa com modelos tradicionais de pre-
visdo estatistica. Objetivou-se caracterizar a variagdo espago-temporal de velocidade, dire¢do,
tendéncia e os desastres causados pelo vento ao longo da bacia hidrografica do Ribeirdo Ver-
melho, Estado de Minas Gerais, Brasil. Foram utilizados dados médios diarios da velocidade e
direcdo do vento da série historica 2010 a 2023 e dados mensais do ano 2024, coletados por um
anemOmetro universal localizado a 10 m acima da superficie, pertencente ao Instituto Nacional
de Meteorologia (INMET), disponibilizados através do Banco de Dados Meteorolégicos para
Ensino e Pesquisa (BDMEP). Com recurso a linguagem computacional R, realizaram-se testes
estatisticos bdsicos e célculos de frequéncia das direcdes do vento, gerando tabelas e figuras
para facilitar a caracterizacdo. Com modelos SARIMA e SARIMAX foi previsto a velocidade
do vento para os primeiros trés meses de 2025. Foram também determinados os indices de
exposicao e protecdo utilizando técnicas de geoprocessamento em R, com recurso ao modelo
digital de elevacao, velocidade do vento (1,83 ms ') ea direcdo predominante (Leste) para
modelar os pardmetros da redistribuicao do vento na regido, considerando as caracteristicas do
relevo. A média e o teste estatistico de Mann-Kendall evidenciaram reducdo da velocidade do
vento. A velocidade média do vento da série 2010-2023 foi 1,83 ms—!, com uma média mensal
mais baixa de 1,54 ms~! registrada no més de junho e mais alta de 2,11 ms~! no més de se-
tembro. Houve uma reducgdo significativa da velocidade do vento na época chuvosa com forte
instabilidade. A direcdo mais predominante foi leste (31,8%). A regido de estudo tem locais de
baixo, moderado, alto e muito alto risco a desastres causados por ventos, conforme a variagao
do relevo. Contudo, em 2022 e 2023 houve um maior coeficiente de variagdao da velocidade do
vento (100,0%), indicando que o vento se tornou mais varidvel e menos previsivel, aumentando
o risco de ocorréncia de desastres causados por ventos iguais ou superiores a 5,54 ms~! como
ocorreu no dia 27 de Setembro de 2023, afetando a regido urbana de Lavras, pertencente a bacia
hidrogréfica do Ribeirdao Vermelho. Cerca de 0,11 km? apresenta risco muito alto e 13,57 km?
apresenta alto risco de ocorréncia de desastre, principalmente na época chuvosa. O modelo de
previsdo do vento SARIMAX ¢ indicado por ser um modelo preferido para previsdo do vento
em relacdo ao SARIMA, devido a eficiéncia e robustez no ajuste a série original e também
apresentou menores erros de previsao.

Palavras-chave: Geoprocessamento, série temporal, riscos, leste, exposicdo topografica.



ABSTRACT

Wind is a key climatic variable and is of interest in various applications, including infrastruc-
ture damage assessments, environmental and socio-economic risks, and is important in wind
energy development. It is considered a meteorological element that is difficult to predict due to
atmospheric dynamics and the impossibility of providing an accurate forecast with traditional
statistical forecasting models. The aim of this study was to characterize the spatio-temporal
variation in wind speed, direction, trend and disasters caused by wind along the Ribeirdo Ver-
melho watershed in the state of Minas Gerais, Brazil. We used average daily wind speed and
direction data from the historical series 2010 to 2023 and monthly data for the year 2024, col-
lected by a universal anemometer located 10 m above the surface, belonging to the National
Institute of Meteorology (INMET), available through the Meteorological Database for Educa-
tion and Research (BDMEP).Using the R computer language, basic statistical tests and wind
direction frequency calculations were carried out, generating tables and figures to facilitate cha-
racterization. SARIMA and SARIMAX models were used to forecast wind speeds for 2025.
The exposure and protection indices were also determined using geoprocessing techniques in R,
using the digital elevation model, wind speed (1.83 ms~!) and the predominant direction (east)
to model the wind redistribution parameters in the region. The average and the Mann-Kendall
statistical test showed a reduction in wind speed. The average wind speed for the 2010-2023
series was 1.83 ms~!, with the lowest monthly average of 1.54 ms~! recorded in June and the
highest of 2.11 ms~! in September. There was a significant reduction in wind speed in the rainy
season with strong instability, the most predominant direction being east (31.8%). The study
region has locations of low, moderate, high and very high risk of disasters caused by winds,
depending on the variation in relief. However, in 2022 and 2023 there was a higher coefficient
of variation in wind speed (100.0%), indicating that the wind has become more variable and
less predictable, increasing the risk of disasters caused by winds equal to or greater than 5.54
ms~! as occurred on September 27, 2023 affecting the urban region of Lavras, belonging to the
Ribeirdo Vermelho watershed. Around 0.11 km? is at very high risk and 13.57 km? is at high
risk of disaster, especially during the rainy season. The SARIMAX wind forecasting model is
indicated as being a preferred model for wind forecasting over SARIMA, due to its efficiency
and robustness in adjusting to the original series and it also showed lower forecast errors.

Keywords: Geoprocessing, time series, risks, east, protection indices.



INDICADORES DE IMPACTO

O estudo demonstra um potencial para impactar a sociedade, especialmente nas dreas de mete-
orologia, agrometeorologia, climatologia, gestao ambiental e gestao de ocorréncia de desastres.
Também destaca a compreensdo dos fendmenos causadores de desastres e impactos socioeco-
ndmicos resultantes de ventos fortes na regido do estudo. Portanto, o estudo tem o potencial de
contribuir significativamente para o avango da ciéncia meteoroldgica, prevencao de ocorréncia
de desastres, mapeamento de dreas de riscos a ventos fortes, geracao de energia edlica. Fornece
métodos eficazes e precisos para estudar e prever as variacdes climéticas em funcdo do ter-
reno. O estudo também pode beneficiar diversos setores, como estados, governos municipais,
agricultura, aviacdo, ensino, energias renovaveis e gestdo de ocorréncia de desastres naturais.

IMPACT INDICATORS

The study demonstrates the potential to impact society, especially in the areas of meteorology,
agrometeorology, climatology, environmental management and disaster management. It also
highlights the understanding of disaster-causing phenomena and socio-economic impacts resul-
ting from strong winds in the study region. Therefore, the study has the potential to contribute
significantly to the advancement of meteorological science, disaster prevention, mapping of
high wind risk areas, wind power generation. It provides effective and accurate methods for
studying and predicting climatic variations depending on the terrain. The study can also be-
nefit various sectors, such as states, municipal governments, agriculture, aviation, education,
renewable energies and natural disaster management.
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1 INTRODUCAO

As caracteristicas fisiograficas do Brasil sdo muito particulares, definidas como uma
combinacdo de elementos naturais como relevo, clima e vegetacdo afetando as caracteristicas
climdticas e apresentam acentuados contrastes espaciais e temporais do vento (LUIZ-SILVA et
al., 2021).

O vento é definido como ar em movimento (PEREIRA et al., 2002; BOHNER; AN-
TONIC, 2009; PITZ et al., 2013; SOUZA; LIBERATO, 2019). E um recurso renovdvel com
importancia crescente no mundo contemporaneo (LIU et al., 2024). Ele é um bom regulador da
temperatura urbana e do conforto térmico exterior (HE, 2022). Também € o fator mais comum
de arrancamento e quebra de arvores (GODZIEK; PAWLIK, 2023; OJO; SADIKU, 2023). Pode
estar associado a morte de insetos agentes da polinizagdo, transferéncias de graos de pdlen. Os
ventos fortes danificam muitos edificios todos os anos e € a principal causa de falhas nas linhas
de transmissdo em muitas areas do mundo (ABD-ELAAL et al., 2018).

A velocidade e direcdo do vento superficial € uma varidvel climdtica chave e de interesse
em muitas aplicacdes, incluindo avaliagdes de danos a infraestrutura relacionados com tempes-
tades, estudos de viabilidade de geracdo de energia edlica, na engenharia agricola (CURRY et
al., 2012). A caracteriza¢do dos padrdes temporais e espaciais do vento sdo importantes para
diversos setores energéticos, clima urbano e meteorologia aplicada (FILHO et al., 2022).

A natureza e o regime do vento demonstram que ela € varidvel (WATSON, 2014; PI-
MENTA et al., 2023). Essa variacdo € diferente em diferentes escalas temporais € no espago,
sua magnitude pode mudar drasticamente dependendo da climatologia local, localiza¢do geo-
gréfica, as caracteristicas morfométricas do local, uso e ocupagao dos solos (WATSON, 2014;
PIMENTA et al., 2023). Podendo tém implica¢cdes numa variedade de setores como da energia
edlica, da engenharia agricola e o setor industrial (WATSON, 2014).

No entanto, a incerteza estatistica associada as estimativas dos vento em terreno monta-
nhoso € tal que os valores quantitativos da tendéncia ndo sejam fidveis (YOUNG et al., 2012).
Os autores destacam que para uma determinada série temporal, as atividades operacionais es-
tatisticas exigirdo estimativas de amplitudes extremas de vento, podendo ser ultrapassado com
a andlise da tendéncia visto que as séries apresentam valores atipicos (outliers). Assim, a com-
preensdo de eventos climédticos extremos incluindo ventos, também requerem a compreensao
das condicdes de superficie terrestre, para desenvolver uma visao geral do fluxo do vento (LIU
et al., 2020). Assim, é um desafio integrar a variacdo temporal e espacial do vento nas re-
gides montanhosas, disponibilizar mapas para facilitar a compreensao dos avaliadores sobre
riscos ambientais, socioecondmicos na agricultura. Portanto, os efeitos causados pelos ventos,
o aproveitamento edlico, indices de exposicao e de prote¢do devem ser fornecidos em mapas.
A solucdo para o desafio possivelmente seja o uso de técnicas de sensoriamento remoto, ge-
oprocessamento e sistema de informagdo geogréfica da regiao com recurso a linguagem e um
modelo digital de elevacdo (GODZIEK; PAWLIK, 2023).

Para se obter uma reducao do nimero dos impactos causados pela variagao da velocidade
do vento e consequente aumento da seguranca, foi necessario um estudo detalhado na série
histdrica, fazer previsdes com vista a mitigar ou prevenir situacdes calamitosas.

Este trabalho teve como objetivo caracterizar a variacdo espago-temporal do vento, sua
tendéncia e os desastres a ele relacionados ao longo da bacia hidrografica do Ribeirdo Vermelho,
no Estado de Minas Gerais, Brasil, buscando compreender como o relevo e o clima influenciam
a dindmica dos ventos na regido. Para isso, foram analisadas séries temporais da velocidade
e direcdo dos ventos, com vistas a identificacdo de tendéncias e a realizacdo de previsdes. A
variacdo espacial foi descrita com base em varidveis morfométricas da bacia, utilizando-se do
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indice de barlavento e sotavento, o que permitiu identificar dreas mais expostas ou protegidas em
relac@o a acao dos ventos. Com base nesses resultados, foram destacados locais potencialmente
adequados para préticas agricolas e para a implantacdo de empreendimentos do agronegdcio,
considerando a influéncia dos fatores anemométricos e topograficos.
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Spatio-Temporal Characterization of Wind and its Relation to Relief and
Climate Disasters

Orlando Eduardo Chipura®, Marcelo de Carvalho Alves®!, Fortunato Silva de MenezesP

% Engineering School (EENG) Agriculture Engineering Department UFLA Campus Lavras 37200-000 Brazil
b Institute of Natural Sciences (ICN) Physics Department UFLA Campus Lavras 87200-000 Brazil.

Abstract

Wind is a meteorological variable of strategic importance for several sectors, such as wind power generation,
agricultural planning, civil engineering, and environmental management. However, its spatiotemporal
variability remains a challenge for climate monitoring and forecasting extreme events. This article presents
a systematic review of 143 scientific studies to characterize the spatiotemporal variation of wind and its
relationship with relief and climate disasters. Wind speed and direction are modulated by morphometric
variables, such as slope, slope orientation (aspect), altitude, and meteorological variables, such as atmospheric
pressure, temperature, seasonality, and terrain roughness. Integrating radiometric data from digital elevation
models (DEM) with remote sensing and geoprocessing techniques is essential for identifying areas more
exposed or protected from wind action. However, the analysis of historical series using statistical models
such as ARIMA and ARIMAX allows the identification of trends and seasonal patterns and forecasts
future scenarios of wind speed and direction variation. From a spatial point of view, the application of the
topographic exposure index, windward and leeward indices, deflection, and shelter, all derived from the
relief, allow the mapping of critical risk zones and guide the rational use of the territory. However, the
spatiotemporal variation of the wind is strongly dependent on morphometric variables, especially altitude,
slope, and orientation of the terrain, defining zones of exposure and shelter from the prevailing wind, seasonal
patterns and trends that are fundamental for climate monitoring, and territorial and agricultural planning in
vulnerable regions.

Keywords:

Digital elevation model, statistical models, morphometric variables, katabatic wind, remote sensing.

1. Article Highlights

e The characterization of wind direction and temporal variation, combined with the use of statistical and

geospatial models, is essential for predicting climate impacts and territorial planning in risk contexts.

*Corresponding author
Email address: marcelo.alves@ufla.br (Marcelo de Carvalho Alves)
LCorresponding Author
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e The joint analysis of morphometric variables and meteorological data allows for the precise identification

of areas of greater exposure or protection from wind, especially in regions with rugged terrain.

2. Introduction

The wind is one of the most important meteorological variables in the contemporary world Liu et al.

(2020), studied globally and neglected locally (Liu et al., 2024). It is essential for various sectors, such as
Agricultural Engineering, Civil Engineering, Agriculture, Economics, Wind Energy, and Ecology (Curry et al.,
2012; Molaei and Lashkari, 2020; Andrade et al., 2021). The highlight of the most diverse importance is wind
energy generation, which depends mainly on its speed (Curry et al., 2012; Filom et al., 2021; Correia Filho
et al., 2022).

Climate is the primary mechanism controlling the nature and intensity of surface processes (Kithni and
Pfiffner, 2001). According to Cetin and Meydan (2023), a place’s relief refers to the diversity of elevation,
aspect, orography, slope, and the most varied forms of relief (such as mountains, deep valleys, steep slopes,
plains, and plateaus); all these relief characteristics influence the regional climate and can cause differences
in terms of climatic development and general variation.

For Bohner and Antonié (2009), the wind field near the ground, described with direction and speed
values for each point in the examined area, is significantly influenced by the Earth’s surface resulting from
baric differences, the differential distribution of solar radiation across the globe, and other factors such as
continentality, altitude, and latitude, which directly influence the heating processes of atmospheric air masses,
as explained by Dias et al. (2018) and Liria et al. (2017), becoming null at heights close to the surface (Souza
et al., 2003; Martins et al., 2008; Menezes et al., 2014; Corréa and das Gragas Paula, 2017). For Vickery
et al. (2023), morphometric effects are known to accelerate wind speed in mountainous or rugged terrain and,
consequently, cause or increase wind-induced damage.

Studies point to wind’s beneficial effects, but it is also important to highlight disasters and their impacts
on the agricultural, socioeconomic, and environmental sectors; therefore, wind is a more common factor in
uprooting and breaking trees and destroying infrastructure Godziek and Pawlik (2023) and Ojo and Sadiku
(2023). It damages many buildings every year and is also the main cause of failures in power transmission
lines and communication systems in many areas of the world (Abd-Elaal et al., 2018).

A variety of research projects can be conducted using digital elevation models (DEMs). Morphometric
variables can be viewed as surrogates for factors that control the functioning of processes that cannot be
readily modeled on a physical basis (Lapen and Martz, 1993; Chapman, 2000). Martz and de Jong (1991)

used slope gradient, surface curvature, catchment area, and depth in a landform classification model that

related soil erosion rates to landform configuration in a small agricultural prairie watershed. Pennock et al.

(1987) used slope gradient and surface area to discriminate soil properties spatially in a similar landscape.
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Murakami and Komine (1983) successfully predicted the regional distribution of surface wind speeds in Japan
using a series of simple morphometric variables that express the relative landscape.

As wind resources are rarely consistent and vary by time, day, season, altitude, terrain, and from year
to year, careful and thorough research is required Chauke et al. (2021). Thus, wind modeling and future
scenario forecasting are used to investigate the identified hotspots where wind farms are viable, with due
consideration to land use and topographical requirements. On the other hand, several studies suggest that
spatially variable wind maps can be used to aid in the decision-making process when locating the best
locations for wind farms or agricultural processing units (Dhunny et al., 2017), implementation of industries,
and agricultural production systems.

The raster digital elevation model provides elevation data for a systematic sample of points on the

Earth’s surface, and algorithms can be used to measure various morphometric variables at these points Lapen

and Martz (1993). The authors state that topographic obstacles can strongly influence local wind speed.

Moreover, in general, where morphometric obstacles (relay) and wind flow converge, local wind speed will
increase, and where morphometric obstacles cause wind flow to diverge, local wind speed will decrease. In
this sense, remote sensing technology using a digital elevation model can be applied in research on windbreaks
or wind protection (shelter index) (Yang et al., 2021).

Therefore, there are many difficulties in indirectly measuring wind flow in mountainous terrain, which
changes the use of numerical methods using computer simulations (Sharma et al., 2020). For the authors,
the wind environment in complex terrain presents different climatic conditions compared to flat terrain due
to the dynamic change in its relief, height, and wind flow pattern. Although there is an increase in the
number of meteorological stations to observe wind characteristics, this increase may not be effective across
all complex terrain, making the procedure insufficient and requiring the use of remote wind sensing.

According to Chapman (2000), recent advances in digital elevation models (DEMs) have significantly
improved the assessment of topographic exposure. According to Kolejka et al. (2009), traditional derivatives
of the digital elevation model exist, such as the shadow map, the elevation (hypsometric) map, and the slope
and aspect maps. Thus, more advanced maps can be produced that illustrate terrain ventilation, modeling
of exposure indices, protection, wind deflection, and modeling of the temperature field extrapolated from
data from meteorological stations.

Therefore, the planimetric variation of relief, orientation, exposure, and climatic dynamics can interfere
with the spatial variation of wind speed and direction. This review article aimed to characterize the

spatial-temporal variation of the wind and its relationship with relief and climatic disasters.
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3. Concept and determining factors of the occurrence of wind

Wind can be defined as the movement of air in relation to the Earth’s surface (Pereira et al., 2002; Bohner
and Antonié, 2009; Pitz et al., 2013; Souza and Liberato, 2019). Several factors can affect wind speed and
direction. Differences in atmospheric pressure and temperature promote the displacement of air masses
from regions of higher to lower pressure and temperature; that is, cold and denser air forces hot and humid
air upwards, which results in the accelerated development of storm clouds (Pereira et al., 2002; Pitz et al.,
2013; Souza and Liberato, 2019; Sarli et al., 2020). However, wind ends up being generated by the action of
atmospheric pressure, which acts on the Earth’s rotation, the centrifugal force on its movement, and friction
with the surface.

Wind is a good regulator of urban temperature and outdoor thermal comfort (He, 2022). Its movement is
determined by the spatial and temporal variation of the energy balance on the Earth’s surface that causes
variations in the atmospheric pressure field, moving from areas of higher pressure (colder areas) to those of
lower pressure (hotter areas) and the greater the difference between the pressures of these areas, the greater
the speed of displacement (Pereira et al., 2002; Béhner and Antonié¢, 2009; Costa and Lyra, 2012; Siqueira
et al., 2014; Paula Fernando de et al., 2017).

3.1. Types of winds and their characterization

Characterizing winds in different locations is an important aspect that we must consider when installing
wind energy conversion systems, rural agricultural properties, residences, or other types of public or private
infrastructures due to wind instability both in space and time (Torres et al., 1999). In order to understand
the characteristics and spatial-temporal variation of winds, it became necessary in this review to characterize

some types of winds, starting with Foehn.

3.1.1. Foehn winds

Mayr and Armi (2010) adopted the definition of the World Meteorological Organization (1992), which
defines the Foehn wind as a wind heated and dry by the descent, generally in the lee of a mountain, that
for its occurrence, the crucial aspect is that the potential virtual temperature of the descending air mass
(leeward) and upstream is at least as low as the potential virtual temperature in the downstream valley, that
is, its circulation depends on the potential air temperatures.

According to Richner and Héchler (2013) and Antico et al. (2021), occasionally, when the moisture content
of the air is sufficiently high, orographic clouds are observed over the mountain, presenting characteristics
particularly typical of the Foehn wind. Drechsel and Mayr (2008) describes Foehn wind as a small-scale
phenomenon (meso 7), often dependent on the morphometric characteristics of a scale. Its onset is diagnosed
when the wind shifts to the appropriate Foehn wind direction, which is accompanied by an increase in speed
and gusts, as well as an increase in temperature and a decrease in relative humidity.
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According to Seluchi et al. (2003) and Antico et al. (2020), Foehn winds are occasionally observed
descending from the mountains towards a valley or plain. Foehn winds are also characterized by warm and
dry winds descending on the leeward side of a mountain. As previously mentioned, the heat and dryness of
the air are due to the adiabatic compression of the air descending the slopes of the mountains (Sharples
et al., 2010; Plavcan et al., 2014; Antico et al., 2020). For Takane et al. (2017) and Antico et al. (2020),
these types of winds increase with height. In geographically complex regions, the Foehn wind is one of the
dominant factors in the occurrence of extremely high temperatures.

Sharples et al. (2010) points out the two main mechanisms responsible for Foehn’s occurrence. The first
involves the forced ascent of moist air over a mountain barrier. As the moist air rises, adiabatic cooling results
in condensation and precipitation. The second mechanism involves the upstream blocking of lower-level air
by a mountain barrier, with drier upper air flowing down to replace it in the lee of the mountains. Sharples
et al. (2010) associates this type of wind with catastrophes, as they figure significantly as factors in severe
fire weather in Europe and other regions of the world. For Seluchi et al. (2003), the air on the Lee slopes
descends violently over the plains and, at the surface, can exceed 50 kt (1kt ~ 0.5 ms '), causing damage
(disasters).

Antico et al. (2020) claims that there has been an occurrence of Foehn-type winds on the eastern slopes
of the mountains of southeastern Brazil, particularly detected on July 4, 2015, near the city of Cruzeiro,
State of Sdo Paulo, in the Serra da Mantiqueira mountains. The authors concluded that this type of wind in
the mountains of southeastern Brazil reveals the complex interaction between the relief and the low and
medium-level flow. For Sharples et al. (2010), the mechanism by which these types of winds occur is described
by the action of precipitation that removes moisture from the air mass and the latent heat of condensation,
increasing the air temperature; the drier air is then heated even further due to adiabatic compression as it

descends the leeward slopes.

3.1.2. Katabatic and anabatic winds

Adedokun and Holmgren (1991) supported the research developed by Flohn on local wind systems
published in 1969. This research highlighted that katabatic/anabatic winds are wind systems that change
diurnally in valleys and on slopes that are thermally activated. They are a type of wind caused by the
periodic variation of radiation and the thermal balance of the slopes.

For Poulos and Zhong (2008) and Charrondiere et al. (2022), katabatic winds were first addressed in
the scientific literature in the 1840s, becoming a topic of interest due to studies of air quality in the social
environment. It means winds flowing down a topographic gradient or out of a valley as a result of surface
cooling Poulos and Zhong (2008), Kombara and Cholianawati (2022), and Cintolesi et al. (2021), which gives
this air a higher density than free atmospheric air (Poulos and Zhong, 2008; Cintolesi et al., 2021).

Therefore, in complex terrain, slope flows are ubiquitous and are driven by horizontal thermal variations
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Cloud

Figure 1: At the top, the circulation of the Fehon wind to the windward (left) and leeward (right). At the bottom, the circulation

of the anabatic wind (left) and katabatic winds (right) over a %omplex surface.
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resulting from the diurnal heating and cooling of a slope (Monti et al., 2014; Cintolesi et al., 2021). For
Monti et al. (2014), during the day, the flow is upward (anabatic wind) and changes to downward at night
(katabatic wind). It is driven by the daily cycle of surface sensible heat flux, as explained by Reboita et al.
(2014), Hatchett et al. (2020), and Farina et al. (2023) , as illustrated in Figure 2.

For Fedorovich and Shapiro (2009), meteorologists distinguish between anabatic winds that are driven by
surface heating and katabatic winds as winds that result from surface cooling. Anabatic winds are most
common in clear, low-wind conditions in summer when incoming solar radiation is intense. Over a significant
fraction of Europe, anabatic wind days have been associated with warmer air temperatures and a change in
air mass properties (Griffiths et al., 2014).

Lee and Kimura (2001) argues that anabatic breezes tend to become stronger relative to land breezes

during the early morning, while land breezes become stronger than anabatic winds in the late afternoon.

They describe how the delay in land breezes is due to the different response times of the pressure gradient to
surface heating. The pressure gradient is induced over a heated slope and is often observed over complex
terrain.

According to Manins and Sawford (1979), katabatic winds are local winds caused by the flow of air

downslope, which is continuously cooled by radiative processes close to the ground. It provides the primary

ventilation mechanism in mountainous regions during the night when synoptic pressure gradients are weak.

However, descending or katabatic winds cause significant threats to many structural systems. These winds
produce the highest velocities at low altitudes, and morphometric variation is one of the main covariates that
significantly alter the variation of surface velocity (Abd-Elaal et al., 2018). In mountainous regions, intense
solar heating of mountain slopes generates the so-called valley breeze during the day, bringing air from the
valley to the mountain tops, generally called anabatic winds. At night, radiation cooling causes a downward
flow of cold air, causing a mountain breeze; this descending air can be used for wind energy production in

mountain valleys.

3.1.3. Trade wind and counter-trade wind

Trade winds correspond to the winds on the ground, and counter-trade winds correspond to the winds at
altitude, blowing in the opposite direction to the trade winds. They can be considered the return currents of
the trade winds Garcez and Alvarez (1988).

Trade winds are constant and intense, originating from the meeting of winds coming from the two
hemispheres (North - Tropic of Cancer and South - Tropic of Capricorn) towards the Equator, where they
heat up and form convective currents in the so-called Intertropical Convergence Zone. Counter-trade winds
are winds that leave the Equator as they cool, return to the tropics to high altitudes, and deviate to the west
(Coriolis force). As a result of the Earth’s rotation movement. They are also called southwest trade winds

and northeast trade winds (Machado and Pacheco, 2010).
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According to Li et al. (2019), the trade winds over the tropical Pacific play an important role in
global climate change. For example, the trade winds modulate the El Niflo-Southern Oscillation (ENSO)
cycle through the Bjerknes feedback. For Santos and e Silva (2013) in northeastern Brazil, in August
and September, the land-ocean thermal gradients widen as the Intertropical Convergence Zone migrates
northwards. Consequently, the trade winds intensify through their joint action with the sea breeze. On
the other hand, in the rainy season, particularly in February and March, the southward movement of the
Intertropical Convergence Zone decreases the wind speed. Meteorological stations located on the southeast
coast of the northeast region of Brazil present lower wind speed records than those of meteorological stations
in the northeast due to the weakening of the trade winds as a result of the location of the stations in relation
to the Equator, in combination with a moderate sea breeze (smaller ocean-land thermal gradient).

Sea breezes contribute significantly to an increase in the intensity and variation in the direction of trade
winds, large-scale winds that act across the globe. They also affect the temperature and humidity of the air
in the region (Liria et al., 2017). The authors consider that the highest incidences of sea breezes generally
occur in the summer months, and the relief strongly determines their flow over a given region of the Earth’s

surface.

4. Temporal variation of wind

The characteristics of wind variation are provided by the variation of the daily, monthly, annual, and
interannual average, which is influenced by both the natural climate and human activities. It is important to
understand the spatiotemporal variation and analyze the causes of its change (Santos and e Silva, 2013; Diao
et al., 2020; Soukissian and Sotiriou, 2022).

Several studies adopt Soukissian’s terminology to analyze the temporal variation of the wind regime on
hourly, monthly, and annual time scales, a fact that demonstrates the behavior of the historical series, using
the basic time index ¢, u(t;) = u; and 6(¢;) = 6;, with ¢ = 1,2, - - -, representing the time series of wind speed
and direction, respectively, and scale ¢; in hours, while the months will be indicated by the letter m and
the years by the letter j (Soukissian and Sotiriou, 2022). The calculations can be developed using the R

computer language, rWind library, after installing and enabling the terra library. Equation 1 is used.

1 N
My, = *Zuiv (1)
N i=1
Where, N is the number of observations in a year.

The annual mean wind speed m,, y is calculated using Equation 2.

J
1
Muy = 7 ;mu,j, (2)
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Where, j is the total number of years. Similarly, the monthly mean wind speed for a given year j and

month m is calculated using Equation 3.

1 X
Muy,jom = 7> Z Us (3)

K=
Where, K is the total number of hours for the specific month and year; m = 1, 2, - -+, 12. Consequently,

the monthly average wind speed for a given month m,m, rr—n, is calculated using Equation 4.

J
1
M = j;mu,j,m,m =1,2,---,12. (4)

The predominant wind direction is characterized by performing a frequency analysis of the observations
of daily averages of the directions, using Equation 5, and using the computer language R, library openair,

as cited by Grange (2014) for each month of the year.

SRS

fpy = arctan ( ) + flow (5)

flow = + 180 for arctan (%) < 180
flow = - 180 for arctan (%) > 180

where, Oy represents the wind direction, @ is used for the horizontal wind measurement, and ¥ represents
the east-west and north-south components. The frequencies of the wind directions are plotted on a wind rose
chart for better visualization (Grange, 2014). They are plotted and represented by north (N), east (E), west
(W), south (S), northeast (NE), northwest (NW), southeast (SE), and southwest (SW).

4.1. Wind speed trend

The analysis of the wind speed trend in the historical series can be done based on the nonparametric
Mann-Kendall test Goossens and Berger (1986) and Cardoso et al. (2016). With this test, the result is less
affected by outliers, since its calculation is based on the signal difference and not directly on the values
of the variables, according to the assumptions presented by Cardoso et al. (2016) suggested by the World
Meteorological Organization (WMO) and proposed by Sneyers (1975) according to (dos Santos and e Silva,
2013; Pes et al., 2017). The test is used to assess whether there is a monotonic upward or downward trend of
the variable over time Kaja Bantha Navas et al. (2024) and Andrade et al. (2021), and consists of comparing
each value of the historical series with the remaining values in sequential order, based on the statistical term,

using Equation 6 (Andrade et al., 2021; Kaja Bantha Navas et al., 2024).

n i—1

S = Z Z signal(z; — x;), (6)

i=2 j=1
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Where, z; is the first value after z; and, n is the sample size dos Santos and e Silva (2013); Lima et al.

(2024), also consisted of the signal analysis below.

signal = ¢ 0, se (z; —x;) =0
-1, se(z;—x;) <0

The value of S is used to calculate the Kendall coefficient (7) based on Equation 7, which is a normalized

version of S, ranging between -1 and 1,

s
(3)

Where, S measures the absolute number of trend pairs, 7 expresses the trend in terms of proportion,

T =

(7)

making the results comparable between different time series and (g) calculates the total number of pairs of
observations (x;, x;) where i > j.

Guo et al. (2011) studying the changes in near-surface wind speed in China using the historical series from
1969 - 2005 and calculating the averages based on the previous equations, demonstrated the occurrence of a
reduction in wind speed, statistically significant at the 95.0% confidence level. For the authors, the summer
wind has the smallest reduction in relation to the winter wind, suggesting that in the winter months, the
wind becomes weaker in relation to the summer wind. The trend of reduced wind speed was also observed
by Jiang et al. (2010) and Troccoli et al. (2012) in China, parts of the United States and Southern Europe,
caused by changes in atmospheric circulation due to climate change.

Gilliland and Keim (2018) demonstrates the occurrence of a reduction in surface wind speed in geographic
regions of Brazil. For Alencar et al. (2011), the time series of wind speed had an atypical variation, showing
strong reductions throughout all months of the year in Vigosa, Minas Gerais, Brazil. Munhoz and Garcia
(2008) analyzed the historical series of the locality of Ituverava, Sdo Paulo, Brazil and concluded that the
average annual wind speed during the daytime period was 2.20 ms~! and at night 1.25 ms~! indicating an
average increase of 40.0% in wind speeds during the daytime period compared to the nighttime period and,
from August to November, the winds blow with higher than average intensity, with September being the
month with the highest speeds and April with the lowest average wind speeds.

According to Bueno et al. (2011), considering the historical series from 1988 to 2004 collected at the
meteorological station of the National Institute of Meteorology (INMET), located at the Federal University
of Lavras (UFLA), Municipality of Lavras, Minas Gerais, they observed that from September to February
there was the occurrence of strong winds, with probabilities of occurrence of winds higher than in other
months. For the authors, very strong winds above 100.0 kmh~! have minimum probabilities of occurrence in

all months of the year.
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Although time series analyses using descriptive statistics demonstrate the occurrence of wind speed
reduction in some regions of Brazil and some countries mentioned in this review, temporal variation can also
be made based on statistical tests using time series analyses, time series models, and predictions of future

scenarios as described below.

4.2. Time series

A time series is a sequence of observations made sequentially in time Box et al. (2015). Its analysis
also helps in estimating the future values of the series (Lydia et al., 2016). Time series data are widely
studied in various scenarios such as weather forecasting, stock market, and consumer behavior analysis (Wang
et al., 2020). Univariate or multivariate time series analysis provides crucial information for describing,
understanding, and predicting climate variability (Ghil et al., 2002).

In practical applications, we often encounter non-stationary time series. So, we usually need to deal with
the differences between the original time series. Suppose the original time series order difference is a smooth
sequence. In that case, it states that the sequence has the order, and the moving average (ARIMA) model
represents the central part of regression. Accurately predicting wind speed and direction is challenging,
especially in areas with complex topography where terrain significantly affects weather patterns (Alves et al.,
2024).

According to Tidre et al. (2013), a time series is broken down into the following components: trend,
seasonality, and random error. The authors state that the trend represents the gradual increase or decrease
in observations over a period, and seasonality indicates possible fluctuations that have occurred, for example,
in monthly, quarterly, or half-yearly periods. According to Safadi (2004), to understand the behavior of the
time series, it is necessary to know the characteristic components, which are: trend, which can be understood
as the behavior that the series presents in the long term, including growth and/or decrease, with several
possible patterns; seasonality, which shows fluctuations that have occurred in periods; and the random

component or error, which are unidentified fluctuations.

4.2.1. Wind forecasting using time series

Wind speed forecasting over different time horizons has gained importance in recent days (Lydia et al.,

2016). Wind is considered one of the most difficult meteorological variables to forecast Cadenas et al.

(2010); Zhao et al. (2015), not only because of the influence of atmospheric dynamics, but also because
it is impossible to provide an accurate forecast with traditional statistical forecasting models (Zhao et al.,
2015). Its forecasting plays a vital role in the planning, management, and monitoring of innovative wind
power systems Zhao et al. (2015); Yan et al. (2020) and Elsaraiti and Merabet (2021), disaster prevention,

early identification of safe housing sites, financing of agricultural and socio-economic projects. Wind speed
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forecasting models have become important, as they also help in the effective management and safety of port
areas when strong winds are expected (Solari et al., 2012).

Wind speed forecasting has become one of the most attractive topics for researchers in the renewable

energy field due to its use in clean energy generation and the ability to integrate it into the power grid.

According to Elsaraiti and Merabet (2021), it can also be important for rural and urban areas due to
the occurrence of disasters. Kavasseri and Seetharaman (2009) forecasting can be done considering two
approaches: (1) climate-based, using hydrodynamic atmospheric models that incorporate physical phenomena
such as friction, thermal and convective effects, and (2) time series-based, using only historical wind speed
data recorded at the site to build statistical models from which forecasts are derived.

There are several methods and models for time series forecasting at the moment (Elsaraiti and Merabet,

2021). Time series-based wind speed forecasting methods are based on the classical methodology of Box et al.

(2015), as per Kavasseri and Seetharaman (2009); Box et al. (2015) and Carmelo et al. (2017) which employs a
general class of models, such as the Autoregressive Moving Average ARMA (p, ¢) or Autoregressive Integrated
Moving Average ARIMA (p, d, ¢) models to obtain forecasts. Carmelo et al. (2017) used Box-Jenkins modeling
to make wind speed forecasts, which refers to the systematic method of identifying, adjusting, checking, and
using Autoregressive Integrated Moving Average (ARIMA) models. Thus, in this review, two models are

highlighted, ARIMA and ARIMAX, as described below.

4.2.2. Autoregressive integrated moving averages (ARIMA) model used in wind forecasting

Since wind speed is essentially a non-stationary process, it is reasonable to use a time-varying autoregressive
(AR) model to simulate wind speed (Huang and Chalabi, 1995). The ARIMA model is based on the idea
that a non-stationary time series can be modeled from differentiations and the inclusion of an autoregressive
component and a moving average component Bressan (2007); it is a method that has been used in modeling
and forecasting time series, with application to wind time series, being a systematic method of identification,
adjustment, checking and use of Auto-Regressive Integrated Moving Average models, whose abbreviation
is commonly given as ARIMA, providing powerful forecasting approaches and can provide highly accurate
forecasts (Nascimento Camelo et al., 2018; Eymen and Ko6ylii, 2019). This model is commonly represented by
the notation ARIMA(p, d, q), where (p, d, q) is the representation of the order of the model. A representation
ARIMA(1,2,0) indicates a model of order 1 for the AR (Auto-Regressive) component, order 2 for the I
(Integration or differentiation) component, and the last 0 for the moving average component).

The ARIMA method has three parts: autoregressive (AR), moving average (M A), and the order of

difference is the integration term (I) of AR and M A. The ARIMA model has four steps for estimation.

Model definition with ARIMA(p, d, q); p is the AR term, d is the order of difference term and q is the order
term M A. The second step is the estimation of the model parameters with the Autocorrelation Function

(ACF) and the Partial Autocorrelation Function (PACF). The third and fourth steps are, respectively, the
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determination of the model fitness and the estimation (Eymen and Ko6ylii, 2019). Therefore, a representation
ARIMA(1,2,0) indicates a model of order 1 for the autoregressive component, order 2 for the I (Integration
or differencing) component, and the last 0 for the moving average component. Consequently, ARIMA(p, d, q)

has the following structure (Equation 8),

P q
Y =+ Zﬁiyt—i + Z Oy —; + uy (8)
i=1 i=1

Where, y; is the contemporary process modeled, u; is the residual (model error), « is the constant (or
intercept), /3 is the coefficient of the autoregressive term (AR), 6 is the coefficient of the moving average (MA)
term, d is the number of differentiations (y; — y;—1) performed on the data, usually to achieve stationarity.

Using ARIMA mathematical models, we aim to capture the behavior of serial correlation or autocorrelation
between the time series values; based on this, future predictions can be made (Nascimento Camelo et al.,
2018). To determine the adequacy of the ARIMA model, the scatterplot of the model residual values and the
Autocorrelation Factor (ACF) and Partial Autocorrelation Factor (PACF) plots are examined to determine
the presence of significant autocorrelation in the time series. The absence of significant autocorrelation
implies the adequacy of the model for the time series data under analysis. If there is autocorrelation at the
significance level, the model parameters should be renewed by running the model again. Autocorrelation
values below the significance thresholds (blue line) will indicate that there is no significant autocorrelation
for residuals, which means that the model is successful in modeling the time series under analysis (Eymen
and Koyli, 2019).

In general, ARIMA modeling is used in non-stationary linear processes, assuming that the time series is not
stationary (that there are trend movements, whether of growth or decay of any nature) Nascimento Camelo
et al. (2018); such series can be transformed into stationary series by differentiation, that is, working with

the difference of the series from (t) to (t — 1) (Bressan, 2007).

4.2.8. Autoregressive integrated moving averages and exogenous (ARIMAX) model used in wind forecasting

Wind speed behavior can be affected by several factors, such as temperature, humidity, obstacles and
terrain, and mechanical and thermal turbulence (Yan et al., 2020). ARIMAX, a deterministic predictive
model for forecasting ensembles of time series, is a multivariate autoregressive integrated model that adds a
linear component as a function of the observations of the covariates (also called exogenous variables). It is
also known as a combination of a primary linear regression model and an existing single-variable ARIMA
model (Nascimento Camelo et al., 2018; Ahn and Hur, 2023).

According to Nascimento Camelo et al. (2018), the ARIMAX model is derived from ARIMA and can be
understood as the combination of the Auto-Regressive AR(p), Integrated (d), Moving Average MA(q) models
and an Exogenous variable X(r). This model can then be symbolized by ARIMA(p,d, q,r). A simplified way
to mathematically represent this model is described in Equation 9:
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P s q
Yt :P+Zﬂiyt—i+zijj+2(9j —&—j) t & 9)
i=1 j=1 Jj=1

Where y; is the dependent variable at time ¢ that is intended to be projected (i.e., the wind speed); p is a
constant; y;—; is the dependent variable (also the wind speed) lagged by ¢ time steps; f§; is the coefficient
of y4—;; p is the maximum number of time intervals considered; w; represents the exogenous variables
(atmospheric pressure, temperature, air humidity and precipitation) to obtain adjustments and forecasts
with monthly averages that will be included in the model; w; represents the coeflicients of the exogenous
variables; s is the maximum number of exogenous variables; §; is the coefficient associated with the lagged
error term £;_;, which represents the error in time ¢ lagged by j; and &, is the error component of the model,
with &, ~ NM(0,0?) (Nascimento Camelo et al., 2018).

Nascimento Camelo et al. (2018) highlights the efficiency of the ARIMAX model with exogenous variables
(pressure, temperature, and precipitation) executed in the free software R to forecast monthly average wind
speed in regions of northeastern Brazil based on low values of the error statistics determining. With the
inclusion of the exogenous variable precipitation, it is possible to reduce these errors further, thus providing
adjustments closer to the observed data; it was possible to demonstrate that the model used can follow the
profile of the time series obtained in the study region, through similarities of minimum and maximum wind
speed values, capturing the seasonality of the time series.

Therefore, Tibulo et al. (2018) states that forecasting future values is one of the objectives of time series
modeling. To do so, it is necessary to verify the efficiency and good adjustment of the model, as will be
analyzed in this study. Since it was mentioned that the relief influences the characteristics of the wind, it is

necessary to understand its relationship with the wind, as described below.

5. Spatial variation of wind

The physiographic characteristics of Brazil are very particular, defined as a combination of natural
elements such as relief, climate and vegetation that affect the climatic characteristics and present marked
spatiotemporal contrasts of the wind (Luiz-Silva et al., 2021). According to Martins et al. (2008), Cardoso
et al. (2012), Calil et al. (2012), and Tong et al. (2021), the very rugged relief and the presence of obstacles
caused by vegetation and buildings influence the speed and direction of the wind over the Earth’s surface,
causing a reduction, as well as generating turbulence in its circulation, following the natural slope of the
terrain.

According to Liria et al. (2017), wind speed and direction in complex terrains are mainly influenced
by spatial variation of local relief, especially in the region of the border between the surface and the
atmosphere. Wind speed becomes zero at heights close to the surface and approximately geostrophic in
the free atmosphere (Souza et al., 2003; Martins et al., 2008; Cardoso et al., 2012; Menezes et al., 2014;
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Corréa and das Gragas Paula, 2017). Therefore, wind flow tends to follow the natural planimetric variation
of the terrain relief (Calil et al., 2012; Tong et al., 2021; Lépez and Arboleya, 2022). Lépez and Arboleya
(2022) states that wind speed increases with height above the ground, and great wind potential exists in
mountainous regions.

However, the northeast, southeast, and south regions of Brazil are considered to have the greatest wind
potential in Brazil, especially on the coast, where strong and constant winds are observed throughout the year
(Andrade et al., 2021). According to Silva et al. (2002), Brazil’s northeast region’s predominant wind direction
is from the east. Munhoz and Garcia (2008) state that the predominant wind direction for the location of
Ttuverava, Sdo Paulo, Brazil is southeast, with the exception of the summer period (December, January, and
February) varying its predominance with characteristic winds from the northwest. In the region, northeast
and southwest winds are also observed in second place in most months, except from December to March,
when northwest winds predominate. Bueno et al. (2011) states that in Lavras, there was a predominance of
gusts from east and west directions in relation to the other directions between 1988 and 2004.

This review article demonstrates the spatial variation of wind in relation to the variation of relief. To this
end, the Digital Elevation Model (DEM) is described to understand the local modeling of wind to identify

places protected and exposed to disaster risks caused by this climate variable.

6. Digital Elevation Model (DEM) and the study of spatial variation of wind

6.1. Digital Elevation Model

On February 11, 2000, the Shuttle Radar Topography Mission (SRTM) was launched into space (Garcia
and Boulanger, 2006). According to Kovalchuk et al. (2019), Digital Elevation Models (DEMs) built from
SRTM are powerful resources for use in geological studies, geomorphology, water resource monitoring, and
natural hazard assessment through the integration of remote sensing images from multiple sources, generating
a merged image. They represent an essential type of geospatial data in analyzing and modeling different
hydrological and ecological phenomena (Isioye and Jobin, 2012). They can be applied in modeling climate
phenomena necessary to preserve our environment, disaster protection, and wind power.

Isioye and Jobin (2012) states that a digital elevation model is a continuous representation of elevation
values over a land surface through a regular set of z-values, referenced to a common datum. They can be
created from various technologies, such as terrestrial surveying, aerial photogrammetry, Light Detection and
Ranging (LiDAR), and Interferometric Synthetic Aperture Radar (InSAR). Remote sensing techniques for
obtaining them include stereoscopic photogrammetry using airborne or satellite, laser scanning, Interferometric
Synthetic Aperture Radar (InSAR) or SAR and Light Detection and Ranging (LiDAR) (Hawker et al., 2018;
Chang et al., 2019; Pakoksung and Takagi, 2021).
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For Chang et al. (2019), the quality of digital elevation models, as well as their spatial resolution,
are important issues in geomorphic studies, geomorphometric feature extraction, hydrological modeling,
geohazard inventory, light vision analysis, landscape modeling, and ecosystem management. These can be
applied in the Ribeirdo Vermelho river basin region, Minas Gerais, Brazil, to model climate phenomena such

as spatial wind variation, considering the variation of local relief.

6.2. Application of digital elevation model and disaster risk mapping

The digital elevation model and its derived attributes (slope, curvature, roughness, local relief, topographic
index) are easily derived from digital elevation model data, and they are important for assessing any process
using digital terrain analysis and urban planning (Athmania and Achour, 2014; Li et al., 2017; Pakoksung
and Takagi, 2021). There are freely available global digital elevation model products, notably the Shuttle
Radar Topographic Mission version 4.1 (SRTM V4.1) (Li et al., 2017).

Resolution is the ability of the DEM to discriminate objects, for example, in a geological landscape with
periodic shapes (Polidori and El Hage, 2020). For the authors, a small mesh size (meters per pixel) is a
necessary condition to ensure high resolution. The availability of the 1”7 SRTM (30 m) as a replacement
for the 3 SRTM (90 m) resulted in an improved resolution. Therefore, according to Mesa-Mingorance
and Ariza-Lopez (2020), there are several cases of resolutions (10 x 10 m, 30 x 30 m or 90 x 90 m) with
application in the most varied extensions, from national territories to a few km?. This review described the
30 x 30 m digital elevation model because it has an improved resolution and is freely available.

Although Han et al. (2021) demonstrated that TanDEM-X DEMs have the best overall quality, followed
by SRTM and ASTER GDEM has the worst quality, Li et al. (2017) demonstrated that SRTM V4.1 presented
the best mean square error accuracy compared to four freely available global digital elevation model products,
which reinforces the need for its use in wind modeling in the Ribeirao Vermelho watershed region.

According to Chang et al. (2019), susceptibility zoning maps can be the first step towards a complete

risk assessment that helps authorities and decision-makers initiate appropriate disaster mitigation measures.

These risks can include strong winds, floods, or drought in a given region. For Li et al. (2017), the slope
calculation of the relief is performed on the digital elevation model using a 3 x 3 cell neighborhood in the
most commonly used algorithms. Therefore, the quality of digital elevation models, as well as their spatial
resolution, are important issues in geomorphic studies (Chang et al., 2019). For the authors, the highest

accuracy was obtained from the model derived from the resampled 30 m LiDAR DEM.

6.2.1. Morphometric variables and their influence on spatial wind variation
Morphometrics deals with establishing the geometric characteristics of landforms based on measurements

(Szypula, 2017). Studies in mountainous terrain require the use of a high-quality, high-resolution digital
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elevation model, which is used to derive slope angle, aspect, and altitude, important variables for the study
of spatial wind variation (Tappeiner et al., 2001).

For Antoni¢ and Legovié (1999), the digital elevation model is a basis for calculating spatial variables
that can be used in ecological, environmental, and geomorphometric studies as independent estimators.
Morphometric variables can be derived from the standard digital elevation model, such as terrain slope,
aspect, and curvature. Some variables are results of more complex interactive calculations, such as terrain
exposure to wind. For Arcidiacono (2012), a digital elevation model is a constant two-dimensional raster
that provides information about the altitude of a specific surface so that each cell of the raster can include
an altitude value, as can be seen in Figure 3.

Bohner and Antonié¢ (2009) states that the near-ground wind field is described with speed and direction
values for each point in the area examined; it is significantly influenced by the terrain surface, especially in
areas of rugged terrain, which is why data on the terrain surface are usually involved in the dynamic and
direct modeling of the near-ground wind field, which can be important for weather forecasting purposes or

for estimating wind energy potential.

6.2.2. Maximum Upwind Slope Variable

The maximum upwind slope variable (Sx) is calculated as the greatest upwind slope between the cell of
interest and any cell along a search vector in a specific direction, with the aim of quantifying the extent of
shelter or exposure provided by the terrain upstream of each pixel (Winstral et al., 2002). To determine this,
all cells along a vector emanating from the cell of interest are examined and the cell that has the greatest
upwind slope relative to the cell of interest is determined, and the slope between this cell defining shelter is
returned. Thus, determining the contribution of wind redistribution variables based on terrain and wind
data collected at the weather station can be defined based on an analysis window extending downwind of
each pixel using Figure 2.

For wind modeling, Winstral et al. (2002) and Bohner and Antoni¢ (2009) consider Aj, Ay as the two

azimuths and dmaz represents a maximum search distance or defines the upwind window. ASP is the terrain

aspect, and the relative terrain aspect (RTA) is the absolute angular distance between the terrain aspects.

Therefore, Winstral et al. (2002) considers that the window is laterally bounded by two azimuths separated
by an arbitrarily chosen width of 60° (Al = 235°, A2 = 295°). According to Antoni¢ and Legovi¢ (1999),
300 m is chosen as the search distance because a further increase in the study area does not change the
horizon angle significantly.

The algorithm, called the maximum upwind slope parameter (Sx), searches along directional vectors
separated by an input increment, slope (inc), for the cell with the greatest upward slope relative to the cell of
interest. The lateral width of the window allows the inclusion of terrain that was not directly upstream of the

cell, based on the studies of Winstral et al. (2002), using Equation 10, which is the maximum slope equation,
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where: A is the azimuth of the search direction; (z;,y;) are the coordinates of the cell of interest, (x4, y,)
are the set of all coordinates of the cells located along the search vector defined by (z;,y;), A and dmax. And
dmax is the search distance (Winstral et al., 2002).

Neighboring pixels in a sampling window are typically defined relative to a central pixel, i.e., the location
for which a parameter or object association is derived. In principle, there are several ways to designate
neighboring pixels, usually by an identifier or their position relative to the central pixel (Pike et al., 2009).
Calculating a derivative of the digital elevation model can be a simple repetition of a given formula over the
area of interest. Using a sampling window of 3 x 3, the slope gradient at the central pixel can be obtained as
the mean elevation change (Pike et al., 2009).

For Béhner and Antonié (2009), the simplest variable that constitutes a potential estimator of topographic
exposure to wind is the angular distance in relation to the wind direction azimuth «,., that is, the relative
terrain aspect (RTA) taking into account only the orientation of the surface, neglecting the influence of the

distant terrain in the direction of shelter, as well as the influence of the slope.

6.2.8. Wind deflection

Etienne et al. (2010) states that aerodynamic drag in the atmospheric boundary layer is affected by the
structure and density of obstacles present at the site and by the nature of the terrain (relief variation). In
other words, wind flow is affected by the terrain’s undulations, which explains why all mountain shapes need
to be taken into account to accurately describe the wind speed.

Taking topography into account, since it produces the effect of wind rotation, the wind flow is modeled
based on the equation proposed by Ryan (1977), a simple equation for the deflection of wind in a steep
gradient blowing through a slope where the slope was less than 45° (Purves et al., 1998). For this purpose,
Equation 11 is used to determine the deviation of the easterly wind, based on Figure 2, generating the maps

in Figure 3.

Fy = —255s4sin [2(A — 0)] (11)

where, F; is the wind deflection (in degrees), sq is the slope (in percent), A is the slope aspect (in degrees),
and 6 is the wind direction (in degrees).

For Ryan (1977), the deflection factor is negative, and the flow is deflected counterclockwise if A is less
than 90° clockwise from 6. For example, wind from 150° hitting a slope with an aspect of 180° will be

deflected in a direction counterclockwise from 150°. When the aspect is less than 90° counterclockwise from
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the wind direction, the wind flow is deflected clockwise. Based on the deflection, wind indices are determined,

considering the morphometric variables, the slope’s orientation, and the direction of the predominant wind.

6.2.4. Windward and leeward index

The calculation of a windward-leeward index (hereinafter wind effect) requires a projected coordinate
system (Karger et al., 2020). The windward index is a metric derived from digital elevation models that allow
the assessment of the influence of relief on the variation of wind speed and direction. This index quantifies
the relationship between the orientation of slopes and the direction of the prevailing wind, identifying areas
of acceleration and deceleration of the wind flow. The leeward index represents the change in wind speed and
direction due to the interaction with the relief. This index is calculated from the angular difference between
the wind direction and the aspect of the slope.

According to Ruel (1995), relief characteristics largely determine the relative exposure to wind at a
local level. The authors state that wind turbulence and speed increase when passing over a mountain ridge.
The shape of the ridge influences the behavior of the wind when crossing a ridge. When the wind blows
perpendicular to the crest, the velocity increases upwards, being maximum at the summit. Whereas, if the
wind direction is oblique, the wind blows around and over the downwind shoulder, so that the wind often
becomes turbulent, changing direction mid-slope (Robertson, 1986; Ruel, 1995). Based on the effect of the

wind, the wind exposure and protection indices can be determined as follows.

6.2.5. Topographic Wind FExposure Index

Topographic exposure is a geomorphometric relief variable that represents the degree of protection by
a variation in the surrounding relief of a given site (Chapman, 2000; Mikita and Klimének, 2010). The
authors argue that detailed knowledge of exposure is helpful for a wide variety of applications, particularly
the optimal siting of wind farms and the study of wind damage.

According to Mikita and Klimének (2010), the topographic exposure factor is primarily used to assess
the threats posed by wind. This study describes the method for creating a topographic exposure based on
a digital elevation model using geographic information systems (GIS). In combination with climatic data
on wind speed and direction, this factor is used to define the degree of terrain ventilation, as described by
Mikita and Klimanek (2010).

According to Miller (1985), Chapman (2000), and Mikita and Klimédnek (2010), the degree of exposure
can be estimated considering the relative heights and distances of the horizon around the study point. Several
approaches have been developed to measure this useful variable. These approaches have been replaced by
the use of computers and, in particular, by the application of digital terrain models, which provide a quick
office-based solution, virtually eliminating the need for fieldwork.

Thus, different metrics based on the slope and orientation of the terrain can estimate topographic exposure
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to wind. Therefore, according to Antoni¢ and Legovié¢ (1999), four main estimators can be used. Namely, the
first estimator is the relative terrain aspect (RTA) of a given point for a given wind flow azimuth (AWF),
calculated from the digital elevation model in the usual way, using a regression plane through the 3 x 3
neighborhood of each point, as can be seen in Figure 2.

where, N denotes north. The terrain around point A has slope (SLP) and aspect (ASP). The relative
terrain aspect (RTA) is the absolute angular distance between the terrain aspect and the wind azimuth
(AWF). Point A’s horizon angle (HNA) (see Figure 2) for a given wind azimuth is determined with the chosen
search distance (SDS). The angle between a plane that locally represents the terrain (P;) and the plane
orthogonal to the wind (P,) is denoted by APO, the point A’ is a projection of point A onto the orthogonal
plane) according to Antoni¢ and Legovié¢ (1999) and Béhner and Antonié (2009). Therefore, a change in the
search distance can change the horizon angle (Antonié¢ and Legovié, 1999).

In this review, the equation proposed by Antoni¢ and Legovié¢ (1999), similar to the equation adopted by
Bohner and Antonié (2009), was used to determine the second estimator, which is the exposure of the terrain
towards the horizontal component of the wind flow. It is defined as a cosine of a, between the regression
plane through the neighborhood 3 x 3 of a terrain point and the plane orthogonal to the wind flow, and is

calculated based on Equation 12.

cosa = cos pusin B + sin pcos Bcos§ —y (12)

where: p is the terrain slope, v is the terrain aspect, § is the wind flow azimuth, and ( is the wind flow
horizon angle (it is zero for all points because horizontal wind flow is hypothesized). Henceforth, in order to
fit Equation 12 to Figure 2, consider p as SLP - terrain slope; v as ASP - terrain aspect; 6 as AWF - wind
flow azimuth and § as HNA - wind flow horizon angle.

Bohner and Antonié¢ (2009) consider 7, as the angle between a plane orthogonal to the wind and the
plane that locally represents the Earth’s surface; ¢ as the angle of inclination of the surface in relation to the
horizontal (slope); S as the angle of incidence of the wind in relation to the surface (can be interpreted as
the zenith angle of the wind) and «, as the angle between the wind direction and the line of greatest slope of
the terrain (angular difference between the wind direction and the aspect of the slope).

According to Antoni¢ and Legovié¢ (1999) and Boéhner and Antoni¢ (2009), the third estimator is the
horizon angle 8. In Figure 2, for a given point A, § is the maximum vertical angle in the azimuth of the
hypothetical wind flow, for the chosen search distance a. Finding the horizon angle for each point requires
searching the digital elevation model in the azimuth of the wind flow. For Antonié¢ and Legovié¢ (1999), the
fourth estimator becomes the exposure of the terrain towards the inclined wind flow, where (3 is the horizon
angle of the wind flow for the search distance of 300 m (the third estimator). The authors state that when

the search distance is set to zero, the horizon angle is zero, and consequently, the fourth estimator becomes
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Figure 2: Estimators of topographic exposure to wind flow for the Ribeirao Vermelho watershed, Minas Gerais, Brazil.
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the exposure of the terrain toward the horizontal component of the wind flow.
Topographic exposure is a geomorphometric feature of the topography and characterizes a site in terms of

its protection by the surrounding landscape (Mikita and Klimdnek, 2010). The authors state that the degree

of topographic exposure of a site depends on the relative height and distance from the surrounding horizon.

According to Ruel (1995), wind speed in a specific stand is strongly influenced by the local relief. The
topographic exposure factor is mainly used to assess the threats posed by wind. However, it is also applied
in the field of modeling meteorological phenomena, as highlighted by Chapman (2000) and in monitoring the
impact of wind on railways (Baker, 1985).

Wind speed increases with elevation, and it is not uncommon for exposed locations such as hilltops to
modify wind speed further (Quine and White (1994) and Chapman (2000)). Some landforms, such as ridges
and hilltops, can further modify wind speed. Landform features dominate local airflow, and wind damage has
been closely linked to the influence of surrounding topography (Ruel et al., 1997; Chapman, 2000). Therefore,
the aspect term is a sinusoidal function of the slope orientation, with the effect assumed to be greater on
steeper slopes than on shallower slopes (Ruel et al., 1997).

For Chapman (2000), the prediction of wind hazard or shelter locations provides a useful case study in
how knowledge of topographic exposure and shelter can be applied. This knowledge controls the distribution
of minimum temperatures and can then be translated into wind hazard forecast maps that can be used for
decision-making exercises such as the location of sensitive species, wind farms, agricultural fields, agribusiness
investments and determine many socio-economic applications that depend on an understanding of topographic

exposure to wind.

6.2.6. Topographic Wind Protection Index

Ideally, exposure should be taken into account during the environmental planning or land use phases.

However, when exposure remains a problem, artificially generated barriers or windbreaks can be used to
provide shelter. The degree of protection is related to the height and thickness of the barrier (Chapman,
2000), which can be estimated using information obtained from the digital elevation model. A barrier will
affect the airflow up to a height of about 3h, where h is the height of the barrier. Similarly, the density of
the barrier determines the impact that the barrier will have downwind.

Remote sensing and geographic information system (GIS) techniques have proven to be efficient in
interpolating thematic maps and in producing slope safety factor maps (Tabalipa and Fiori, 2008). The
reason for this is the combined effect of gentle slopes, strong wind environments, erodible soil, and sparse
vegetation cover; since gentle slopes facilitate the transport of sediments by wind, strong and frequent winds
provide the driving force for wind erosion.

Based on Equation 13 the shelter index (Protection index) (Du et al., 2017) can be determined.
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Indice de protecio (S) = arctan <max (M)) ,
|0 — | (13)

zes
where: S = S(zg,a,Aa,d) is the set of grid nodes within a distance < d in the direction range a + Aa

from xg.

Figure 3: The altitude maps (left) and geomorphic maps (right) are at the top. At the bottom are the exposure index map (left)
and protection index map (right) on winds from the predominant direction (east) in the Ribeirdo Vermelho river basin, Minas

Gerais, Brazil.

Based on the calculation and assumptions of Purves et al. (1998), a simple shelter index strategy is
developed to illustrate the ideas of windward and leeward slopes. Cells are examined for their aspect and
slope, and a remapping function is applied to them according to the values. If a cell is in an aspect range
within 45° of the mean aspect of a leeward slope and its slope is greater than 5°, then it is given an index, 0
< cell index < 1, according to the remapping function. The highest values will be directly leeward, with the
index decreasing toward zero when the slope aspect is 45° of the mean aspect of the leeward slope. These
analyses can be performed using the digital elevation model applied in R or SAGA GIS software, as in Figure

23



3, generating very important protection results (maps) for the Ribeirdo Vermelho watershed region.

The density of the windbreak determines the impact the barrier will have downwind. The optimum
solution is a medium-density windbreak that can affect the airflow 15 to 20 hours downwind. Medium-
density windbreaks are better than high-density windbreaks because the sheer protection provided by dense
windbreaks creates an air cushion that actually improves wind aerodynamics (Oke, 2002; Chapman, 2000).

However, trees can also adapt to wind-induced pressures (Baker, 1985).

7. Disasters and socioeconomic impacts caused by extreme winds

Terezo et al. (2022) understands that, to be considered a natural disaster, an event such as heavy rain,
cyclone, hail, or earthquake, among others, which can be called natural threats, must first occur. It is also
necessary for populations to be exposed to conditions of vulnerability, including prevention and response
capabilities, as well as those related to the population’s living conditions (work, income, health and education,
aspects related to infrastructure such as health, and housing insurance, roads, sanitation, land use, and
occupation, among others).

Brazil is one of the countries most affected by dangerous natural phenomena (Almeida and Pascoalino,
2009). In recent decades, winds have been a major contributor to severe damage to residential buildings in
the country, the United States of America, Indonesia, Mozambique, Madagascar, Malawi, Zimbabwe, and
Tanzania. However, the West Java province in Indonesia has the highest recorded wind-related damage in
the country (Sarli et al., 2020). Terezo et al. (2022) highlights that in Brazil, there is no clear evidence of an
increase in extreme weather events in the last 20 years despite many windstorms and even hailstorms being
recorded annually. The region of Minas Gerais, specifically in the Ribeirdo Vermelho river basin, is common
for annual records of strong winds.

Since 1980, the United States of America has experienced more than 330 climate and meteorological
disasters (Ali et al., 2023). Terezo et al. (2022) highlights that the NatCatSERVICE database (2019) has
records of around 850 extreme events related to winds and rains worldwide between 2013 and 2017. In Brazil,
according to the EM-DAT database (2019), approximately 22 major extreme weather events occurred in the
same period. However, the previous information needed to be updated.

For Marengo et al. (2024), the wind was responsible for the greatest climate disaster caused by rain and
flooding in the state of Rio Grande do Sul, Brazil, between April and May 2024. The authors state that
the air was compressed by the high variation in the relief of the wall formed by the Andes Mountains; the
wind deflected and accelerated the air toward the South. Upon reaching the South, the hot and humid air
encountered colder air that served as a ramp, forcing the hot and humid air to rise and form storm clouds, a
process that is already well known and frequently occurs in that region.

Every year, extreme windstorms (hurricanes, typhoons, cyclones), severe storms, tornadoes, and gusts
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cause the destruction of infrastructure in local communities (Yang et al., 2018; Chmielewski et al., 2020).

According to Sarli et al. (2020) and Abdillah et al. (2022), the wind is consistently the second or third source
of risk and destruction of homes and public and private infrastructure (Figure 4), a fact that demonstrates
the need to understand its spatiotemporal variation as is the case in this review article. Therefore, Abdillah
et al. (2022) highlights that not only infrastructure, energy, and communication networks are particularly
vulnerable to extreme winds, but their impacts are also significant socioeconomically.

According to Miller (1985) and Ruel (1995), wind damage can be catastrophic or endemic. The authors
suggest that catastrophic damage results from extremely severe storms and is influenced more by wind speed,
direction, and morphometric features of the relief than by silvicultural actions. Endemic damage occurs as
small pockets of wind enlarge over time, particularly in boreal softwood forests.

Wind direction can also have an effect on the number of disasters (Ruel, 1995). Infrequent winds from
a non-predominant direction can cause more severe damage than prevailing winds of the same speed and
direction to which trees have become more or less adapted (Robertson, 1987, and Ruel (1995)). For Ruel
(1995) the direction of the strong wind is more important than the direction of the prevailing wind. Extremely
high wind speeds can cause severe damage to crops, both in unstable locations and in locations at risk of
strong winds. The degree of damage is more influenced by the speed and direction as well as the morphometric
characteristics of the predominant relief in the region than by soil conditions or silvicultural practices (Miller,
1985).

According to Ruel (1995), gusts greater than 30 ms™!, or (108 km/h~1!) can cause severe damage. These

gusts are, in fact, related to the turbulence caused by the interactions between wind, relief, and forest cover.

Therefore, despite the many cases of destruction due to strong winds, the destruction data are not supported
by wind speed data from the areas in question, which makes it difficult to understand how severe the wind
conditions are at the actual time they occur (Sarli et al., 2020).

However, Sarli et al. (2020) highlights that wind speeds of 5.0 ms™! and 8.0 ms™! represent a 50.0% and
90.0% possibility of damage induced by this climate variable, respectively. However, extreme winds exhibit a
clear annual cycle, and their occurrences are mainly affected by small-scale weather systems, independent of
seasons and locations (Abdillah et al., 2022). Their clear annual cycle and knowledge of the central regions
of disaster occurrence can be the main points for studying ways to mitigate disaster occurrence, protect lives,
and mitigate socioeconomic damages. The orientation of downed trees can signal potentially damaging winds

(Steinblums et al., 1984; Ruel, 1995), as observed in Figure 4.

8. Discussion

This review highlights the complexity of wind dynamics as a function of relief, using an integrated

approach involving topographic, meteorological, and statistical variables. Based on the analysis of the
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26
Figure 4: At the top, the destruction of public infrastructure (left) and private infrastructure (right) is at the top. Tree breakage

caused by strong winds in the urban region of Lavras (Jardim Gléria square), Ribeirdo Vermelho river basin, Minas Gerais,

Brazil, on September 27, 2023 (Public domain photo).
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compiled studies, wind speed and direction are shaped by factors such as slope, slope orientation, altitude,
and terrain roughness, whose representation is facilitated by the use of Digital Elevation Models (DEMs)
(Antonié¢ and Legovié¢, 1999; Béhner and Antonié, 2009; Chapman, 2000).

Figure 1 illustrates the circulation mechanisms of Foehn winds and anabatic/katabatic winds over complex
surfaces. This representation helps to understand how relief interferes with the rise or fall of air masses,
modifying temperature, humidity, and wind intensity. For example, katabatic winds descend slopes during
the night, causing cooling and possible intensification of strong winds in valleys. Foehn winds, when heated,
descend from the leeward side and are associated with temperature peaks and extreme events such as forest
fires (Sharples et al., 2010; Antico et al., 2020).

In addition, Figure 2 summarizes the main geomorphometric estimators used to calculate topographic

exposure to wind flow: relative aspect (RTA), horizon angle (HNA), and orthogonal projection angle (APO).

This schematic representation is crucial to understanding how the orientation and inclination of the surface in
relation to the prevailing wind directly influence the acceleration or deceleration of the airflow (Antonié¢ and
Legovié, 1999; Bohner and Antonié, 2009). These parameters are essential for the construction of exposure
and shelter indices, which guide the zoning of vulnerable areas or areas suitable for the installation of wind
infrastructure using remote sensing techniques (Chapman, 2000; Zeng et al., 2007).

The exposure of the terrain to wind, modeled by the cosine equation of « and illustrated in Figure 2,
allows us to estimate the vulnerability or natural protection of an area. This equation considers the angle
between the surface and the wind flow, adjusting for factors such as slope (u), aspect (), and wind azimuth
(8), as described by Bohner and Antonié (2009) and applied by Antoni¢ and Legovié¢ (1999). This metric is
particularly important in mountainous regions, such as the Ribeirdo Vermelho basin (MG), where the relief
generates distinct atmospheric circulation patterns.

In Figure 3, maps derived from the wind deflection indices Ryan (1977), maximum upwind slope Winstral
et al. (2002), and topographic exposure Chapman (2000) demonstrate the practical applicability of these
indicators. These tools allow mapping areas of greater risk or shelter and are valuable for urban planning,
positioning windbreaks, and locating wind farms.

In addition to spatial aspects, temporal wind analysis is essential to assess trends that may indicate
climate change, changes in atmospheric dynamics, or effects of land use and occupation. Studies such as those
by Yan et al. (2020) and Elsaraiti and Merabet (2021) indicate that, over the last few decades, variations in
the average, frequency, and intensity of winds have been observed in different regions, which can directly
impact energy security, agriculture, and disaster risk. In many tropical regions, such as Brazil, there are signs
that wind variability has increased in recent years, especially during seasonal transition months. This trend,
although still lacking more detailed investigations with long-series data, is a growing concern in the context
of global climate change. Through statistical tests such as Mann-Kendall or linear regression associated with
ARIMA modeling, trend analysis can help identify significant patterns and support adaptation policies.
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In addition to spatial aspects, temporal analysis of wind regimes is essential. The application of statistical
models such as ARIMA and ARIMAX in forecasting wind speed has proven to be efficient, especially when
combined with exogenous variables such as pressure, temperature, and precipitation. ARIMAX modeling, in
particular, allows the integration of climate and topographic data, resulting in greater predictive accuracy
(Yan et al., 2020; Elsaraiti and Merabet, 2021).

Therefore, integrating terrain morphometry, statistical modeling, and remote sensing proves to be a robust
approach to understanding and predicting wind dynamics. The review shows that wind-related disasters
(tree breakage, roof loss, power grid failures) are strongly influenced by local relief and that knowledge of
topographic exposure can be crucial to reducing damage and improving territorial planning (Quine and
White, 1994; Ruel, 1995; Chapman, 2000).

The analysis of maps of exposure and topographic protection to wind, combined with maps of altitude
and landforms (geomorphons), allows us to understand in greater depth the effects of relief on air circulation
on a local scale. Considering that the predominant wind comes from the east (azimuth of 90°), areas facing
west tend to have greater natural protection. In contrast, areas facing east are more exposed to the direct
impact of winds.

The altitude maps reveal that higher regions act as natural barriers to the wind, redirecting or accelerating
the flow on ridges and peaks. On the other hand, valleys and areas of lower altitudes, especially when
oriented in the direction of the predominant wind, act as funneling and intensifying wind channels. This
behavior is consistent with the patterns described by Winstral et al. (2002) and Béhner and Antonié¢ (2009),
in which the slope (u) and the orientation of the surface () modulate the energy of the wind received.

The use of geomorphons, when classifying the relief into features such as ridges, slopes, plateaus, valleys,
and depressions, allows the identification of areas that, even at similar altitudes, present different behaviors
in terms of exposure to wind. For example, east-facing ridges are high-impact zones, while west-facing slopes
function as shelter areas. Integrating these layers makes it possible to develop risk zones and refuge zones,
which are essential for territorial, energy (location of wind turbines), and environmental (reforestation of
degraded areas) planning.

The spatial overlap of exposure indices with altitude and relief shape data increases the model’s analytical
capacity. It allows the identification of recurring patterns of vulnerability and critical areas where the
morphology accentuates the effects of the prevailing wind. This type of analysis is essential for proposing
risk mitigation and climate adaptation strategies, especially in mountainous or highly anthropized regions.

Therefore, it is necessary to advance in identifying vulnerable zones, considering not only wind averages
but also their interaction with morphometric variables and their temporal variation. The use of the metrics
discussed here should be encouraged in future studies, especially in tropical regions where the density of

meteorological stations is still limited, and the risks of extreme weather events are increasing.
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9. Conclusions

The spatial-temporal variation of wind is strongly dependent on morphometric variables, especially
altitude, slope, and orientation of the terrain. These variables define zones of exposure and shelter from the
prevailing wind, seasonal patterns, and trends that are fundamental for climate monitoring and territorial
and agricultural planning in vulnerable regions.

The integration of morphometric and climatic variables through digital elevation models is an effective
approach to characterize the spatial-temporal variation of wind in complex relief environments. Spatial-
temporal characterization is essential to understanding local atmospheric circulation patterns and supporting
agricultural, environmental, urban, and energy planning in risk regions.

The correlation between morphometric and climatic variables reinforces the importance of geospatial tools
in identifying risk areas and guiding mitigation measures in the face of extreme climate events associated

with wind.
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Abstract

Wind is a key climate variable of interest in many applications, from infrastructure damage assessments to
environmental and socioeconomic risks, including wind power utilization. The objective was to analyze the
temporal variation in wind speed and direction recorded between 2010 and 2023 in the Ribeirdo Vermelho
watershed, Minas Gerais, Brazil, in order to identify long-term trends and statistically characterize extreme
events potentially associated with natural disasters. The data were obtained from the Meteorological
Database for Teaching and Research (BDMEP) and the Automatic Meteorological Station located at the
Federal University of Lavras (UFLA). Descriptive analyses were performed, the coefficient of variation was
calculated, and the Mann-Kendall test was applied to detect significant temporal trends in the BDMEP
data. A statistically consistent reduction in average wind speed was observed over the period analyzed,
concomitant with the occurrence of isolated events of sudden intensification. The average speed was 1.83
ms~!, with minimum values in June (1.54 ms™!) and maximum values in September (2.11 ms™!), with
prevailing easterly winds (31.8%). The disastrous event recorded on September 27, 2023, due to the extreme

event, at a wind speed of 5.54 ms~!

, corresponding to a Z-score of +2.40 and positioning above the 99th
percentile of the historical distribution, constitutes a disastrous event, rare with a probability of less than 1%
of occurrence. However, the correlation between the statistical anomaly and the observed material damage
highlights the importance of standardization by standard deviations and probabilistic quantification for
weather risk assessment. The results highlight the need to incorporate robust statistical methodologies and
local historical data into early warning systems, as well as into the planning of mitigation and adaptation
strategies in the face of extreme winds.
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1. Article Highlights

e There has been a 25% reduction in wind speed in the historical series from 2010 to 2023. In terms of
monthly variations, winds from the east and southeast are predominant, while winds from the south

are the least common.

e The study region faces a 50% increased susceptibility to disasters caused by winds at speeds of 5.0

ms~! during the rainy season.

2. Introduction

Wind is one of the most important meteorological variables in the contemporary world Liu et al. (2020),
being studied globally yet often neglected locally. It plays a crucial role in various socioeconomic and ecological
sectors (Molaei and Lashkari, 2020; Bodas Terassi et al., 2022). Agricultural activities are particularly
vulnerable to risks and failures due to changes in climatic elements (Dantas et al., 2007; Ferreira et al.,
2024). Among these elements, wind speed and direction can exhibit significant variability Ferreira et al.
(2024), which may adversely impact wind energy generation, potentially due to the weakening of this natural
resource. Alongside its benefits, wind can also lead to recurring disasters as a result of its variations.

Numerous studies emphasize that wind is a fundamental resource for generating wind energy, influencing
atmospheric stability and agriculture. Wind can be defined as the movement of air masses from one region to
another, driven by differences in atmospheric pressure. Essentially, air moves from areas of higher pressure to
areas of lower pressure (Pereira et al., 2002; Bohner and Antonié, 2009; Pitz et al., 2013; Souza and Liberato,
2019). The denser cold air forces warmer, humid air upwards, leading to the accelerated development of
storm clouds (Sarli et al., 2020). Wind patterns are also affected by the Earth’s rotation, centrifugal forces,
and the topographical variations of the land, which cause friction with the Earth’s surface (Sarli et al., 2020).
Additionally, the incompatibility between oceanic and continental influences further impacts wind dynamics
(Pitz et al., 2013).

In agriculture, wind significantly influences the application of pesticides and the implementation of
windbreaks. It is also a key factor in studies that explore the spread of diseases and pollination on farms
(Munhoz and Garcia, 2008; Pitz et al., 2013; He, 2022). Wind affects a region’s microclimate, which in turn
impacts the growth of crops and animals, presenting both favorable and unfavorable effects (Pereira et al.,
2002).

As the agricultural sector continues to evolve, there is an increasing need to characterize wind speed
and direction. This information supports projects that utilize wind for solar dryer construction, enhance
water savings, and promote wind as a renewable energy source (Pereira et al., 2002). It is also crucial

for developing more efficient irrigation systems Schubert et al. (2022), regulating urban temperatures, and
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improving outdoor thermal comfort (He, 2022). Wind speed is a critical component in the equations used to
estimate evapotranspiration, and any trends in wind flow can affect the water requirements of plants (Molaei
and Lashkari, 2020).

Extreme winds can have adverse effects on plant growth, influencing processes such as transpiration
and photosynthesis. They can also cause mechanical damage, including breaking trees, branches, and
leaves, lodging cash crops, and in extreme cases, leading to the death of insects (Munhoz and Garcia, 2008;
Godziek and Pawlik, 2023; Ojo and Sadiku, 2023). Additionally, strong winds can inflict significant damage
on buildings and agricultural infrastructure, particularly in 2022, 2023, and 2024, affecting many regions
worldwide, including Brazil. These strong winds can disrupt communication and power transmission lines
(Abd-Elaal et al., 2018).

In the energy sector, global demand for energy is rapidly growing, and wind energy plays a vital role in
meeting this demand, both worldwide and in Brazil. The northeast, southeast, and southern regions of Brazil
Kaja Bantha Navas et al. (2024), especially along the coast, exhibit the highest wind potential, characterized
by strong and consistent winds throughout the year (Andrade et al., 2021).

Research conducted in the Brazilian northeast Silva et al. (2002) indicates that the predominant wind
direction is typically from the east (Munhoz and Garcia, 2008). For the town of Ituverava in Sdo Paulo,
studies show that southeast winds dominate for most of the year, with higher-than-average wind intensities
observed from August to November. September records the highest wind speeds, while April shows the lowest
average speeds.

A study by a researcher Bueno et al. (2011) investigating wind gusts and predominant directions in
Lavras, Minas Gerais, covering the years 1988 to 2004, revealed strong winds from September to February,
which were more probable during these months than in others. Winds exceeding 100.0 kmh~! showed
minimal probability across all months. It was also observed that winds generally came from the east and
west directions more frequently than from others.

In a study conducted in China from 1969 to 2005 Guo et al. (2011), a statistically significant decrease
in wind speed was recorded, particularly notable at a 95.0% confidence level. Summer winds showed less

reduction compared to winter winds, with winters experiencing weaker winds. This overall decrease in annual

average wind speed over the years is attributed to a weakening pressure gradient in the lower troposphere.

Similar trends of declining wind speed have been noted Jiang et al. (2010), Troccoli et al. (2012) in China,
in parts of the United States and Southern Europe due to changes in atmospheric circulation linked to
climate change. Gilliland and Keim (2018) demonstrated the ocorrence of reductions in surface wind speeds
across various regions in Brazil. According to Alencar et al. (2011), the wind speed has an unsual behavior,
presenting strong reductions throughout the series and along the months in the region of Vigosa, Minas
Gerais, Brazil.

Characterizing wind speed and direction in the Ribeirdo Vermelho river basin can improve the placement

3

56



75

76

7

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

04

95

96

97

98

99

100

101

102

103

of agricultural and industrial projects, as well as public and private infrastructure in urban and rural settings.

It can also aid in the preventive planting of cash crops and help mitigate disaster risks. This study aims
to characterize wind speed and direction, time series trends, and the impact of wind-induced disasters in
the river basin region, contributing valuable insights for future research on climate change, agricultural

production, renewable energy, and effective disaster prevention systems.

3. Material and Methods

3.1. Characterization of the Study Area

The Ribeirdo Vermelho River basin is located entirely in the state of Minas Gerais, Brazil, between the
coordinates of 21°26’ to 21°18’ South latitude and 44°95’ to 45°07" West longitude (See Figure 1). This basin
includes the tributary that flows through the urban area of Lavras, extending approximately 15 km before it

merges with the Rio Grande. According to the Koppen classification, the region’s climate is classified as

Cwb, which is characterized as temperate rainy (mesothermal), exhibiting dry winters and rainy summers.

The average annual temperature is 19.3 °C, with the hottest month averaging 21.3 °C, while the coldest

month averages 15.1 °C. The average annual total precipitation is 1.530 mm (Alvares et al., 2013).

3.2. Computer language and packages used for wind speed data analysis

The statistical programming language R, widely used for data analysis, was employed in this study.

RStudio, an Integrated Development Environment (IDE) for R, is freely accessible (Hengl et al., 2010). The
packages listed in Table 2 and the functions detailed in Table 3 were utilized to characterize and statistically

analyze the wind speed and direction data.

3.8. Collection and Processing of Meteorological Data

Hourly data (at 12:00 p.m., 6:00 p.m., and 00:00 UTC) from the study area’s wind speed and direction
time series were utilized. The data covered the period from January 1, 2010, to December 31, 2023, during
which daily averages were calculated. Data were collected at the conventional meteorological station of the
National Institute of Meteorology (INMET), located on the campus of the Federal University of Lavras
(UFLA) at the coordinates of 21°13'34”'S, 44°58'46" W, at an altitude of 916 m. This data is available in the
Meteorological Database for Teaching and Research (BDMEP) in Ezcel format. Wind speed and direction
were measured by an anemometer positioned 10 m above the ground, following the guidelines set forth by the
World Meteorological Organization (WMO) regarding the global observing system and technical regulations
on meteorological observations. Additionally, data collected from an automatic station located at the Federal
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Figure 1: Location of the Ribeirdo Vermelho catchment area, Lavras, Minas Gerais, Brazil.

University of Lavras, at coordinates 21°13/41”S, 44°58'10”W and 940 m above sea level, were included since
some data from the BDMEP were missing, particularly on September 27, 2023, which was notable for strong
winds that caused disasters in the urban region of Lavras within the hydrographic basin.

Moreover, wind speed and direction data can also be obtained from the Global Forecast System (GFS)
of the National Weather Service (NWS) of the United States, which collects atmospheric model data from
NOAA/NCEP. This data features a geospatial resolution of 0.5° (approximately 50 km), with measurements
taken 10 m above the Earth’s surface (Alves and Sanches, 2023).

Tests were conducted to evaluate the monthly, annual, and inter-annual variations in wind speed and
direction. Monthly average speeds were calculated from daily averages, while the annual average wind
across the Ribeirdo Vermelho River basin was derived from the daily averages of the National Institute of
Meteorology dataset. The data were imported into R using the xIsx library, along with equations applied by
(dos Santos and e Silva, 2013; Soukissian and Sotiriou, 2022).

The basic time index was represented as ¢, where u(t;) = u; and 0(t;) = 6;, for i = 1,2,.... The time
series of wind speed and direction are denoted as such. The scale for ¢; is in hours, with months indicated
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Table 2: R packages of interest in research on the characterization of wind speed and direction in the Ribeirdo Vermelho river

basin, Minas Gerais, Brazil from 2010-2023.

Package Description Reference

rWind Used to manage wind data and calculate averages.  Ferndndez-Lépez et al. (2022)

ggplot2 Used in the implementation of graph grammar and Wickham et al. (2016)
for mapping survey data.

openair Used to analyze, interpret and understand meteoro- Carslaw and Ropkins (2014)
logical data as the function windRose, that visualizes
the wind direction.

xlsx Provided functions to read, write and format the wind Dragulescu et al. (2020)
database in Excel 2007 format using R.

tidyverse Made it easy to install and load multiple "tidyverse" Wickham and Wickham (2019)
packages in a single step applied in the study.

psych It was used to perform basic descriptive statistics on  Revelle and Revelle (2015)
the data.
dplyr A fast library and was used for manipulating data Wickham and Wickham (2020)

frame type objects.

as m and years as j. Consequently, the mean annual wind speed for a given year j was calculated using

Equation 1 (Soukissian and Sotiriou, 2022).

X
Muj = 37 Zui, (1)
i=1
where, N is the number of observations in a year. The mean annual wind speed m,,y was then calculated

using Equation 2.

J
1
Myy = j ;”LUJ’ (2)

where, j is the total number of years. Similarly, the monthly mean wind speed for a given year j and

month m was calculated using Equation 3.

| X
Mugm = 72 2; Ui, 3)

i—
where, K is the total number of hours for the given month and year and m = 1, 2, - - -, 12. Consequently,

the monthly mean wind speed for a given month m,m, rr—m is calculated using Equation 4.
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Table 3: Functions of the openair and rWind libraries of interest in research on the characterization of wind speed and direction

in the Ribeirdo Vermelho river basin, Minas Gerais, Brazil from 2010-2023.

Function Description Reference

windRose Function from the openair package, was used to Carslaw and Ropkins (2014)
build the wind rose, showing the wind direction and
to obtain the values corresponding to the observed

frequencies.

wind.mean Used to calculate the average wind speed and perform  Ferndndez-Lépez et al. (2022)

the processing of the historical series data set.

J
1
Maym = jZmu,j_,m,m: 1,2,---,12. (4)
j=1

According to Schubert et al. (2022), the variation in the hourly mean wind speed in the different intervals
of the analyzed period is characterized by means of the standard deviation (o) and coefficient of variation
(CV (%)) given respectively by:

Calculation of standard deviation using Equation 5,

where, o is the Standard deviation, T is the average wind speed in the month, x; is the wind speed of the
region, N representing the number of hourly data in that interval of the total analysis period (Schubert et al.,

2022). Calculation of the coefficient of variation considering Equation 6.

oV = % x 100 (6)

where, CV (%) is the coefficient of variation, ¢ is the standard deviation and Z representing the monthly
average of the wind speed (Schubert et al., 2022).

The trend of the wind speed in the historical series was analyzed based on the nonparametric Mann-
Kendall test, that is, the data did not need to belong to a specific distribution according to (Goossens and
Berger, 1986; Cardoso et al., 2016). Another advantage is that the result is less affected by outliers, since
its calculation is based on the sign of the differences and not directly on the values of the variables as per
Cardoso et al. (2016), suggested by the World Meteorological Organization (WMO) and proposed by Sneyers
(1975) according to (dos Santos and e Silva, 2013; Pes et al., 2017). The test is used to assess whether there
is a monotonic upward or downward trend of the variable over time Kaja Bantha Navas et al. (2024) through
a nonparametric trend regression analysis (Andrade et al., 2021). The test consisted of comparing each value
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of the historical series with the remaining values in sequential order, based on the statistical term, using

Equation 5 (Andrade et al., 2021; Kaja Bantha Navas et al., 2024).

n i—1

S = Z Z sinal(x; — x;), (7)

i=2 j=1
where, x; is the first value after x; and n is the sample size (dos Santos and e Silva, 2013; Lima et al.,

2024). It also consisted of analyzing the signal below

+1, se(z;—x;) >0
sinal = 0, se (’El - mj) =0
-1, se(z;—x;)<0
The value of S was used to calculate the Kendall coefficient (7) using Equation 8, which is a normalized
version of S, ranging from -1 to 1.
S
T= T (8)
(2)
where, S measures the absolute number of pairs with trends, 7 expresses the trend in terms of proportion,
making the results comparable between different time series and (g) calculates the total number of pairs of
observations (x;, x;) where i > j.
Equation 9 was considered to calculate the percentage of calm winds, taking as a basis wind speeds below
0.5 ms™! as calm according to (Pavanate and Fleischfresser, 2017).
N, calm

Calm_ winds (%) = Moo 9)

where, Negir, is the number of observations where the wind speed is lower than the defined threshold (0.5
ms™1). Niorar is the total number of observations. The openair package has a function called windRose(),
which was used to create wind rose graphs and also reports the frequency of calm winds and the monthly
average in the Grange (2014) graph considering the historical series from 2010 to 2023 for the river basin

region.

3.8.1. Determining the relationship between wind speed and the occurrence of disasters

In order to relate wind speed and the occurrence of disasters in the Ribeirdo Vermelho watershed,
statistical standardization was adopted through the calculation of standardized anomalies (Z-score), described
in Wilks (2011) to characterize the relative intensity of the wind observed on September 27, 2023. The
calculation of the Z-score of 5.54 ms™! (wind speed at the time of the disaster) is a clear approach compared

to September’s mean and standard deviation.
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(10)

where, X = 5.54 ms~! is the observed wind speed, s = 2.11 ms~! is the standard deviation for September,

and 0 = 1.43 ms™! is the mean for September.

(11)

where, X is the observed wind speed, p is the average wind speed in September, o is the standard
deviation of wind speed in September.
The prevailing wind direction was demonstrated using the wind rose based on Equation 12, openair library

and windRose function proposed by (Grange, 2014). The data collected and made available through BDMEP

are encoded as synop messages, following the codes NE/5, E/09, SE/14, S/18, SW /23, W/27, NW /32, N/36.

The synop message was converted into degrees from the north direction, following the command of the code

in Figure 2 in R.

dados$Dir [dados$Dir=="E"]1<-90

dados$Dir [dados$Dir=="N"]1<-360
dados$Dir [dados$Dir=="NE"]<-45
dados$Dir [dados$Dir=="NW"]<-315
dados$Dir [dados$Dir=="W"]1<-270
dados$Dir [dados$Dir=="5"1<-180
dados$Dir[dados$Dir=="SE"]<-135
dados$Dir [dados$Dir=="8W"]<-225

#convert to numeric
dados$Dir<-as.numeric(dados$Dir)
dados$Vel.<-as.numeric (dados$Vel.)

#change variable names (columns)
colnames (dados)<-c("wd","ws")

x11() #create extra window
windRose (dados,paddle = FALSE)

Figure 2: Example code to replace synop messages in degrees from the north direction and create a wind rose for the Ribeirao

Vermelho river basin region, Minas Gerais, Brazil.

The predominant wind direction was characterized by performing a frequency analysis of the daily average

observations, using Expression 10 according to Grange (2014) for each month of the year.
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éRV = arctan (

> + flow (12)

flow = + 180 for arctan (%) < 180

flow = - 180 for arctan (Z) > 180

where, Oy represents the wind direction, @ is used for the horizontal wind measurement and @ represents
the east-west and north-south components.

The direction frequencies were plotted on radar charts (Figure 7) for better visualization. The directions
were put in acronyms and represented by: north (N), east (E), west (W), south (S), northeast (NE), northwest
(NW), southeast (SE), southwest (SW). To facilitate visualization of the variation in wind direction throughout
the year, the predominant wind direction was considered without interference from speed, through the radar
chart and frequency analysis according to the study by (Costa and Lyra, 2012).

The calculation of wind direction frequencies for daily averages was described probabilistically through
the simple relative frequency (frg) for each month in the year of the period considered, whose estimate is

given by Equation 11 used by Schubert et al. (2022):

fra= % x 100 (13)

where, f; is the absolute frequency of each direction and n is the number of observations within the
month analyzed.

In general, the characterization of wind speed was performed through summary measures (averages,
standard deviation, coefficient of variation) and the Mann-Kendall test. Therefore, it was possible to
characterize the average wind speed, as well as its variation, to understand the risk and disasters observed in

the region.

4. Results

4.1. Descriptive statistics of the historical wind speed series in the Ribeirdo Vermelho river basin

The historical wind speed series presents maximum and minimum data ranging from 0.0 to 13.6 ms™!

according to Tables 4 and 5. It was found that the mean, median, standard deviation and coefficient of

variation for the historical series were 1.83, 2.0, 1.31 and 71.58 ms™!

, respectively. Figure 1 shows the
asymmetric distribution of the data according to the histogram in Figure 3 (on the left) and the presence of
extreme values (outliers), represented by the symbol (°), according to the boxplot in Figure 3 (right) and

Figure 4.
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Figure 3: Asymmetric distribution represented by the histogram (left) and boxplot (right) of wind speed data in the Ribeirdo

Vermelho watershed, Minas Gerais, Brazil.

4.2. Monthly variation of wind speed in the Ribeirdo Vermelho watershed

The results in Table 4 represent averages of the statistical tests of wind speed, expressed in ms~! for the
period corresponding to January to December. The characterization of wind speed in the study region is
subdivided into: windier and more stable months include the months with a high average, low coefficient of
variation and less calm winds. Namely, September (2.11 ms™!) and August (2.07 ms™!) were the months that

presented the highest averages, low wind speed variability CV < 70.0%, in relation to the standard deviation,

August (1.38 ms™!) and September (1.43 ms~!) also show greater dispersion, suggesting windier periods.

This fact corroborates the analysis of calm winds, demonstrating that August (13.0%), September (13.2%)
and November (13.0%) have fewer occurrences of calms, indicating greater persistence and continuity of the
winds. Therefore, higher averages are more promising for wind power generation, as occurs in the months of
August and September, due to the combination of strong winds, moderate variability and few calms.

The monthly wind variation in the region is also characterized by less windy conditions, represented
by low mean, high coefficient of variation, and calmer winds. June (1.54 ms~!) and January (1.67 ms™!)
suggest calmer conditions, with reduced speeds. These months showed high CV values (> 70%), with June

(79.22%) and January (76.04%) showing high relative variability, even with low averages. This suggests that,
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Table 4: Monthly variation of wind characteristics in the Ribeirdo Vermelho watershed, Minas Gerais, Brazil, from 2010 to 2023.

Measurements include mean, standard deviation (SD), coefficient of variation (CV), and percentage of calm winds (ms™1).

Month Minimum Maximum Average Median SD CV (%) % Calm Winds
January 0.0 9.1 1.67 1.60 1.27 76.04 18.1
February 0.0 10.0 1.69 1.80 1.16 68.63 15.6
March 0.0 6.0 1.73 1.80 1.23 71.09 15.3
April 0.0 6.1 1.79 2.00 1.21 67.60 14.6
May 0.0 6.1 1.70 1.60 1.60 94.12 15.3
June 0.0 6.6 1.54 1.30 1.22 79.22 20.7
July 0.0 7.5 1.80 2.00 1.30 72.22 17.0
August 0.0 7.8 2.07 2.00 1.38 66.67 13.0
September 0.0 7.1 2.11 2.00 1.43 67.77 13.2
October 0.0 6.3 2.07 2.00 1.40 67.63 13.2
November 0.0 13.6 2.01 2.00 1.37  68.16 13.0
December 0.0 8.3 1.73 1.80 1.28 73.99 17.2

although the winds are weaker, they are highly unpredictable, with significant variations in short periods.
However, these months were the ones with calmer winds (> 18.0%). June (20.7%) and January (18.1%)
showed weaker winds and stable conditions, which may be unfavorable months for wind power generation,
but useful for activities that depend on less turbulence, such as agricultural practices in the river basin region.
In general, June and January are characterized by weaker winds, high variability and a higher frequency of
calms, making them less suitable for wind-dependent applications.

Still regarding characterization, the months of April and October are characterized by intermediate speeds.
The average wind speed for April was 1.79 ms~! and for October it was 2.07 ms~!. The standard deviation
for April (1.21 ms™!) and October (1.40 ms™!) and a CV are close to 67.0%. Both months present moderate
speeds, with October being slightly more intense. The standard deviation suggests controlled dispersions,
with April being more stable. However, the CV suggests the occurrence of low relative variability of the
wind, being more predictable and consistent. The occurrence of relatively calm winds was also observed in
April (14.6% ) and October (13.2% ), which reinforces the continuity of the wind throughout the month.

Thus, the difference between the averages (2.11 - 1.54 = 0.57 ms~!) shows that the average wind speed
in September is about 37.0% higher than in June. This contrast reinforces the seasonal variation in wind
patterns throughout the year. The months of February (1.69 ms~!) and April (1.79 ms™!) show intermediate

averages, suggesting smooth (stable) transitions between periods of higher and lower wind intensity.
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4.8. Annual and interannual variation of wind speed in the Ribeirdo Vermelho river basin

The annual characterization of wind speed (ms~!) based on the average reveals important patterns over
the period from 2010 to 2023, highlighting significant trends and variations, ranging from 2010 (2.30 ms~1)
and 2023 (1.29 ms~1), indicating a general trend of weakening winds over the period. Higher averages were
observed at the beginning of the historical series (2010-2014). Average values range from 2.22 ms~! (2013)
to 2.37 ms~! (2011), presenting the highest average wind speeds in the analyzed period. Speeds above 2.0
ms~! suggest favorable conditions for wind applications. The average wind speed drops to 1.94 ms™! (2015)
and reaches 1.79 ms~! (2017), characterized by a progressive decrease in wind speed, signaling a period of
transition to weaker winds. The reduction in wind speed was also observed in the following years, reaching
1.43 ms~! (2018) and 1.57 ms™! (2020), characterized by weak winds, which may be insufficient for efficient
use of wind energy. The continuous reduction in averages is also observed at the end of the historical series,
1.46 ms~—! (2021) to the lowest average value recorded of 1.29 ms~! (2023) consolidating a trend of weak

winds.

Table 5: Monthly variation of wind characteristics in the Ribeirdo Vermelho watershed, Minas Gerais, Brazil, from 2010 to 2023.

Measurements include mean, standard deviation (SD), coefficient of variation (CV), and percentage of calm winds (ms—1).

Year Minimum Maximum Average Median SD CV (%) % Calm Winds
2010 0.0 13.6 2.30 2.10 1.31 56.96 2.5
2011 0.0 7.8 2.37 2.30 1.25 52.74 1.7
2012 0.0 9.1 2.35 2.30 1.30 55.32 1.7
2013 0.0 7.5 2.22 2.10 1.20 54.05 1.7
2014 0.0 8.0 2.31 2.30 1.24 53.68 1.6
2015 0.0 10.0 1.94 2.00 1.20 61.85 6.2
2016 0.0 6.0 1.57 1.00 1.12 71.33 14.5
2017 0.0 6.0 1.79 2.00 1.12 62.57 14.5
2018 0.0 5.0 1.43 1.00 1.06 74.12 22.1
2019 0.0 6.0 1.52 1.00 1.31 86.18 28.5
2020 0.0 6.0 1.57 1.00 1.41 89.80 30.4
2021 0.0 6.0 1.46 1.00 1.24 84.93 27.7
2022 0.0 6.0 1.35 1.00 1.36 100.0 36.0
2023 0.0 6.17 1.29 1.00 1.30 100.0 34.9
2010-2023 0.0 13.6 1.83 2.00 1.31 71.58 15.5

However, the mean speed in 2023 (1.29 ms~!) is about 45.0% lower than the mean recorded in 2011 (2.37

1

ms~!). Overall, the inter-annual mean was 1.83 ms~!, corresponding to a gradual decline in wind speed over
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the years 2010 to 2023.

Calm winds range from 1.6% (2014) to 2.5% (2010), characterized by the majority of days marked by
active winds. The low occurrence of calms in this period is a sign that the winds were relatively consistent
and frequent. There was a gradual increase in calm winds to 6.2% (2015) and 14.5% (2017), characterized
by a gradual increase from 2015 onwards and a sharp increase in the following years, as occurred in 2018
(22.1%) and 2020 (30.4%), indicating that, in more than a third of the time, the wind was practically absent.
The maximum values of calm winds were 36.0% (2022) and 34.9% (2023), indicating that in the last years of
the series, the frequency of calm winds remains high, with approximately 35.0% of the days with almost no
winds. However, in 2022, the value of 36% represents the highest percentage recorded, suggesting a high
incidence of calms. The continuation of this trend suggests that weak or absent winds are becoming an
increasingly frequent pattern along the Ribeirdo Vermelho watershed. The monthly and annual variation of

wind speed in the study region can also be characterized based on the analysis of the boxplot in Figure 4.
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Figure 4: Boxplot of monthly (left) and annual (right) wind speed variation in the Ribeirdo Vermelho river basin, Minas Gerais,

Brazil from 2010 to 2023.

Through the calculations of the statistical tests, it was demonstrated that there was an increase in the
coefficient of variation of the wind over the years, ranging from 56.96% in the year 2010 to 100.0% in the years
2022 and 2023 indicating that the wind speed became more variable and less predictable. A higher coefficient
of variation suggests that there is a greater dispersion of values in relation to the average, which may be
indicative of more unstable weather conditions. Regarding the standard deviation, the results indicate that
the wind speed remained relatively constant over time, with values around 1.06 to 1.36 ms~!, suggesting that,
despite the reduction in the average, the variation around the average has been relatively stable. However,
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the inter-annual analysis showed that the average speed of the historical series was 1.83 ms™!.

As we mentioned, the beginning of the series (2010-2014) presents average wind speeds above 2.0 ~1, with
an average corresponding to 2.28 ~! in the period under analysis. In the second period (2015-2023), the
average wind speed was lower (1.72 ~1), the average of the initial period. Thus, in the final period the wind
speed was 25.0% lower than in the initial period, which suggests a significant decrease in wind intensity over

the years.

4.4. Monthly trend of wind speed in the Ribeirdo Vermelho river basin

According to Table 5, the results indicate that there was a consistent trend of reduced wind speed in all
months under analysis, which may be related to regional climate changes, altered meteorological patterns,
including environmental ones that may affect atmospheric circulation.

The Mann-Kendall test demonstrated a statistically significant trend of reduced wind speed for all months
according to the p-value, suggesting that there was a decrease in wind speed, characterized as being significant
for the data set. However, although all months demonstrate a trend of reduced wind speed, the intensity
of this trend varies. It can be seen that in January there was the greatest downward trend (-0.294), while
in May there was a smaller downward trend (-0.158), suggesting that changes in wind speed may be more

pronounced at certain times of the year, as can also be seen in Table 3.

Table 6: Monthly trend of wind speed in the Ribeirdo Vermelho river basin

Month Kendall’s coefficient p-valor
January -0.294 2.22¢-16 ***
February -0.229 2.22e-16 ***
March -0.252 2.22¢-16 ***
April -0.199 2.22e-16 ***
May -0.158 7.5551e-16 ***
June -0.196 2.22e-16 ***
July -0.170 2.22e-16 ***
August -0.159 3.8672e-16 ***
September -0.178 2.22e-16 ***
October -0.198 2.22¢-16 ***
November -0.184 2.22e-16 ***
December -0.216 2.22e-16 ***
Significance: *** (0.01)
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4.5. Annual and inter-annual trend of wind speed in the Ribeirdo Vermelho river basin

Regarding the variation in the annual average wind speed, it was possible to observe an increasing trend
in the data variation, with the exception of 2015, where a decreasing trend was observed. Significance levels
ranged from non-significant in the years 2014, 2017, 2018 with a p-value greater than 0.05, highly significant
at the 1% level in the years 2011, 2013, 2015, 2019, 2020, 2021 and 2022, presenting a p-value < 0.01 and
statistically significant at the 5% level in the years 2012, 2016 and 2023, presenting a p-value < 0.05.

Table 7: Annual wind speed trend in the Ribeirdo Vermelho river basin

Year Kendall’s coefficient p-valor
2010 0.076 0.00022 ***
2011 0.103 5.96e-07 ***
2012 0.056 0.00625 **
2013 0.074 0.00036 ***
2014 0.002 0.9264 NS
2015 -0.087 3.15e-05 ***
2016 0.067 0.00294 **
2017 0.011 0.61175 NS
2018 0.007 0.76971 NS
2019 0.112 8.34e-07 ***
2020 0.121 1.43e-06 ***
2021 0.089 9.76e-05 ***
2022 0.138 2.22e-16 ***
2023 0.066 0.00474 **
2010-2023 -0.196 2.22e-16 ***

Significance: *** (0.01), ** (0.05)
NS - not significant at 5% probability

The wind speed in the years 2010, 2011, 2019, 2020 and 2022 was characterized by a moderate increasing
trend. In this period, the Kendall coefficient ranged from 0.076 to 0.138. For the years 2012, 2013, 2016 and

2023 the wind speed trend was weakly increasing where the Kendall coefficient ranged from 0.056 to 0.074.

In 2014, no significant trend in wind speed was observed, with the magnitude of Kendall’s coefficient being
very close to zero (0.002). In 2015, there was a weak decreasing trend, with the magnitude of Kendall’s
coefficient being -0.087. Between 2017 and 2018, there was a very weak increasing trend in wind speed, with
the Kendall coefficient being 0.011 and 0.007, respectively. Only in 2021 was there a weak to moderate wind
speed trend with a Kendall coefficient of 0.089.
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4.6. Disasters caused by extreme winds in the Ribeirao Vermelho river basin

The meteorological results for the river basin region demonstrate a significant reduction in wind speed
from 2015-2023 (25.0% ) compared to 2010-2014. Despite the occurrence of a reduction in wind speed,
on September 27, 2023, an event characterized as extreme winds occurred at the level of the Ribeirdo
Vermelho river basin, a dangerous meteorological phenomenon that caused destruction of public and private
infrastructure, mainly in the urban area of Lavras, a region belonging to the river basin. A speed equal to

or above 5.54 ms~! and a gust of 17.38 ms~! were observed, according to data collected at the automatic

meteorological station belonging to the Federal University of Lavras - UFLA, at approximately 3:26 pm.

The destruction of infrastructure occurred mainly along the Dr. Jorge square, Jardim Gléria, the university
campus of the Federal University of Lavras, among other locations, as can be seen in Figures 5 and 6, showing
electricity transmission poles, communication systems being knocked down, access roads being blocked, trees
being uprooted, tree branches being broken, roofs being ripped off houses, vehicles being destroyed, and

traffic lights being knocked down.

4.6.1. Relationship between wind speed and the occurrence of disasters in the Ribeirdo Vermelho river basin
A standard deviation of 2.4 was observed, above the September mean, indicating a very extreme event
(above the approximate 98% percentile, assuming a normal distribution). This means that 98% of all historical

observations were less than or equal to this value. Only 2% of the records were equal to or greater than this

value. Thus, a wind speed of 5.54 ms™! is stronger than approximately 98% of historical values for September.

This indicates that this event was very rare and unusual. Therefore, in terms of risk, it shows that it is an
extreme event, statistically outside the expected normality. With a Z-score of 2.4, the cumulative probability
(p-value) was estimated, and the corresponding percentile assuming a standard normal distribution was

0.9918.

P(Z < 2.40) = 0.9918

where, P(Z < 2.40) represents the probability of a value being less than or equal to 5.54 ms~! (given the
September history). This probability was obtained by the cumulative distribution function of the standard

normal. The probability of occurrence of values higher than the observed value was 0.0082, demonstrated by:

P(Z >2.40) =1— P(Z < 2.40) = 1 — 0.9918 = 0.0082

This probability indicates that only 0.82% of historical records would have equal or higher values. Thus,
the corresponding percentile can be expressed as 99.18%. The observed value is above approximately 99% of
all historical records for September, characterizing the event as statistically extreme.

Table 9 shows hourly data on wind speed and gust recorded by the automatic anemometer on the days of
disasters caused by this climate variable.
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Table 8: Statistical summary of extreme wind speed events

Indicator Value Interpretation

Observed speed (X) 5.54 ms~!  Value recorded on September 27, 2023

Historical mean (1) 2.11 ms™! September mean (2010-2023)
Standard deviation (o) 1.43 ms™! Standard deviation for September
Z-score +2.40 2.4 standard deviation above the mean
Cumulative probability 99.18% Corresponding percentile
Higher probability 0.82% Occurrence of higher values

Table 9: Date and time of occurrence of disasters under the influence of wind speed (ms~!) in the Ribeirdo Vermelho river
basin, Minas Gerais, Brazil from 2023-2024.
Date Time Wind speed Gust

09.27.2023  15:26 5.54 17.38
01.23.2024  20:26 3.78 10.32
01.31.2024 13:41 3.27 15.86
02.04.2024 19:11 3.02 7.30

On January 23rd, 31st, and February 4th, 2024, extreme wind conditions at the level of the river basin
region were repeated, as shown in Table 9, causing disasters such as uprooting trees, breaking branches,
damaging power lines, blocking access roads, and destroying municipal infrastructure such as destroying
sidewalks, with moderate effects compared to those observed on September 27th. However, the effects of
strong winds that resulted in disasters in the affected areas, there were restrictions on the supply of electricity
in some neighborhoods in the river basin region, mainly in the urban area, as shown in figures 5.

Figure 6 shows the normal distribution of wind speed in September, with mean of 2.11 m s~! and standard

L constructed from the historical series between 2010 and 2023. The value observed

deviation of 1.43 m s~
at the time of the disaster on September 27, 2023 (5.54 m s~1) is highlighted by a red dashed line, clearly
located at the right end of the probability curve.

The area shaded in red represents the cumulative probability of higher speeds occurring, equivalent to only
0.82% of historical records. This position in the 99.18% percentile confirms that the event was statistically
rare and exceptional. Therefore, analysis of the figure reinforces the evidence that the magnitude of the wind
speed observed at the time of the disaster greatly exceeded normal climatological behavior, characterizing
an extreme event with a high impact capacity, which can be considered statistically very anomalous, with
wind speed values significantly higher than the climatological mean, whose occurrence is strongly correlated

with recorded disasters, corroborating the relevance of monitoring and statistical characterization of such

phenomena.
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Figure 5: Effect of wind speed on the Ribeirdo Vermelho river basin, Minas Gerais, Brazil, on September 27, 2023 (Public

domain photo).

4.7. Wind direction variation in the Ribeirdo Vermelho river basin

In the Ribeirdo Vermelho river basin region, eastward winds predominate, as shown in Table 9. In general,
southward winds are less predominant throughout the months. The results demonstrate the occurrence of
monthly direction variation, with the exception of the east direction. From April to November, southeasterly
winds also predominate, ranging from 19.9 to 25.9%. From December to March, in addition to eastward
winds, northeasterly winds also predominate, ranging from 20.3 to 22.5%. Likewise, the least predominant
winds were southerly (1.3 to 2.0%) from May to November and southwesterly (2.1 to 2.5%) from December
to April. Northwest, north and west winds are also evident, respectively.

The results presented in Table 10 demonstrate the annual variation of wind direction. East winds (31.8%)
were predominant and south (1.9%) was the least predominant direction in the river basin region. For the
annual variation, only southeast winds predominated in the years 2012 (31.1%), 2013 (32.8%) and 2014
(31.8%), for the other periods (years) east winds prevailed, ranging from 30.0% in the year 2011 to 38.0%
in the year 2013, followed by the east direction. As we have stated, in 2023, winds from the east (30.2%),
followed by the northeast (25.8%) direction, with a lower occurrence of winds from the south (0.9%).

Regarding the annual variation, northeasterly winds also predominated between 2016 (21.0%) and 2023
(25.8%), followed by southeasterly winds from 2016 (9.9%) to 2023 (15.5%). Contrary to previous trends, as
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Table 10: Monthly variation of wind direction in the Ribeirdo Vermelho river basin, Minas Gerais, Brazil from 2010-2023 (%).
Month N NE E SE S SW W NW

January 12.8 219 282 146 26 18 6.5 11.7
February 8.8 225 322 156 23 22 51 115

March 85 220 339 164 23 26 49 95
April 72 189 332 199 25 23 51 109
May 5.6 181 328 183 13 21 82 136
June 6.8 189 328 205 20 20 6.0 11.0
July 6.7 188 31.7 21.7 11 26 50 123
August 44 171 340 259 15 27 51 93

September 6.2 174 336 233 1.8 25 6.0 9.2
October 10.6 174 320 234 20 22 6.2 6.2
November 6.2 174 33.6 233 1.8 25 6.0 9.2
December 11.0 20.3 244 173 21 29 7.1 15.0

Table 11: Annual variation in wind direction in the Ribeirdo Vermelho river basin, Minas Gerais, Brazil from 2010-2023 (%)

Year N NE E SE S SW W NW
2010 9.7 176 306 16.1 23 33 7.8 128
2011 76 155 31.0 199 3.0 28 7.0 132
2012 7123 271 311 3.0 34 4.8 106
2013 93 113 240 328 33 26 3.5 133
2014 7.8 11.6 303 318 3.7 14 34 99
2015 104 174 269 265 2.7 13 4.1 10.7
2016 76 221 380 99 11 24 81 108
2017 53 225 438 120 08 21 49 86
2018 6.1 210 350 150 06 26 6.9 127
2019 52 238 363 142 13 1.7 6.1 114
2020 3.5 239 319 168 11 35 7.3 120
2021 7.8 221 317 171 11 20 6.9 11.2
2022 75 226 313 168 03 17 6.8 13.1
2023 74 258 302 155 09 29 55 11.7

2010-2023 7.8 185 318 202 19 24 58 115
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Figure 6: Normal distribution of wind speed in September from 2010 to 2023 in the Ribeirdo Vermelho watershed, Minas Gerais,
Brazil, confirming that the event was rare and outside the expected climatological norm, which justifies its association with the

occurrence of a disaster.

occurred in 2011, the southeasterly direction (19.9%) was recorded as the second most predominant direction
and the northeasterly (15.5%) as the third. There was also a variation in the direction of the less predominant
winds, assuming the southerly direction (0.8 to 3.7%) as the least predominant direction for the series.
Therefore, the wind roses of the monthly variation obtained can be used as subsidies for projects that are
based on wind direction, such as the implementation of windbreaks, study of the spread of diseases and pests

in agricultural fields, urban areas and installation of industrial parks in the basin region.

5. Discussion

Based on the results presented, it can be observed that the wind characteristics of the Ribeirdo Vermelho
river basin region are variable, presenting moments of stability and instability, favoring the occurrence of
disasters and uncertainties for wind power use. Statistical tests and Mann-Kendall tests show that during the
transition months from winter to summer, wind speed increased and peaked in September, with an average
of 2.11 ms™', and the interannual average was 1.83 ms™!, while in winter the average speeds were below 1.83

ms~!, mainly in June (1.54 ms~!). The annual averages of wind speed indicate that curves with increases
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Figure 7: Monthly variation of wind direction from 2010 to 2023, data from the Ribeirdo Vermelho river basin, Minas Gerais,

Brazil.

and decreases in speed occurred at the beginning and end of the historical series, as can be seen in Table 4,
and that we experienced a large peak in speed in the period from 2010 to 2014, reaching averages above 2.0
ms~'. From 2015 to 2023, the average wind speed was below the average observed in the previous period,
which demonstrates a reduction of this climatic variable in the region, as shown in Table 6 on the state of

the wind trend. The monthly characterization of wind speed also matches the studies by Munhoz and Garcia
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(2008), Bueno et al. (2011), Oliveira and Costa (2011), Pitz et al. (2013) and Gilliland and Keim (2018) when

1

it states that between the months of August to November, winds above 2.0 ms™" can be recorded. Therefore,

the results of this study match studies carried out by Bueno et al. (2011) and Oliveira and Costa (2011),

when it is found that strong winds (maximum) are predominant in the months of September to February.

The study shows that in the river basin region, winds tend to be stronger at the beginning of the rainy season
(September) and gradually decrease during the dry season, similar to several studies conducted in the region,
in Brazil and in the world in general, as stated by (Jiang et al., 2010; Alencar et al., 2011; Troccoli et al.,
2012).

The coefficients of variation for January (76.04%) and June (79.22%) suggest high variation in wind
speed during these months. For May (94.12%), highly variable winds are suggested, and for August (66.67%)
and September (67.77%), low variation was observed. In the months of March (71.09%), July (72.22%) and
December (73.99%), the wind speed variation was characterized by moderate to high variability, and in
relation to the months of April (67.60%), October (67.63%) and November (68.19%), the wind speed was
characterized by moderate stability.

For the months of December, January, June and July, the occurrence of calm winds (moderate) prevailed
and high in June in the study region, as shown in Table 3, despite the occurrence of high variability, possibly
due to the association of convective storms common in the rainy season (Lira et al., 2011, dos Santos and
e Silva (2013)). In general, there was a reduction in wind speed in the river basin region, ranging from 2.30
ms~! in 2010 to 1.29 ms™! in 2023, corroborating studies by Guo et al. (2011), Cardoso et al. (2016) and
Gilliland and Keim (2018) and may be associated with climate change, such as a decrease in wind strength
due to changes in atmospheric patterns. The variation in wind speed during the dry season may be associated
with the occurrence of decreased cloudiness, increasing the incidence of solar radiation, factors that cause an

increase in air temperature and promote a high deficit between high and low pressure centers, causing higher

wind speeds in relation to the rainy season according to (Lira et al., 2011; dos Santos and e Silva, 2013).

Another factor may be the action of the Intertropical Convergence Zone (Lira et al., 2011).

Regarding the average wind speed, it was observed that in all months of the year there was a statistically
significant reduction in wind speed of 1.0%. For Cardoso et al. (2016) it was also observed that the average
wind speed is decreasing significantly at a rate greater than -5 x 10™* ms~' per month over the Atlantic

Ocean adjacent to Argentina, in Paraguay, in the west of Southern Brazil and in the state of Mato Grosso

do Sul, Brazil. In the study, summer stood out as statistically significant by the Kendall coefficient (7).

The nonparametric Mann-Kendell test, applied due to the greater statistical power, as it was robust against
outliers and missing data according to (Chauke et al., 2021). According to Watson (2014) and Pimenta
et al. (2023), it was observed that the nature of the wind regime of the analyzed series was variable, being
different in different temporal and spatial scales and its magnitude changes drastically depending on the
local climatology, geographic location of the station or river basin, morphometric characteristics of the study
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site, land use and occupation. The month of May showed the smallest tendency of reduction in wind speed
in relation to the other months analyzed, therefore, it presented a higher Kendall coefficient (-0.158), and a
smaller decline in the month of August (-1.59). The lowest Kendall coefficient was observed in the month of
January (-0.294), indicating that in this month there was the greatest tendency of reduction in wind speed,
indicating a more pronounced increase over time.

The factors that promote the difference in the seasonal reduction in wind speed may be seasonal and
climatological influences. January is the peak of summer in the Southern Hemisphere, the region of the study,
characterized by higher temperatures and increased convective activity, which can lead to a weakening of
high-pressure systems, reducing wind intensity. May, on the other hand, marks the transition to winter, with
more stable atmospheric systems and less thermal variation, resulting in a smaller reduction in wind speed
over time. However, regional weather patterns also suggest that during January, the presence of low-pressure
systems, such as the South Atlantic Convergence Zone (SACZ), can intensify rainfall and reduce the strength
of average winds due to increased vertical turbulence. Thus, in May, the establishment of post-summer
high-pressure systems tends to stabilize the atmosphere, maintaining more consistent wind speeds (Lira
et al., 2011; dos Santos and e Silva, 2013). According to Cardoso et al. (2016), changes in wind speed may be
associated with changes in this north-south temperature gradient due to the warming observed in all regions
of the world during the 20th century.

Therefore, even with a lower average in June, the reduction trend (-0.196) is not as expressive as in
January, where temperatures are high. This suggests that June already had lower wind values from the
beginning, with little room for large reductions over time. And, January, with initially higher speeds,
presented more noticeable reductions. Regarding the variation in the annual and interannual trend of wind
speed, from 2010 to 2023, the magnitude of -0.196 suggests a moderate decreasing trend in wind speed in the
historical series. The p-value is very low (2.22e-16), practically zero, indicating that the observed decreasing
trend is highly statistically significant, according to (Kaja Bantha Navas et al., 2024). The annual and
interannual variations of global wind speed trends were also observed by Jiang et al. (2010), Guo et al. (2011)
and Troccoli et al. (2012) demonstrating a certain reduction highlighting the reasons for the weakening of
the pressure gradient strength of the lower troposphere, changes in atmospheric circulation due to climate
change as a factor in the reduction of wind speed. The annual significance levels observed in the historical
series resemble the results observed by dos Santos and e Silva (2013) and Pes et al. (2017), demonstrating
that the wind speed of the meteorological stations of the southern and southeastern regions of Brazil (river
basin region) showed a predominant trend for a reduction in the frequency of extreme maximum over time
and, mainly, non-significant trends for extreme minimum winds. They are also in agreement with the facts
observed by (Jiang et al., 2010; Alencar et al., 2011; Troccoli et al., 2012). The reduction in wind speed was
also observed by (Guo et al., 2011). Several factors can explain the reduction in wind speed in the Ribeirdo
Vermelho river basin, and the weakening of the southeast trade winds in this region can be considered,
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as per the view of (Bueno et al., 2011; Janior et al., 2019). The authors state that from a macroclimatic
perspective, the geographic position of the state of Minas Gerais (where the basin is located) and under the
influence of the Atlantic tropical air mass in the summer, create favorable conditions for easterly winds and

the occurrence of heavy rains, affecting the wind.

Although there is a reduction in wind speed, its variation causes disasters as mentioned in this study.

According to Sarli et al. (2020), wind speeds of 5.0 ms~* and 8.0 ms™! represent a 50.0% and 90.0% chance

of wind-induced damage, respectively; this fact was observed in the study region, as shown in Table 7

and by the maximum values observed in Table 3. According to Mardiyono et al. (2021) and Yang et al.

(2018), strong winds allow trees to be uprooted and cause human victims to be injured or killed, causing
damaging environmental and socioeconomic disasters, as observed on September 27, 2023. Strong winds
cause restrictions on the supply of electricity and communication systems in some neighborhoods in the
river basin region, mainly in the urban area caused by strong winds (5.54 ms~!). Restrictions on the supply
of electricity and communication caused by strong winds were also observed by Chmielewski et al. (2020),

uprooting and breaking of trees, branches, lodging of cash crops as stated by Godziek and Lukasz Pawlik

(2023) and Ojo and Sadiku (2023) and death of insects that are agents of pollination, transfer of pollen grains.

We have also seen the destruction of many buildings every year as Abd-Elaal et al. (2018) claims.

In this study, statistical standardization was adopted by calculating standardized anomalies (Z-score) to
characterize the relative intensity of the wind observed on September 27, 2023. According to Wilks (2011),
standardized anomalies are obtained by subtracting the historical mean of the variable under analysis and
dividing it by the corresponding sample standard deviation. For the authors, this transformation, also called
normalization, enables the magnitude of the event to be expressed in terms of standard deviations from the
expected climatological behavior, facilitating comparison between periods or locations with different means
and variability. In climatology, this approach is widely used to identify events that deviate substantially
from the mean, without the need to assume that data follow a normal distribution (Wilks, 2011).

The wind recorded on September 27, 2023 had a Z-score of 4+2.40, indicating that its average daily speed
was more than two standard deviations above the historical mean for September (2.11 ms™!), characterizing
it as a statistically extreme event. This methodology contributes to the quantitative validation of the rarity of
the phenomenon, reinforcing the association between anomalous events and the occurrence of urban disasters,
as also reported by (Sarli et al., 2020; Chmielewski et al., 2020). Thus, the analysis by standardized anomalies
enables the objective assessment of the relative severity of intense wind events and provides important inputs
for the development of preventive and early warning strategies.

The results obtained, notably the Z-score of +2.40 and the approximate percentile ranking of 98%, show
that the wind speed observed on the day of the disaster was a statistically extreme event in relation to the
climatological history of September. This finding demonstrates that events of this magnitude occur rarely,
with an expected frequency of less than 2% in the analysis period, which also reinforces their potential impact
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on urban infrastructure and vegetation (Figure 5). However, the identification of extreme episodes through
statistical standardization and percentile calculations contributes significantly to the improvement of risk
management strategies and the development of early warning systems.

As Wilks (2011) points out, data normalization allows meteorology, civil defense, and management
professionals to objectively compare events from different periods and regions, in addition to establishing
attention and emergency thresholds based on quantitative evidence, since Yan et al. (2021) considers that
global warming is increasing the frequency and intensity of extreme weather events worldwide. The extreme
climate in plateaus and mountainous areas is sensitive and fragile. The relief characteristics presented by
Yan et al. (2021) are also observed in the Ribeirdo Vermelho watershed region, which may also explain the
occurrence of extreme winds on the day of the disaster, as demonstrated in this study.

Regarding the characterization of the monthly wind direction, Figure 7 shows that the predominant wind
direction was east, prevailing for all months of the year. The prevalence of southeast winds follows for 8
months (April to November) and northeast winds for 4 months (December to March). The results also
demonstrate some other monthly directions. East and southeast winds are in agreement with the studies of
Silva et al. (2002) and Munhoz and Garcia (2008) when they demonstrate that in the northeast region of
Brazil and in the state of Sdo Paulo, east and southeast winds predominate. They are also in agreement with
studies by Bueno et al. (2011) when they state that in the municipality of Lavras (urban region belonging
to the hydrographic basin) east winds predominate, although they do not corroborate with the researchers
when they state that west winds also predominate, with southeast winds having been evidenced in this study.
However, the stability of wind direction may be related to seasonal climate patterns, with the passage of cold
fronts, convergence zones or the influence of large high or low pressure systems. The predominance of winds
in the east and southeast direction may still be influenced by geographic factors and the planialtimetric
variation of the specific relief of the study region, such as the proximity of mountains, plateaus or bodies of
water. Similar to the characterization of wind speed, the monthly average of the direction shows a higher
frequency of east winds from August to November, as occurs in the months of March to June. There was a
reduction in the frequency of the east direction in the rainy season (December to February), as shown in
Table 8. In general, the frequency analysis shows that southerly winds are the least frequent, followed by
southwest, north and northeast, respectively; these results contradict what was found by (Pitz et al., 2013).

Given the significance of the trends, their instability and easterly direction may be important in ongoing
studies on continuous monitoring of their occurrence, investigating the underlying causes of their spatiotem-
poral variation in wind instability in the region. The reason for monitoring is supported by the environmental,
agricultural and socioeconomic importance that this climate variable represents, since it has implications in
these sectors, including wind energy, according to the study by (Watson, 2014). This research can also be
used as a subsidy for preventing disasters caused by this climate element, improving the planning of projects
that are based on wind speed, such as the installation of windbreaks, planning of sowing season, irrigation,
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studies on the spread of pests and diseases, spraying of agricultural fields, civil construction, installation of

industrial and wind generation parks, thermal comfort in the region of the river basin and future studies.

6. Conclusions

The wind speed in the study region is characterized by a downward trend over the years. Over the
months, the speed is lowest in the month of June. From August to November, the wind speed is higher,
decreasing during the rainy season, and being more unstable during this period, causing disasters such as
those that occurred in September 2023 and January and February 2024 in the urban region of the river basin.
During the dry season, the wind speed is more stable.

In general, the predominant wind direction in the region is east. From April to November, the predominant
directions are east and southeast, and from December to March, east and northeast winds predominate,
which can be beneficial for wind power use in the dry season due to the stability of the speed.

The correlation between statistical anomalies and observed material damage highlights the importance of
standardization by standard deviations and probabilistic quantification for weather risk assessment. The
results underscore the need to incorporate robust statistical methodologies and local historical data into early

warning systems, as well as into the planning of mitigation and adaptation strategies for extreme winds.

7. Conflit of interests

The authors declare that they have no competing financial interests or personal relationships that could
appear to influence the work reported in this paper.
8. Funding

The first author received a scientific grant from the Coordination for the Improvement of Higher Education
Personnel (CAPES).
9. Availability of data and materials

The datasets generated during and/or analyzed during the present study are available from the corre-

sponding author upon request.

References

Abd-Elaal, E.S., Mills, J.E., Ma, X., 2018. Numerical simulation of downburst wind flow over real topography. Journal of Wind
Engineering and Industrial Aerodynamics 172, 85-95. doi:10.1016/j.jweia.2017.10.026.

27

80



547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

Alencar, L.P.d., Sediyama, G.C., Mantovani, E.C., Martinez, M.A., 2011. Tendéncias recentes nos elementos do clima e suas
implicagbes na evapotranspiracdo da cultura do milho em vigosa-mg. Engenharia Agricola 31, 631-642. doi:10.1590/S0100-
69162011000400002.

Alvares, C.A., Stape, J.L., Sentelhas, P.C., de M. Gongalves, J.L., Sparovek, G., et al., 2013. Képpen’s climate classification
map for brazil. Meteorologische Zeitschrift 22, 711-728. doi:10.1127/0941-2948/2013/0507.

Alves, M.d.C., Sanches, L., 2023. Remote sensing and digital image processing with r.

Andrade, A.R., Melo, V.F.M.B., Lucena, D.B., Abrahao, R., 2021. Wind speed trends and the potential of electricity generation
at new wind power plants in northeast brazil. Journal of the Brazilian Society of Mechanical Sciences and Engineering 43,
1-11. doi:10.1007/s40430-021-02911-y.

Bodas Terassi, P.M., Correia Filho, W.L.F., de Oliveira-Junior, J.F., Sobral, B.S., Galvani, E., Junior, A.C.d.S.O., de Gois,
G., Biffi, V.H.R., 2022. Wind characteristics and temporal trends in eastern parana state, brazil doi:10.21203/rs.3.rs-
1685039/v1.

Bohner, J., Antonié¢, O., 2009. Land-surface parameters specific to topo-climatology. Developments in Soil Science 33, 195-226.
do0i:10.1016/S0166-2481(08) 00008-1.

Bueno, R.C., Carvalho, L.G.d., Vianello, R.L., Marques, J.J.G.d.S., et al., 2011. Estudo de rajadas de ventos e direcGes
predominantes em lavras, minas gerais, por meio da distribui¢do gama. Ciéncia e Agrotecnologia 35, 789-796. doi:10.1590/
S1413-70542011000400019.

Cardoso, L.F.N., Silva, W.L., da Silva, M.G.J., 2016. Long-term trends in near-surface wind speed over the southern hemisphere:
A preliminary analysis. International Journal of Geosciences 7, 938-943.

Carslaw, D., Ropkins, K., 2014. Package ‘openair’ .

Chauke, M.D., Prinsloo, L., Pratt, L.E., Roro, K.T., 2021. Wind speed trend analysis and inter-annual variability in south
africa URL: http://hdl.handle.net/10204/12301.

Chmielewski, T., Szer, J., Bobra, P., 2020. Derecho wind storm in poland on 11-12 august 2017: results of the post-disaster
investigation. Environmental Hazards 19, 508-528. doi:10.1080/17477891.2020.1730154.

Costa, G.B., Lyra, R.F.d.F., 2012. Anaélise dos padrées de vento no estado de alagoas. Revista Brasileira de Meteorologia 27,
31-38. doi:10.1590/S0102-77862012000100004.

Dantas, A.A.A., Carvalho, L.G.d., Ferreira, E., 2007. Classifica¢do e tendéncias climéticas em lavras, mg. Ciéncia e Agrotecnologia
31, 1862-1866. doi:10.1590/51413-70542007000600039.

Dragulescu, A.A., Dragulescu, M.A.A., Provide, R., 2020. Package ‘xlsx’. Cell 9.

Ferndndez-Lépez, J., Schliep, K., Arjona, Y., 2022. 2 rwind-package. Package ‘tWind’ , 2.

Ferreira, P.F.S., Araujo, J.E., Pereira, N.A.S., do Patrocinio Figueird, L.S., da Costa Santos, L., 2024. Caracterizagao da
dire¢do predominante e velocidade do vento em diamantina/mg. Contribuciones a las Ciencias Sociales 17, e5474-e5474.
doi:10.55905/revconv.17n.3-301.

Gilliland, J.M., Keim, B.D., 2018. Surface wind speed: trend and climatology of brazil from 1980-2014. International Journal of
Climatology 38, 1060-1073. doi:10.1002/joc.5237.

Godziek, J., Lukasz Pawlik, 2023. Indicators of wind-driven forest disturbances—pit—mound topography, its automatic detection
and significance. Catena 221, 106757. doi:10.1016/j.catena.2022.106757.

Godziek, J., Pawlik, L., 2023. Indicators of wind-driven forest disturbances—pit—-mound topography, its automatic detection and
significance. Catena 221, 106757. doi:10.1016/j.catena.2022.106757.

Goossens, C., Berger, A., 1986. Annual and seasonal climatic variations over the northern hemisphere and europe during the
last century. Geophys. J.;(France) 4.

Grange, S.K., 2014. Averaging wind speeds and directions. no. October , 12.

Guo, H., Xu, M., Hu, Q., 2011. Changes in near-surface wind speed in china: 1969-2005. International Journal of Climatology

28

81



590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

632

31, 349-358. doi:10.1002/joc.2091.

He, B.J., 2022. Urban morphology, urban ventilation and urban heat island mitigation: A methodological framework, in:
Climate Change and Environmental Sustainability. Springer, pp. 131-136. doi:10.1007/978-981-16-8325-9_14.

Hengl, T., Heuvelink, G., Van Loon, E., 2010. On the uncertainty of stream networks derived from elevation data: the error
propagation approach. Hydrology and Earth System Sciences 14, 1153-1165. do0i:10.5194/hess-14-1153-2010.

Jiang, Y., Luo, Y., Zhao, Z., Tao, S., 2010. Changes in wind speed over china during 1956-2004. Theoretical and Applied
Climatology 99, 421-430. do0i:10.1007/s00704-009-0152-7.

Junior, G.d.N.A., de Queiroz, M.G., Jardin, A.M.d.R.F., da Silva, M.J., de Caldas Pereira, P., da Silva, T.G.F., 2019.
Caracterizagdo da dire¢do predominante, velocidade maxima e média do vento do municipio de petrolina-pe. Pensar
Académico 17, 43-49. doi:10.21576/pa.2019v17i1.363.

Kaja Bantha Navas, R.M., Prakash, S., Molnar, V., 2024. Analysis of short-term wind speed variation, trends and prediction: A
case study of tamil nadu, india. Journal of Intelligent Systems 33, 20230051. doi:10.1515/jisys-2023-0051.

Lima, G.C., Rodrigues, D.T., Santos E Silva, C.M., de Sousa Costa, P.C., 2024. Evolution of wind speed observed in brazil
between 1961 and 2020. International Journal of Climatology 44, 1932-1954. doi:10.1002/joc.8433.

Lira, M.A. T\, Silva, E.M.d., Alves, J.M.B., 2011. Estimativa dos recursos eélicos no litoral cearense usando a teoria da regressao
linear. Revista Brasileira de Meteorologia 26, 349-366. doi:10.1590/80102-77862011000300003.

Liu, Z., Shie, C.L., Li, A., Meyer, D., 2020. Nasa global satellite and model data products and services for tropical meteorology
and climatology. Remote Sensing 12, 2821. doi:10.3390/rs12172821.

Mardiyono, M., Sari, R.E., Dini, O.N., 2021. Wind speed monitoring and alert system using sensor and weather forecast 1108,
012029. doi:10.1088/1757-899X/1108/1/012029.

Molaei, A., Lashkari, H., 2020. Investigation of wind speed trend changes in central iran using ecmwf reanalysis data. Physical
Geography Research 52, 481-498. doi:10.22059/ jphgr.2020.295406.1007476.

Munhoz, F.C., Garcia, A., 2008. Caracterizagao da velocidade e dire¢ao predominante dos ventos para a localidade de ituverava-sp.
Revista Brasileira de Meteorologia 23, 30-34. doi:10.1590/80102-77862008000100003.

Ojo, A.R., Sadiku, N.A., 2023. Slenderness coefficient and growth characteristics of africa giant bamboo: Bambusa vulgaris
schrad. ex jc wendl. Advances in Bamboo Science 2, 100017. doi:10.1016/j.bamboo.2023.100017.

Oliveira, J.L., Costa, A.A., 2011. Estudo de variabilidade do vento em escala sazonal sobre o nordeste brasileiro utilizando o rams:
os casos de 1973-1974 e 1982-1983. Revista Brasileira de Meteorologia 26, 53-66. doi:10.1590/S0102-77862011000100006.
Pavanate, A.L., Fleischfresser, L., 2017. Anélise sazonal dos ventos de superficie utilizando estagdo meteorolégica automatica.

Revista Brasileira de Geomética 5, 291-305. doi:10.3895/rbgeo.v5n2.5499.

Pereira, A.R., Angelocci, L.R., Sentelhas, P.C., 2002. Agrometeorologia: fundamentos e aplicagdes préticas .

Pes, M.P., Pereira, E.B., Marengo, J.A., Martins, F.R., Heinemann, D., Schmidt, M., 2017. Climate trends on the extreme
winds in brazil. Renewable Energy 109, 110-120. doi:10.1016/j.renene.2016.12.101.

Pimenta, F.M., Saavedra, O.R., Oliveira, D.Q., Assireu, A.T., Junior, A.R.T., de Freitas, R.M., Neto, F.L.A., Lopes, D.C.P.,
Oliveira, C.B.M., de Lima, S.L., et al., 2023. Characterization of wind resources of the east coast of maranhao, brazil.
Energies 16, 5555. doi:10.3390/en16145555.

Pitz, I., Neves, L., Pitz, J., Eli, K., Oliveira, E., 2013. Caracterizagao da velocidade e direcdo predominante dos ventos para a
localidade de rio do sul-sc. ENCICLOPEDIA BIOSFERA 9.

Revelle, W., Revelle, M.W., 2015. Package ‘psych’ The comprehensive R archive network 337, 161-165.

dos Santos, A.T.S., e Silva, C.M.S., 2013. Seasonality, interannual variability, and linear tendency of wind speeds in the northeast
brazil from 1986 to 2011. The Scientific World Journal 2013, 490857. doi:10.1155/2013/490857.

Sarli, P.W., Abdillah, M.R., Sakti, A.D., 2020. Relationship between wind incidents and wind-induced damage to construction

in west java, indonesia, in: IOP Conference Series: Earth and Environmental Science, IOP Publishing. p. 012001. doi:10.

29

82



633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

1088/1755-1315/592/1/012001.

Schubert, A.N., Pai, A.D., Sarnighausen, V.C.R., Rodrigues, S.A., 2022. Direcao e velocidade do vento em botucatu-sp. Tekhne
e Logos 13, 50-64. doi:https://orcid.org/0000-0002-4111-2127.

Silva, B.B.d., Alves, J.J.A., Cavalcanti, E.P., Dantas, R.T., 2002. Potencial edlico na dire¢do predominante do vento no nordeste
brasileiro. Revista Brasileira de Engenharia Agricola e Ambiental 6, 431-439. doi:10.1590/S1415-43662002000300009.

Soukissian, T., Sotiriou, M.A., 2022. Long-term variability of wind speed and direction in the mediterranean basin. Wind 2,
513-534. doi:10.3390/wind2030028.

Souza, C.J., Liberato, A.M., 2019. Anélise da velocidade e diregdo do vento em vilhena, rondonia. Revista de Administracdo e
Negécios da Amazodnia 11, 344-361. doi:10.18361/2176-8366/rara.

Troccoli, A., Muller, K., Coppin, P., Davy, R., Russell, C., Hirsch, A.L., 2012. Long-term wind speed trends over australia.
Journal of Climate 25, 170-183. do0i:10.1175/2011JCLI4198.1.

Watson, S., 2014. Quantifying the variability of wind energy. Wiley Interdisciplinary Reviews: Energy and Environment 3,
330-342. doi:10.1002/wene.95.

Wickham, H., Chang, W., Wickham, M.H., 2016. Package ‘ggplot2’. Create elegant data visualisations using the grammar of
graphics. Version 2, 1-189.

Wickham, H., Wickham, M.H., 2019. Package ‘tidyverse’. See http://tidyverse. tidyverse. org , 1-5.

Wickham, H., Wickham, M.H., 2020. Package ‘plyr’. Obtenido Httpscran Rproject Orgwebpackagesdplyrdplyr Pdf .

Wilks, D.S., 2011. Statistical methods in the atmospheric sciences. volume 100. Academic press.

Yan, W., He, Y., Cai, Y., Cui, X., Qu, X., 2021. Analysis of spatiotemporal variability in extreme climate and potential driving
factors on the yunnan plateau (southwest china) during 1960-2019. Atmosphere 12, 1136.

Yang, Q., Gao, R., Bai, F., Li, T., Tamura, Y., 2018. Damage to buildings and structures due to recent devastating wind
hazards in east asia. Natural Hazards 92, 1321-1353. doi:10.1007/s11069-018-3253-8.

30

83



ARTIGO 3 - Previsao da velocidade do vento usando modelos
SARIMA e SARIMAX na bacia hidrografica do Ribeirao
Vermelho - Minas Gerais
Redigido conforme as normas da revista Natural Hazard (versdo a ser submetida).



Previsao da velocidade do vento usando modelos SARIMA e SARIMAX na
bacia hidrografica do Ribeirdo Vermelho - Minas Gerais

Orlando Eduardo Chipura®, Marcelo de Carvalho Alves®!, Thelma Séafadi®, Viviane Costa Silva®, Fortunato
Silva de MenezesP

2 Engineering School (EENG) Agriculture Engineering Department UFLA Campus Lavras 37200-000 Brazil
b Institute of Natural Sciences (ICN) Physics Department UFLA Campus Lavras 37200-000 Brazil.

Abstract

A capacidade de antecipar a velocidade do vento é um elemento importante para prever e mitigar os riscos
ambientais e socioeconémicos provocados pelos desastres causados por esta varidvel climética. Nesse estudo
objetivou-se avaliar o desempenho dos modelos Seasonal Autoregressive Integrated Moving Average (SARIMA)

e Seasonal AutoRegressive Integrated Moving Average with Ezxogenous variables (SARIMAX) na previsao

da velocidade do vento da bacia hidrografica do Ribeirdo Vermelho, Minas Gerais, Brasil, comparando-os.

Os dados correspondem a Estagdo Climatoldogica de Lavras - MG, os quais foram obtidos no Banco de
Dados Meteorolégicos para Ensino e Pesquisa (BDMEP), mantido pelo Instituto Nacional de Meteorologia
(INMET). Para determinar quantitativamente o melhor modelo, trés medidas de erro de previsao foram
empregadas para avaliagdo e comparacao dos modelos, sendo elas: o Erro Médio Absoluto (MAE), Raiz do
Erro Quadratico Médio (RMSE) e o AIC, utilizando-se a metodologia Box—Jenkins. O melhor modelo usado
no estudo foi o SARIMAX, visto que apresentou menor Erro Médio Absoluto (0,1927) e menor AIC (31.18),

destacando as varidveis exégenas, temperatura média e umidade relativa, influenciam na velocidade do vento.

Além disso, as previsoes realizadas para os trés primeiros meses de 2025 com ambos modelos mostraram que
os valores reais estiveram contidos dentro dos intervalos de confianga de 95%, com o SARIMAX se destacando
por apresentar valores centrais mais proximos dos dados observados. Com base no estudo, conclui-se que,
dada a precisdo nas especificagbes quanto a eficiéncia do modelo, o SARIMAX é o mais adequado neste
contexto.
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1. Destaque do artigo

e As varidveis temperatura média e umidade relativa do ar contribuem significativamente na mudanga da
velocidade do vento na regido da bacia hidrografica de Ribeirdo Vermelho.

¢ A modelagem SARIMAX incorporando as varidveis exogéneas temperatura média e umidade relativa
do ar destacou-se como uma abordagem preditiva mais robusta, capturando tanto a dindmica sazonal

quanto a influéncia significativa dessas varidveis exégenas, resultando em previsdo precisa e eficiente.

2. Introducao

As mudangas climaticas podem afetar direta e indiretamente os setores agricola, industrial, geografico e
tecnoldgico em nossa sociedade (Mehta et al., 2023). Elas sdo predominantemente governadas pelas mudangas
de temperatura e precipita¢do (Dimri et al., 2020). Gunawardhana et al. (2017) afirmam que estudos sobre
mudangas climéticas tém se concentrado em mudancas nos regimes de temperatura e precipitacdo, em grande
medida, mas muito menos atencdo é dada & umidade, provavelmente ao vento também. O vento é um recurso
renovavel dependente das condigoes climaticas, sua variabilidade ocorre em escalas de tempo que variam de
minutos a horas, dias e védrios anos (Kavasseri and Seetharaman, 2009).

O vento é frequentemente considerado um dos pardmetros meteorolégicos mais dificeis de prever, nao
apenas por causa da influéncia da dindmica atmosférica, mas também pela impossibilidade de fornecer uma
previsdo precisa com modelos tradicionais de previsdo estatistica (Sfetsos, 2002; Cadenas et al., 2010; Zhao
et al., 2015). E resultado de interagdes complexas entre mecanismos de forca em larga escala, como pressdes
e gradientes de temperatura, a rotagdo da Terra e caracteristicas locais da superficie (Sfetsos, 2002; Pereira
et al., 2002; Bohner and Antonié, 2009a; Pitz et al., 2013; Souza and Liberato, 2019). Porém, sua previsdo
desempenha um papel vital no planejamento, gerenciamento e monitoramento de sistemas inteligentes de
energia edlica, prevencdo de ocorréncia de desastres, identificacdo prévia de locais de risco e seguros para
habitagéo e financiamento de projetos agricolas e socioecondémicos (Carmelo et al., 2017; Zhao et al., 2015;
Elsaraiti and Merabet, 2021).

Em termos gerais, existem duas abordagens para a previsao da velocidade do vento: (I) baseada no clima
e (II) baseada em séries temporais (Kavasseri and Seetharaman, 2009). Enquanto a primeira utiliza modelos
atmosféricos hidrodinamicos que incorporam fenémenos fisicos como efeitos de atrito, térmicos e convectivos,
a segunda (tema deste artigo) utiliza apenas dados histéricos da velocidade do vento registrados no local
para construir modelos estatisticos a partir dos quais as previsdes sdo derivadas.

Na ciéncia atmosférica, a umidade relativa refere-se & quantidade de umidade no ar e é um aspecto
importante do ciclo hidrolégico que afeta o tempo e o clima. Gunawardhana et al. (2017) descreve a
quantidade de vapor de 4gua no ar em relagdo a quantidade de vapor de dgua que o ar pode conter a
uma temperatura especifica (Fattah et al., 2023). Ela é essencial para pesquisas climdticas e ambientais e
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influencia outros pardmetros climéticos, como precipitacdo e temperatura (Mehta et al., 2023). Portanto,
Gunawardhana et al. (2017) afirmam que umidade relativa aumenta em dire¢do ao verdo & medida que a
temperatura aumenta. A medida que o ar se torna mais e mais saturado, a taxa de evaporagdo diminui.

A umidade relativa e a velocidade do vento sdo fatores extremamente importantes no crescimento de
muitas culturas agricolas (Mehta et al., 2023). Atualmente, o vento tem sido uma fonte alternativa de geragao
de energia, mas é necessario garantir a continuidade de sua producdo Kavasseri and Seetharaman (2009);
Mehta et al. (2023). Para isso, é preciso investir em pesquisas para a sua caracterizagdo e previsdo, como
uma forma de garantir a sua expansdo (Kavasseri and Seetharaman, 2009).

Os métodos de previsdo baseados em séries temporais dependem da metodologia classica de Box—Jenkins,

que emprega uma classe geral de modelos, como os modelos de Autoregressive Moving Average (ARMA(p ,

q)) ou Autoregressive Integrated Moving Average (ARIMA(p , d , q)) para obter previsoes (Box et al., 2015).

A previsdo da velocidade do vento tornou-se um dos tépicos mais atraentes para pesquisadores na area de
energia renovavel devido ao seu uso na geracio de energia limpa e & capacidade de integra-la a rede elétrica
(Elsaraiti and Merabet, 2021; Dalton and Bekker, 2022). Para Zhao et al. (2015), as previsdes desempenham
um papel essencial na meteorologia, economia e geragdo de energia. Também pode ser importante para o
meio rural e urbano devido a previsao de cendrios de ocorréncia de desastres. Mulla et al. (2024) afirmam
que o objetivo principal da modelagem de séries temporais é criar modelos eficazes que possam prever com
precisdo os valores futuros de uma varidvel com base em dados histéricos.

O modelo ARIMA com entrada exdgena (ARIMAX) é uma variante avangada do modelo ARIMA que usa
séries temporais multivariadas para prever a varidvel dependente e usa multiplas séries temporais dadas como
varidveis exégenas (Alharbi and Csala, 2022). Um outros modelos importantes sdo Seasonal Autoregressive
Integrated Moving Average (SARIMA) e o Seasonal AutoRegressive Integrated Moving Average with exogenous
variables (SARIMAX), modelos de séries temporais usados para analisar e prever dados que exibem padrdes
sazonais (Mulla et al., 2024), que serdo utilizados esse estudo. Os modelos SARIMA s&o uma adaptagdo
dos modelos Autoregressive Integrated Moving Average (ARIMA) para se adequar especificamente a séries
temporais sazonais. Ou seja, sua construcao leva em consideracio a natureza sazonal subjacente da série
a ser modelada (Afrifa-Yamoah, 2015). Cadenas et al. (2010) afirmam que, para fazer previsdao, o modelo
empregado depende das informagdes disponiveis e da escala de tempo em questéo.

A maioria dos métodos de previsao de velocidade do vento relatados na literatura recente usam observagoes
histéricas univariadas da velocidade do vento para prever os valores futuros, limitando os métodos de previsiao
a apenas modelar as caracteristicas temporais desses dados defasados e ignorando as possiveis correlagoes
espago-temporais de outras varidveis exdgenas multivariadas (Noman et al., 2021). No entanto, uso de
varidveis meteorolégicas exdgenas na previsdo da velocidade do vento atualmente esté recebendo muita
atencdo, particularmente com a proliferagdo continua da energia edlica em redes elétricas (Dalton and
Bekker, 2022) provavelmente devido a possiveis correlagdo dessas varidveis ou a integragio de varidveis
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exbgenas ao modelo SARIMAX permite capturar o impacto de eventos ou informagoes fora dos conjuntos de
dados meteoroldgicos tipicos, proporcionando uma visdo mais holistica dos fatores que afetam as condigbes
climaticas (Shah et al., 2024). A anélise de séries temporais invariavelmente envolve a avaliagdo de tendéncias
e sazonalidade nos dados (Dimri et al., 2020).

A inclusdo de varidveis exégenas (pressao atmosférica, temperatura média, umidade relativa do ar e a
precipitagdo média mensal) na avaliacdo do desempenho dos modelos de previsdo da velocidade do vento
podem melhorar o desempenho dos modelos de previsdo devido a provaveis fortes correlagoes entre algumas
variaveis meteorolégicas. No entanto, a selecdo dessas varidveis exégenas baseou-se nos pressupostos tedricos
que revelam o seu impacto significativo na variacdo temporal da velocidade do vento. Nesse sentido, objetivou-
se avaliar o desempenho dos modelos SARIMA e SARIMAX na previsao da velocidade do vento da bacia

hidrografica do Ribeirdo Vermelho, Minas Gerais, Brasil, comparando-os.

3. Material e Métodos

3.1. Localizacdo e caracteriza¢do da drea de estudo

A bacia hidrografica do Ribeirdo Vermelho localiza-se no estado de Minas Geral, Brasil, entre as
coordenadas 21°26’ a 21°18’ de latitude Sul e 44°95" a 45°07’ de longitude Oeste, incluindo a 4rea urbana do
municipio de Lavras (Figura 1). Segundo a classificagdo climdtica de Képpen, o clima da regido é classificado
como Cwa, temperado chuvoso (mesotérmico) com inverno seco e verdo chuvoso, subtropical e temperatura
anual variando em torno de 19,3°C. Nos meses mais quente e mais frio, as temperaturas médias sdo 22,1°C e
15,8°C, respectivamente (Fia et al., 2015).

A caracteristica do relevo da regido da bacia hidrografica do Ribeirdo Vermelho demonstra que predomina
declive da classe ondulado, com 67,24% da drea de contribuigio e suave ondulado tem uma representatividade

significativa, com 22,46%. A elevagdo varia de 772 a 1084 m (Menezes et al., 2014).

3.2. Fonte e obtengdo de dados climdticos da bacia hidrogrifica do Ribeirdo Vermelho

Foram considerados os dados da série temporal correspondente & média mensal da velocidade do vento
(variavel dependente, medida em ms~1), pressio atmosférica, temperatura média, precipitacio média mensal
e umidade relativa do ar (varidveis independentes que também sdo chamadas de varidveis ex6genas) medidas
em hetopascal (hPa), graus Celsius (°C), milimetro (mm) e porcentagem (%), respectivamente. Os dados
correspondem ao periodo de 01.01.2010 a 31.12.2024 utilizados para aferir o desempenho dos modelos.
Também foram coletados dados médios didrios de 01.01.2025 a 31.03.2025 utilizados para comparar a
eficiéncia e eficacia dos modelos de previsdo. Os dados foram coletados na estagdo climatoldgica convencional
de Lavras-MG, localizada na Universidade Federal de Lavras (UFLA), embora exista a estacido meteoroldgica

automaética pertencente a UFLA. Os dados foram obtidos através do Banco de Dados Meteoroldgicos para
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Figure 1: Localizacdo da bacia hidrogréafica do Ribeirdo Vermelho, Minas Gerais, Brasil.

Ensino e Pesquisa (BDMEP), mantidos pelo Instituto Nacional de Meteorologia (INMET), coletados em
trés perfodos didrios UTC (12:00h, 18:00h e 00:00h), medidos ao nivel de 10 m de altura. Estes foram
transformados em médias didrias e posteriormente em médias mensais usando o pacote rWind e linguagem
computacional R, utilizado para de fazer a estatistica descritiva, as previsdes, comparar os modelos de séries

temporais e gerar graficos das previsoes.

3.3. Linguagem computacional e pacotes utilizados para tratamento de dados

Foi utilizado a linguagem computacional R, v. 4.3.3, com recurso aos pacotes da Tabela 1 e as fungoes
da Tabela 2, de acesso livre (Carmelo et al., 2017). Inicialmente, determinou-se a estatistica descritiva da
varidvel de interesse (média, mediana, desvio padrao, coeficiente de varia¢do, minimo e méximo) com o
objetivo de caracterizé-la. Posteriormente foram ajustados inicialmente o SARIMA, a posterior e o modelo
SARIMAX a série temporal. Para realizar a modelagem SARIMA, quanto o SARIMAX utilizou-se o mesmo
procedimento metodolégico no comego. No caso da modelagem SARIMAX foi includo as varidveis exégena,
como ¢ descrito a seguir:

Identificou-se o conjunto de dados que foram utilizados para a modelagem. Verificou-se a estacionariedade
para o conjunto de dados. Procedeu-se a diferenciagdo, pelo que a série nio era estaciondria (aplicando uma

diferenciagéo). Realizou-se a andlise da fungdo de auto-correlagdo (ACF) e a fungdo de autocorrelagio parcial
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(PACF), definindo os parametros (p, d, q) para os modelos escolhidos, baseando-se nos gréficos da ACF e
da PACF. Portanto, para Taoussi et al. (2025) o ACF quantifica a correlagdo entre a velocidade do vento e
seu passo de tempo anterior. Coeficientes significativos no grafico do ACF sao observados até a ordem q.
Similarmente, o PACF auxilia na determinacdo da ordem p , com coeficientes significativos presentes até
o atraso p. O grafico do ACF indica um decaimento geométrico apds o primeiro atraso, sugerindo que a
velocidade do vento exibe forte dependéncia de curto prazo, com o valor atual sendo altamente influenciado
por seu valor passado imediato.

Table 1: Pacotes de interesse para analise da série temporal e previsdo da velocidade do vento na bacia hidrogrifica do Ribeirao

Vermelho, Minas Gerais, Brasil de 2010-2023.

Pacote Descrigao Referéncia

tseries Foi utilizada para usar a equagao de regressao geral Trapletti et al. (2015)
incorporando uma constante e uma tendéncia linear
e calculou a estatistica ¢t para um coeficiente autorre-
gressivo de primeira ordem igual a um.

ggplot2 Foi usado na implementagao da gramética de graficos Wickham et al. (2016)
e para mapear dados da pesquisa.

starts Foram utilizadas fungoes para calcular a matriz de Robitzsch et al. (2022)
covariancia e simular dados do modelo STARTS uni-
variado, podendo ser estimado com méxima verosim-
ilhanga.

readr Foi utilizado por fornecer uma forma rdpida e Wickham et al. (2024)
amigavel de ler dados retangulares csv e analisa de
forma flexivel os dados usando R.

forecast Foi utilizado uso de métodos e ferramentas para a Hyndman et al. (2020)
visualizagdo e andlise de previsoes de séries temporais
univariadas e exponenciais, modelos de suavizagao
do espaco de estados-vivos e modelagido automatica
ARIMA.

rWind Foi usado para gerenciar dados de vento e calcular as  Ferndndez-Lopez et al. (2022)

médias.

8.4. Modelos estatisticos univariados

Taoussi et al. (2025) consideram o ARIMA, SARIMA e SARIMAX como técnicas de previsao de séries

temporais para dados univariados. Nesse estudo, a modelagem da série temporal da velocidade do vento sera



Table 2: Fungdes dos pacotes de interesse para andlise da série temporal e previsdo da velocidade do vento na bacia hidrografica

do Ribeirdo Vermelho, Minas Gerais, Brasil de 2010-2023.

Funcao Descricao Referéncia

arma () Foi usado para ajustar um modelo ARMA a uma Trapletti et al. (2015)
série temporal univariada por minimos quadrados
condicionais.

accuracy  Foi utilizado para calcular os erros realizando o pacote ~ Ferndndez-Lépez et al. (2022)
do software R forecast.

wind.mean Foi utilizado para calcular a média da velocidade do  Ferndndez-Lépez et al. (2022)
vento e realizar o tratamento do conjunto de dados

da série histérica.

com base nos modelos SARIMA e SARIMAX segundo os objetivos.

As modelagens tém as suas bases fundamentadas no método ARIMA (Box et al., 2015). Segundo Elsaraiti
and Merabet (2021), elas consistem em trés processos principais: controle diagndstico, identificagio e estima-
tiva. Para os autores, no primeiro estégio, chamado de controle diagndstico, o controle de estacionariedade é
exercido sobre os dados da série temporal fornecida. Para analisar a série temporal baseando-se no modelo

ARIMA(p, d, q), foi utilizado a Equagdo 1 também utilizada por Elsaraiti and Merabet (2021):

®(B)(1 - B)%x, = 6 + O(B)ay (1)

em que, x;: valor observado da série temporal no tempo t. B: operador defasagem, tal que Bx; = xs_1.
(1 — B)?, operador de diferenciacio de ordem d, utilizado para tornar a série estaciondria. ®(B) =
1—¢1B—¢9B%—- - — ¢, BP, polindmio autoregressivo (AR) de ordem p. ©(B) =1—61B—0,B%—---—0,B4,
polinémio de médias méveis (MA) de ordem g. d, constante opcional (drift), presente quando d = 0 ou d = 1,

erro aleatério (ruido branco), assumido com média zero e varidncia constante (Elsaraiti and Merabet, 2021).

3.5. Modelo SARIMA

O modelo Seasonal Autoregressive Integrated Moving Average (SARIMA) é uma ferramenta estatistica
crucial para a andlise de séries temporais que apresentam padrdes sazonais. Ele é uma extensao do modelo
Autoregressive Integrated Moving Average (ARIMA), conforme explicitado anteriormente, de modo especifico,
adaptado para capturar e modelar as flutuagdes periédicas que ocorrem em intervalos regulares ao longo do
tempo (Dubey et al., 2021). O modelo SARIMA (p,d,q)(P,D,Q)[S], em que p é uma ordem autorregressiva
nao sazonal, P é uma ordem autorregressiva sazonal, q é uma ordem de média mével ndo sazonal, Q é uma
ordem autorregressiva sazonal, d e D sdo a ordem da diferenga comum e da diferenca sazonal (Pepple and

Harrison, 2017), sdo escritos como (Equagdo 2):
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¢(B)®(B°)(1 ~ B)*(1~ B*)Py: = 0(B)O(B")e; (2)

em que ¢(B), Operador autorregressivo ndo sazonal, modela dependéncia em valores passados recentes;
®(B?), operador autorregressivo sazonal, captura influéncia de valores passados em intervalos sazonais;
(1 — B)?, aplica diferenciacio ndo sazonal para tornar a série estacionaria; (1 — B*)?, aplica diferenciacio
sazonal para remover a sazonalidade; y;, a série temporal sendo modelada no instante t; (B), operador
de médias méveis ndo sazonal, modela o erro atual como combinagio de erros passados recentes; O(B?),
operador de médias mdveis sazonal, considera erros passados em intervalos sazonais e ¢;, termo de erro

aleatério (ruido branco) no instante t.

Para Vautard et al. (2010), uma etapa importante da previsdo envolve a escolha de um modelo adequado.

A plotagem da série temporal, bem como de seus correlogramas, é informativa e fornece uma estimativa
inicial do modelo potencial. No entanto, antes da sele¢do do modelo, é necessario tirar conclusdes com relagao
ao proprio processo. As séries temporais podem ser estaciondrias ou néo estaciondrias e, portanto, determinar
a natureza do processo pode ajudar a simplificar algumas suposi¢des que, no caso de ndo estacionariedade,

nao podem ser feitas.

3.6. Modelo SARIMAX

O maior interesse nesse estudo foi dado ao modelo SARIMAX, o qual é derivado do modelo SARIMA,
conforme cita Vautard et al. (2010); Alharbi and Csala (2022). O modelo representado pela Equagao 3, é um
modelo Seasonal AutoRegressive Integrated Moving Average with eXogenous variables (SARIMAX). Trata-se
de uma generalizagdo dos modelos SARIMA, incorporando componentes sazonais e varidveis exdgenas. Ele é
composto por termos autorregressivos (AR), de médias méveis (MA), diferenciagoes nio sazonais e sazonais,
além de permitir a inclusdo de co-varidveis explicativas x;;, que podem influenciar diretamente a varidvel
dependente y;. Esse tipo de modelo é amplamente utilizado para modelagem e previsdo de séries temporais
em que ha influéncia externa e padrao sazonal bem definido, como em dados meteorolégicos, econémicos ou

epidemiolégicos.

k
$(B)®(B*)(1 = B)*(1 - B*)Pys = 5+ ) Bjw;i +0(B)O(B*)e; 3)
j=1

em que y;: varidvel dependente (série temporal observada); x;;, varidveis explicativas (exdgenas), com
j =1,...,k; ¢(B), polindbmio autorregressivo ndo sazonal da parte AR do modelo; ®(B?®), polinémio
autorregressivo sazonal da parte SAR; (1 — B)?, operador de diferenciacio nao sazonal de ordem d; (1 — B%)P:
operador de diferenciacdo sazonal de ordem D, com periodicidade s (ex: s = 12 para dados mensais); 0,

k ~ R . A
constante do modelo; ijl Bjx;¢, componente de regressdo com varidveis exégenas; 6(B), polinémio de
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médias méveis ndo sazonal da parte MA; ©(B®), polinémio de médias méveis sazonal da parte SMA; ¢,
termo de erro aleatério (ruido branco).
A adigdo de varidveis exdgenas ao modelo SARIMAX permite que o modelo incorpore informagoes

adicionais a previsdo.

3.7. Medidas estatisticas para determinar a precisaéo dos modelos de previsio da velocidade do vento

Para determinar quantitativamente o melhor modelo, duas medidas de erro de previsdo foram empregadas
para avaliar e comparar o desempenho dos modelos, sendo elas: o Erro Médio Absoluto (MAE) e o Raiz
do Erro Quadratico Médio (RMSE), com base nas Equagdes 4 e 5, respectivamente (Cadenas et al., 2010;
Alharbi and Csala, 2022; Mehta et al., 2023; Shah et al., 2024; Uzair et al., 2024; Taoussi et al., 2025). A
férmula da Média do Erro Absoluto (MAE) é dada por:

n

1
MAE = gZ\et\. (4)

t=1

Foram utilizados o Erro Absoluto Médio (MAE) e a raiz do Erro Quadratico Médio (RMSE) (Elsaraiti
and Merabet, 2021; Alharbi and Csala, 2022; Mehta et al., 2023; Shah et al., 2024; Uzair et al., 2024; Taoussi
et al., 2025).

N
RMSE = | 1+ (5 (i) — a(0))" @

Para a escolha do melhor modelo, pode ser utilizado o método AIC, como ocorreu no estudo de
(Albuquerque et al., 2014; Carmelo et al., 2017). Segundo Akaike (1974) e Carmelo et al. (2017), o menor
AIC serd o modelo de maior confiabilidade, o qual, teoricamente, resulta no melhor modelo para ajustar-se
aos dados observados. Portanto, também determinou-se o modelo com maior verossimilhanca (minimizando
-2log FV) e menor quantidade de pardmetros (minimizar 2p) (Akaike, 1974). O critério de informagao de

Akaike foi obtido usando a Equacéo 6.

AIC = —2log FV + 2p, (6)

em que FV é a fun¢fo verossimilhanca do modelo e p, o nimero total de pardmetros. Quanto maior a
verossimilhanga, menor e melhor AIC; e quanto mais parametros, parcimonioso o modelo serd, pois, com
muitos pardmetros, a previsao se torna cada vez mais precisa, porém menos objetiva e de dificil interpretacao
(Akaike, 1974; Albuquerque et al., 2014).
A estatistica de teste Ljung-Box é dada por Mehta et al. (2023):
m T2

Q=n(n+2)Y —E 7)

k=1
9
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em que @ é a estatistica de teste Ljung-Box, n é o tamanho da amostra, m ¢ o nimero de defasagens (lags),

e T}, é a autocorrelagdo amostral no lag k.

4. Resultados

Neste estudo, os dados horarios da velocidade do vento na bacia hidrogréfica do Ribeirdo Vermelho sdo

analisados de forma descritiva e o desempenho dos modelos SARIMA e SARIMAX sdo comparados.

4.1. Estatistica descritiva da série temporal da velocidade do vento da bacia hidrogrifica do Ribeirao Vermelho

Para melhor compreender as caracteristicas da variavel velocidade do vento, sdo apresentadas na Tabela
3, as medidas descritivas (média, mediana, desvio padrao, coeficiente de variagdo, minimo e méaximo) dessa
varidvel climética, como forma de caracterizar o clima local. O gréfico (Figura 2) demonstra o comportamento
da série original buscando identificar a tendéncia e a sazonalidade existente na série. Com vista a confirmar a
presencga dos componentes da série temporal. A decomposigio da série original (Figura 3) sugere a existéncia
de componentes importantes como a sazonalidade, podendo caracterizar a série, necessitando de testes para
sua confirmagao.

Table 3: Medidas descritivas da velocidade do vento (ms~!) na bacia hidrografica do Ribeirdo Vermelho, Minas Gerais, Brasil,

2010 a 2024.

Med. descritivas Méximo Minimo Média Mediana Desvio padrdo Coeficiente de variagdo (%)

3,00 0,70 1,77 1,75 0,51 29,3

Na Figura 4, sdo apresentados a Fungéo de Autocorrelagiao (FAC) e a Funcdo de Autocorrelagido Parcial
(FACP) da série temporal. O grafico da FAC mostra um decaimento gradual da autocorrelagio ao longo dos
lags crescentes, indicando uma persisténcia na série, onde os valores passados estdo correlacionados com os
valores atuais por um periodo extenso. Especificamente, as autocorrelagdes permanecem acima do limiar de
significAncia por varios lags. Em contraste, o grafico da FACP exibe um pico significativo apenas no primeiro
lag, com os lags subsequentes caindo dentro dos limites de significAncia. Esse padrao sugere que a relagdo
direta é principalmente com o valor imediatamente precedente, e as correlagoes de longo prazo observadas na
FAC sdao amplamente devidas a essa autocorrelagio de lag-1.

A aplicagdo do teste de Box-Cox teve como objetivo identificar uma transformagdo adequada para
estabilizar a varidncia e aproximar a distribuicdo dos dados da normalidade. O grafico da log-verossimilhanca
indicou um valor étimo de \ préximo de zero, sugerindo a transformacgido logaritmica como potencialmente
benéfica. No entanto, observou-se que o valor A = 1, que corresponde & auséncia de transformacao, encontra-se

dentro do intervalo de confian¢a de 95%. Isso indica que ndo hé evidéncias estatisticas suficientes para
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Figure 2: Série temporal original da velocidade do vento na bacia hidrografica do Ribeirao Vermelho, Minas Gerais, Brasil de
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Figure 3: Decomposicao da série temporal em componentes de ciclo, sazonalidade, tendéncia e aleatoriedade da velocidade do

vento na bacia hidrografica do Ribeirao Vermelho, Minas Gerais, Brasil de 2010 a 2023.
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Figure 4: Fungoes de autocorrelagao (esquerda) e Fungdo de autocorrelagiao parcial (direita) para dados de velocidade do vento

da série original.

rejeitar o uso dos dados originais. Dessa forma, optou-se por utilizar a série original, uma vez que ela ja
atende adequadamente aos pressupostos da modelagem subsequente.

Foi realizada a diferenciacdo na série temporal para garantir a estacionaridade. Para verificar essa
condicdo, aplicou-se o Teste de Dickey-Fuller Aumentado (ADF), que avalia a presenca de raiz unitaria na
série, tendo como hip6tese nula a nao estacionaridade. O teste foi aplicado a série diferenciada, resultando
em uma estatistica de teste de -7,53, com ordem de defasagem igual a 5 e valor-p de 0,01. Como o valor-p é
inferior ao nivel de significAncia usual de 0,05, rejeita-se a hipdtese nula, indicando que a série diferenciada
pode ser considerada estaciondria. Na Figura 6 sdo apresentados os graficos de autocorrelacido (ACF) e
autocorrelagdo parcial (PACF) da série transformada, os quais evidenciam caracteristicas compativeis com
estacionaridade, pois a maioria dos coeficientes estd dentro dos limites de significadncia. Entretanto, observa-se
a presenca de picos nos lags 12 e 24 na ACF, sugerindo a existéncia de um possivel componente sazonal. Ja
a PACF exibe varias defasagens significativas nos primeiros lags, indicando dependéncia de curto prazo que

pode ser modelada adequadamente por termos autorregressivos.

4.2. Modelagem SARIMA
A escolha da ordem do modelo foi orientada pela andlise dos graficos de autocorrelagdo (ACF) e
autocorrelagdo parcial (PACF) da série diferenciada. O modelo selecionado, apresentado na Tabela 4, é um

SARIMA(1,1,1)(1,0,0)12, que incorpora componentes niao sazonais e sazonais. A parte ndo sazonal inclui
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Figure 6: Funcoes de autocorrelagio (esquerda) e Fungdo de autocorrelagdo parcial (direita) da série diferenciada
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um termo autorregressivo de primeira ordem (AR(1)), com coeficiente estimado em 0,4966 e erro padrao de
0,0783, indicando influéncia moderada dos valores passados sobre os atuais. O componente de média mével
de primeira ordem (MA(1)), com coeficiente de —0,9305, revela um efeito expressivo dos erros passados,
contribuindo para a estabilidade da série.

Além disso o modelo inclui um componente sazonal autorregressivo de ordem 1 (SAR(1)) com coeficiente
estimado em 0, 3326 e erro padrao de 0,0732. Esse termo sazonal captura a dependéncia dos valores da série
defasados de 12 periodos, ou seja, um ano no caso de dados mensais, refletindo um padréo repetitivo anual
na série temporal. A magnitude positiva do coeficiente indica que os valores atuais da série tendem a ser
positivamente influenciados pelos valores observados no mesmo més do ano anterior, evidenciando a presenca

de sazonalidade anual moderada na série.

Table 4: Parametros estimados do modelo SARIMA(1,1,1)(1,0,0)12 para a série velocidade do vento

Parametro Estimativa Erro Padrao Valor z
¢1 (AR(1)) 0,4966 0,0783 6,34
61 (MA(1)) -0,9305 0,0303 -30,70
®; (SAR(1)) 0,3326 0,0732 4,54

Para avaliar a adequagdo do modelo SARIMA ajustado a série temporal da velocidade do vento, aplicou-
se o teste de Box-Ljung aos residuos do modelo. Esse teste tem como objetivo verificar a presenca de
autocorrelagdo serial nos residuos até uma determinada defasagem. O resultado obtido foi uma estatistica
Q = 29,746, com 24 graus de liberdade, e um valor p = 0,1933. Como o valor p é consideravelmente superior
ao nivel de significAncia usual de 5%, nao se rejeita a hipdtese nula de auséncia de autocorrelagao nos residuos.
Portanto, conclui-se que os residuos do modelo SARIMA podem ser considerados nio correlacionados, o que
reforga a adequagdo do modelo ajustado a estrutura temporal dos dados analisados. Para complementar a
andlise dos residuos, as fungdes de autocorrelagio (ACF) e autocorrelagao parcial (PACF) dos residuos do

modelo ajustado sao apresentadas a seguir na Figura 7.

4.8. Modelagem SARIMAX

Para a realizagdo da modelagem SARIMAX, foram utilizados os mesmos procedimentos inicias para a
modelagem SARIMA verificacdo da estacionariedade e sazonaridade, analise da fungdo de autocorrelagéo e a
fungdo da autocorrelacio parcial.

A selegao das varidveis explicativas foi conduzida por meio do critério C}, de Mallows, utilizando o método
de sele¢do de subconjuntos. Dentre os modelos avaliados, aquele que apresentou melhor equilibrio entre
qualidade de ajuste e parciménia foi composto pelas varidveis precipitacio média, temperatura média e

umidade relativa. Esse resultado indica que o modelo fornece uma boa aproximacio da varidncia dos erros,
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Figure 7: Fungdes de autocorrelagdo (a esquerda) e autocorrelagio parcial (& direita) para o modelo SARIMA(1, 1,1)(1,0,0)12.

sem incluir variaveis irrelevantes, sendo, portanto, o mais apropriado para a modelagem da série de velocidade
do vento.

Na modelagem da série temporal da velocidade do vento (vento_ts) utilizando um modelo SARIMAX,
inicialmente foram incluidas quatro varidveis explicativas: precipita¢io mensal, temperatura média, umidade
relativa do ar e a pressao atmosférica. Apos ajuste do modelo com estrutura SARIMAX, observou-se que
apenas a temperatura média e umidade relativa do ar apresentaram coeficientes estatisticamente significativos
para o ajuste.

Dessa forma, realizou-se um processo de simplificagdo, com a remoc¢iao das varidveis ndo significativas e
o ajuste de um modelo mais parcimonioso SARIMAX(1,1,1)(1,0,0);2, incluindo a temperatura média e a
umidade relativa como varidveis exdgenas. Ambas se mantiveram estatisticamente significativas, demonstrando
influéncia relevante sobre a série da velocidade do vento. Os resultados indicam que tanto a umidade relativa
quanto a temperatura média estdo associadas a variacdo da velocidade do vento no periodo analisado,
reforgando a importancia das condigoes climéticas no comportamento da série.

Para avaliar a adequagdo do modelo ajustado, foi realizado o teste de Ljung-Box sobre os residuos, com
24 defasagens. O valor do teste foi @ = 31,021, com p-valor = 0,1532, indicando que ndo ha evidéncias
estatisticas de autocorrela¢ao nos residuos ao nivel de significincia de 5%. Esse resultado é corroborado pelas
fungoes de autocorrelagiao (ACF) e autocorrelagao parcial (PACF) dos residuos (Figura 8), que mostram todos
dos coeficientes dentro dos limites de confianga, confirmando a hipdtese de que os residuos comportam-se

como ruido branco.
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Table 5: Parametros estimados do modelo SARIMAX(1,1,1)(1,0,0)12 para a série de velocidade do vento

Parametro Estimativa Erro Padrao Valor z
b1 0,5258 0,0807 6,51
0o -0,9428 0,0269 -35,05
0, 0,4125 0,1031 4,00
Temperatura média -0,0622 0,0237 -2,62
Umidade relativa -0,0095 0,0039 -2,44
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Figure 8: Fungdes de autocorrelagio (& esquerda) e autocorrelagio parcial (& direita) para o modelo SARIMAX(1,1,1)(1,0,0)12.
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4.4. Comparagdo dos modelos ajustados SARIMA e SARIMAX

Um dos objetivos de uma modelagem de séries temporais é fazer previsdes de valores futuros. Para tanto,
se fez necessario verificar a eficiéncia e o bom ajuste do modelo. Na Tabela 6, estdo expostos os resultados
encontrados para os modelos que melhor se ajustaram a série de dados.

Table 6: Estatisticas de erro para avaliacdo da acurdcia dos modelos SARIMA e SARIMAX ajustados a série de velocidade do

vento.

Modelo MAE RMSE AIC

SARIMA(1,1,1)(1,0,0)12  0,2011 0,2651 43,89
SARIMAX(1,1,1)(1,0,0)12  0,1927 0,2525 31,18

A Tabela 6 apresenta as estatisticas de erro utilizadas para avaliar a acurdcia dos modelos SARIMA e
SARIMAX ajustados a série de velocidade do vento. Observa-se que o modelo SARIMAX obteve menor erro
médio absoluto (MAE = 0,1927) e menor raiz do erro quadratico médio (RMSE = 0,2525), o que evidencia
um desempenho preditivo superior em comparagao ao modelo SARIMA. Além disso, o critério de informacao
de Akaike (AIC), que penaliza a complexidade do modelo em relagio ao ajuste, também foi significativamente
menor no SARIMAX (AIC = 31,18) do que no SARIMA (AIC = 43,89), reforcando a adequagdo do modelo

com varidveis exdgenas.

4.5. Previsoes dos modelos

A Tabela 7 apresenta a comparacao entre as previsdes dos modelos SARIMA e SARIMAX para os meses
de janeiro a margo de 2025, com respectivos intervalos de confianca de 95% e os valores reais observados da
velocidade do vento. Observa-se que ambos os modelos produziram previsdes proximas aos valores reais,
com os valores observados situando-se dentro dos respectivos intervalos de confianga de 95%. No entanto, o
modelo SARIMAX apresentou previsdes ligeiramente mais proximas dos valores observados em fevereiro e
marc¢o, sugerindo uma leve superioridade em termos de precisdo preditiva, possivelmente devido & inclusao

das varidveis exdgenas de temperatura média e umidade relativa.

Table 7: Comparagio das previsdes dos modelos SARIMA e SARIMAX com os valores reais observados (intervalo de 95%).

Meés Modelo Previsao IC 95% Inferior IC 95% Superior Valor Real
Janeiro SARIMA 1,22 0,69 1,75 0,80
SARIMAX 1,25 0,75 1,75 0,80
Fevereiro SARIMA 1,26 0,66 1,87 1,30
SARIMAX 1,32 0,74 1,90 1,30
Marco SARIMA 1,25 0,62 1,88 1,50
SARIMAX 1,31 0,70 1,92 1,50
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Figure 9: Previsoes da velocidade do vento para os trés primeiros meses de 2025 com os modelos SARIMA e SARIMAX,

comparadas aos valores observados.

5. Discussao

Foi constatado que as varidveis climaticas temperatura e umidade relativa do ar foram varidveis que
influenciam negativamente a velocidade do vento na bacia hidrografica do Ribeirdo Vermelho de 2010 a 2024,
fato que corrobora com os fundamentos de Dec et al. (2018) destacando que durante os dias muito quentes,
especialmente a tarde, quando ocorrem as temperaturas didrias mais altas do ar, o vento atinge as velocidades
mais altas, o que afeta positivamente a sensac¢do térmica humana, resultando em um agraddvel resfriamento
do corpo. De entre outros fatores, (Morales-Acuiia et al., 2019; Zhen et al., 2022), a formagdo do vento é o
resultado do fluxo de ar horizontal, que é causado pelo calor radiante solar. Esse fator pode estar associado
a variacdo da temperatura e da umidade relativa do ar durante o dia, influenciando, consecutivamente na
velocidade do vento.

Dec et al. (2018) afirmam que temperatura instantdnea do ar, medida a cada hora, atinge os valores mais
altos por volta do meio-dia. A relagdo exatamente oposta pode ser observada para a umidade relativa do ar.
Seu valor é mais alto a noite, enquanto durante o dia, especialmente ao meio-dia, ele cai significativamente.
Fattah et al. (2023) afirmam que a redugdo da umidade relativa durante um aumento simultdneo da

temperatura ambiente é vantajosa do ponto de vista do conforto térmico. Portanto, estes fatos explicam
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a relacdo ou influéncia da temperatura média e a umidade relativa do ar, visto que durante os dias muito
quentes, especialmente & tarde (quando ocorrem as temperaturas didrias mais altas do ar e umidade relativa
do ar mais baixo), o vento atinge as velocidades mais altas.

O vento é fundamentalmente causado pelo gradiente de temperatura da atmosfera devido ao aquecimento
solar varidvel da superficie terrestre (Tamura, 2009). Porém, (Lopez-Villalobos et al., 2022) afirmam que
os perfis de velocidade do vento dependem da estabilidade atmosférica, isso ndo deve ser assumido como
constante ao longo do dia e do ano. Para Dec et al. (2018), diariamente, o aumento da velocidade do vento
ocorreu nas horas da tarde, o que é consistente com as caracteristicas da temperatura.

A umidade relativa é um aspecto crucial do clima, e a maior variabilidade da umidade relativa tem
impactos de longo alcance na satide humana, agricultura, meio ambiente e infraestrutura. Toda via, a umidade
relativa é a razdo entre o contetido real de vapor de dgua do ar e o contetddo de vapor de dgua do ar saturado
na mesma temperatura (Gunawardhana et al., 2017). A umidade relativa quantifica a saturagdo fraciondria
do ar em relagdo ao vapor de dgua (Shakespeare and Roderick, 2024). Sherwood et al. (2010) demonstraram
que o aumento das temperaturas globais estd associado a pequenas, mas significativas mudangas na umidade
relativa.

Precipitacéo e temperatura sdo os principais fatores que regem a estrutura dindmica do clima, resultando
em mudangas climdticas (Dimri et al., 2020). Afetada por vérios fatores ambientais, a velocidade do vento
apresenta caracteristicas de altas flutuagoes, autocorrelagio e volatilidade estocastica; portanto, é dificil
prever com um tnico modelo (Liu et al., 2014).

Zakaria et al. (2020) demonstram que foi realizada a andlise de correlacao entre a velocidade do vento, a
umidade e a temperatura, observando que a relagdo entre a velocidade do vento e a umidade foi de 0,278,
demonstrando a baixa significAncia entre os dois parametros. A relagdo entre a velocidade do vento e a
temperatura foi de -0,256, demonstrando a relagdo negativa baixa entre a velocidade do vento e a umidade no
contexto do estudo que realizaram. Entretanto, para os pesquisadores, o resultado mostra que a velocidade
do vento ndo depende realmente dos parametros de umidade e temperatura. Deve haver outros fatores que
influenciam a velocidade do vento. Mas para a umidade e a temperatura, a correlacio é de 0,908, o que é
alto.

A grande contribuicdo desse estudo é a confirmagdo da presenca de sazonalidade e redugdo da velocidade
do vento na regido da bacia hidrogréifica do Ribeirdo Vermelho, como foi observado na pesquisa sobre
caracterizacao da velocidade e dire¢do do vento na bacia hidrogréfica do Ribeirdo Vermelho e sua relagao
com desastres, um estudo desenvolvido pelos autores, visto que a incorporagdo de um componente sazonal
de média mével de ordem 1 (SMA(1)) com periodicidade anual (12 meses), estimado em —0,7447 com erro
padrao de 0,0633 permitiu capturar adequadamente a sazonalidade na série para o modelo SARIMA e
—0,6908 com erro padrao de 0,0673 para o modelo ARIMAX. Portanto, os componentes sazonais observados
reforcam a perspectiva de existéncia de riscos de desastres causados pelo vento entre os meses de agosto a
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novembro, época que se observa variagdo da temperatura e da pressdo atmosférica na regido do estudo, como
foi descrito no estudo citado.

Na Figura 9, observa-se que a previsdo utilizando o modelo SARIMAX apresentou o melhor desempenho
em relagdo ao modelo SARIMA, o valor previsto é sempre consideravelmente superior. Portanto, pode-se
constatar que as variaveis exégenas melhoram o desempenho do modelo de previsdo e podem ser utilizadas
para fazer previsoes usando dados de outras regides. Alharbi and Csala (2022) consideram que o modelo
SARIMAX tem a capacidade de minimizar os valores de erro e aumentar a precisio geral, mesmo quando os
comprimentos do conjunto de dados de entrada e saida so muito préximos um do outro e estdo em direcoes
semelhantes. Mulla et al. (2024) afirmam que a adigdo de varidveis exégenas ao modelo SARIMAX permite
que o modelo incorpore informagoes adicionais & previsdo. Os autores destacam que varidveis exbgenas sao
tipicamente elementos externos que podem influenciar os dados de séries temporais, como indicadoras das
condigbes climaticas.

Para Shah et al. (2024), a andlise comparativa elucida o panorama diferenciado de desempenho dos
diversos modelos de previsdo, enfatizando os avangos significativos alcangados pela metodologia SARIMAX
proposta na obtencdo de valores superiores de RMSE. Portanto, nesse estudo costatou-se que o modelo

SARIMAX obteve menor erro médio absoluto (MAE = 0,1927) e menor raiz do erro quadrético médio

(RMSE = 0,2525), o que evidencia um desempenho preditivo superior em comparacio ao modelo SARIMA.

Além disso, o critério de informacdo de Akaike (AIC), que penaliza a complexidade do modelo em relagio
ao ajuste, também foi significativamente menor no SARIMAX (AIC = 31,18) do que no SARIMA (AIC =
43,89), reforcando a adequagdo do modelo com varidveis exdgenas, principalmente a temperatura média e a
umidade relativa do ar.

A andlise dos coeficientes estimados indica que a temperatura média exerce efeito negativo sobre a
velocidade do vento, com coeficiente de —0,0622 e valor z de —2,62. Isso significa que, mantidas as demais
varidveis constantes, um aumento na temperatura estd associado a uma redugdo na velocidade do vento,
sendo esse efeito estatisticamente significativo. De forma semelhante, a umidade relativa do ar apresentou
coeficiente negativo de —0,0095, com valor z de —2,44, sugerindo que o aumento da umidade também tende
a reduzir a velocidade do vento. Ambos os resultados apontam para uma relagio inversa entre essas varidveis
ambientais e a dindmica dos ventos, o que pode estar relacionado a diminuicdo do gradiente de pressdo
atmosférica em condigoes de maior calor e umidade. Contudo, a velocidade do vento é determinado pela
variagdo espacial e temporal da temperatura ou seja, o balango de energia na superficie terrestre, que causam
variagoes no campo da pressdo atmosférica, deslocando-se das regides de maior pressio (dreas mais frias)
para regides de menor pressio (dreas mais quentes) e, portanto, quanto maior a diferenca entre as pressoes
dessas regides, maior sera a velocidade do vento Pereira et al. (2002); Béhner and Antonié¢ (2009b); Costa
and Lyra (2012); Siqueira et al. (2014); de Paulal Fernando et al. (2017); demonstrando a eficiéncia do
modelo de previsio SARIMAX.
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A temperatura do ar aumenta ligeiramente com o aumento da insolagdo Cha et al. (2015). A pressao
atmosférica é um indicador do clima. O resfriamento do ar faz com que a pressdo atmosférica aumente,
porque o ar mais frio é mais denso e, portanto, mais pesado, enquanto o valor da pressao do solo diminui
a medida que o ar se aquece, a medida que se torna menos frequente e mais leve. O ar na atmosfera esta
em constante movimento (Spiridonov et al., 2021). As velocidades do vento sdo amplamente regidas pelo
gradiente de pressdo (Klink, 2007). Portanto, a capacidade de investigar a previsdo do vento fornecida por
modelos de séries temporais sdo importante para compreender os processos que influenciam a velocidade do
vento como ocorre na bacia hidrografica do Ribeirdo Vermelho, Minas Gerais, Brasil.

O aquecimento global afeta ndo apenas o aumento dos oceanos ou o derretimento do gelo polar, mas
também a velocidade do vento (Kritharas, 2014). Um clima mais quente afeta a densidade do ar e a velocidade
do vento (Ren, 2010). Os autores afirmam que h& uma correlagdo inversa entre a temperatura e a velocidade
do vento. No mesmo estudo, Ren afirma que um aumento da magnitude de 2 a 4 °C resultaria em uma
circulacdo atmosférica mais fraca na maioria das regioes de latitude mais alta, o que, por sua vez, poderia

resultar em uma reducao de 4 a 12% na velocidade do vento.

6. Conclusoes

Com base nos resultados obtidos, o modelo SARIMAX demonstrou desempenho superior em relagao
ao SARIMA na modelagem da velocidade do vento, apresentando menores valores de MAE (0,1927) e
RMSE (0,2525), além do menor AIC (31,18), o que indica um ajuste mais parcimonioso e preciso aos dados
observados.

A incorporagao de varidveis exégenas ao modelo SARIMAX contribuiu para o ganho de desempenho. A
temperatura média apresentou coeficiente estimado de = —0,0622, revelando uma relagdo inversa com a
varidvel dependente: aumentos de temperatura estéo associados & redugido da velocidade do vento. De forma
semelhante, a umidade relativa do ar também apresentou efeito estatisticamente significativo (8 = —0,0095),
sugerindo que niveis mais elevados de umidade tendem a reduzir a velocidade do vento. Essas varidveis
explicativas exerceram influéncia significativa sobre as previsoes, ainda que com magnitudes distintas.

Além do bom ajuste, o modelo SARIMAX também demonstrou melhor desempenho preditivo nos trés
primeiros meses do ano quando comparado ao SARIMA. As previsdes do SARIMAX apresentaram intervalos
de confianga mais centrados em torno dos valores reais observados, enquanto o modelo SARIMA superestimou
os valores para todos os meses avaliados. Por exemplo, em janeiro, o valor real foi 0,80, enquanto o SARIMAX
previu 1,25 (IC 95%: [0,75;1,75]), mais préximo do observado do que a previsdo do SARIMA previu 1,22 (IC
95%: [0,69;1,75]). Essa tendéncia se repetiu em fevereiro e margo, evidenciando a maior acurdcia preditiva
do modelo com varidveis exdgenas.

Em sintese, os resultados confirmam a robustez do modelo SARIMAX tanto em termos de ajuste quanto
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de capacidade preditiva, reforgando a importancia da incorporacdo de varidveis climéticas relevantes no

processo de modelagem estatistica da velocidade do vento.
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Abstract

A modelagem espacial do vento é essencial e 1til durante o estigio inicial da selecdo do local de qualquer
projeto agricola e de energia edlica. Ventos fortes causam perdas desastrosas para o tecido social e econémicos
em varios paises do mundo incluindo o Brasil. Nesse estudo objetivou-se caracterizar as variaveis morfométrica
da bacia hidrografica do Ribeirdo Vermelho, relacionar os indices de exposigdo e protegdo aos riscos de
desastres edlicos. Foram utilizados dados médios didrios de velocidade e dire¢do do vento obtidos através da
estagdo meteorolégica convencional do Instituto Nacional de Meteorologia (INMET), localizada no campus da
Universidade Federal de Lavras (UFLA) que serviram de dados de entrada para a modelagem do vento. Foi
utilizado o modelo digital de elevacdo da regido para obter as varidveis morfométricas, calcular e determinar
os indices e gerar mapas de exposi¢do e protegdo ao vento em R. Os resultados demonstram que a variagdo do
planialtimétrica do relevo, a declividade e o aspecto influenciam na variagdo espacial do vento, relacionando-se
com a ocorréncia de desastres. As regioes onde o relevo varia de 900 a 1081.9 m apresenta maior exposi¢ao
e vulnerabilidade a desastres ao vento de direcdo leste. Cerca de 0.10 m? apresenta risco muito alto para
ocorréncia de desastre e 13.57 m? estd em alto risco. Os locais de alto risco e muito alto risco tornaram-se
sugestivos para implantacdo de sistemas de protegdo com recurso a quebra-ventos. Contudo, a metodologia
aplicada, com recurso ao modelo digital de elevagdo permitiu caracterizar a morfometria da regido do estudo
e apresentar a variagdo espacial do vento e sua relagdo com os indices de exposi¢do e protegdo ao vento na
bacia hidrografica. o estudo contribui para o entendimento dos fen6menos ambientais causados pela variacio
espacial do vento, andlises de riscos de desastres, identificagdo de locais para implantacdo de quebra-ventos,
planejamento sustentével do uso do solo e instalagdo de parques edlicos.
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1. Destaques do artigo

o Para ventos predominantes (Leste), 0.10 km? da bacia hidrogréfica tem muito alto risco de ocorréncia

de desastres, visto que o relevo favorece a ocorréncia do fenémeno.

e As carateristicas morfométricas do terreno influenciam consideravelmente na variacéo espacial do vento

na bacia hidrografica do Ribeirao Vermelho.

2. Introducao

As bacias hidrogréficas sdo os elementos importantes da forma de relevo fluvial e uma grande quantidade
de estudos se concentrou em analisar seus comportamentos e as caracteristicas geométricas, que contém a
topologia das redes de fluxo, andlise quantitativa da textura de drenagem, padrio, forma e caracteristicas de
relevo (Magesh et al., 2013; Rai et al., 2017). As carateristicas morfométricas sdo a dimensdo e a avaliagdo
matemadtica da configuragdo da superficie terrestre (Pareta and Pareta, 2011).

Modelo digital de elevagdo (MDE) tem sido utilizado como um dos principais bancos de dados em
muitas aplicagdes de sistema de informagdo geografica (SIG), pelo que fornecem a descri¢ao da superficie
tridimensional e base de dados para uma visualiza¢ao tridimensional impressionante de dados geograficos, mas
também estabelece a base para a derivagdo de outras varidveis morfol6gicos da superficie, como declividade,
aspecto, curvatura, perfil de talude e dreas de captagdo (Zhou and Liu, 2004). Rai et al. (2017) afirmam
que a compreensao da distribuicdo das classes de declividade é importante; pois, um mapa de declividade
fornece dados para o planejamento de bacias hidrograficas para o assentamento, agricultura, desmatamento
ou reflorestamento, planejamento de construcio de estruturas de coleta de dgua, estruturas de engenharia,
préticas de morfoconservacéo e riscos eélicos.

As varidveis morfométricas como area, altitude, volume, declividade, aspecto, curvatura, areas de captacao,
perfil e textura de formas de relevo compreendem paridmetros importantes da varios estudos e tém sido
amplamente utilizados em modelagem hidrolégica, estudos de erosdo do solo, simulagdo de ambientes
ecoldgicos, entre outros (Zhou and Liu, 2004; Rai et al., 2017). Para Zhou and Liu (2004), entre os pardmetros
morfoldgicos, declividade e aspecto tém sido indiscutivelmente os mais utilizados em aplicagdes de sistema de
informagdo geografica; como serd a abordagem dominante neste artigo para modelar a variagdo espacial do
vento e na analise de locais vulneraveis a riscos de desastres edlicos.

O aspecto de um terreno é a dire¢do para a qual ele estd voltado (Magesh et al., 2011, 2013). Ela influencia
o tipo de vegetacdo, os padrdes de precipitagdo, o derretimento da neve e a exposi¢do ao vento. Segundo
(Magesh et al., 2013), a dire¢do da bussola do aspecto foi derivado do valor dos dados raster de saida. A
inclinagdo de um terreno refere-se a quantidade de inclinagdo de uma caracteristica fisica, relevo topogréafico

em relacgdo a superficie horizontal.
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De acordo com, Magesh et al. (2011, 2013) relevo é definido como a diferenca de elevagéo entre o ponto
mais baixo e o mais alto de uma bacia. Para Liu et al. (2024b), o modelo digital de elevagéo oferece uma
representagdo abrangente das caracteristicas do terreno, encapsulando ndo apenas as pegadas de edificios,
mas também elementos verticais adicionais, como alturas de edificios, vegetacdo e elevagdes de superficie.

As caracteristicas topograficas como escarpas, cumes, aterros e colinas, o fluxo de ar podem acelerar e
desacelerar o vento (Ngo and Letchford, 2009). Os efeitos topogréficos na velocidade do vento sdo ainda
mais importantes na exploragdo de energia edlica, uma vez que as turbinas edlicas devem ser localizadas
em regides onde a energia edlica ideal é obtida. Assim, é necessario investigar os efeitos das caracteristicas
topograficas nos fluxos de vento para abordar essas questoes.

Tempestades de vento causam danos substanciais a edificios e perdas econémicas no mundo todo ano
(Jiang et al., 2023). O mapeamento de locais de ocorréncia de riscos de desastres causados pelos ventos podem
desempenhar um papel importante na gestao de desastres (Tan and Fang, 2018). Além da velocidade, também
deve ser dada atengdo a sua diregdo predominante para sugerir sistemas de protecdo para evitar a ocorréncia
de desastres. A localizagdo de protegdes vegetais (quebra-ventos), tdo uteis na drea agricola, socioecondmico,
meteorologico e ambiental, dependendo principalmente do conhecimento das diregdo predominante do vento.

Nas tdltimas décadas, os sistemas de informacdo geografica permitiram a anélise detalhada da superficie
terrestre, enquanto o desenvolvimento em sensoriamento remoto proporcionou modelos digitais de elevagao
e imagens multi-espectrais cada vez mais detalhadas (Schillaci et al., 2015). A variacdo espacial do vento
pode ser caracterizada através da utilizagdo de uma rede densa de anemoémetros, ou métodos de interpolacao
sofisticados que combinam informacao topografica com alguns pontos de observacio para gerar campos de
vento espacialmente varidveis (Rueda et al., 2005).

Estruturas meteorolégicas dinamicas na troposfera e as caracteristicas topograficas causam variagoes
temporais e espaciais na velocidade do vento (Sen, 2001). Porém, ventos descendentes sdo fendmenos
meteorolégicos de montanha que contribuem para extremos de temperaturas localizadas e também contribuem
para varios impactos sociais e ambientais (Abatzoglou et al., 2021). A mudanga na inclina¢do do terreno
produz pequenas flutuagdes na temperatura potencial virtual Peckham and Wicker (2000) favorecendo o
fluxo do vento, tornando as carateristicas topogréaficas um dos fatores mais comuns que contribuem para a
variagdo espacial do vento.

Todavia, ainda existe uma grande lacuna na melhoria da avaliagdo global de riscos edlicos (Tan and
Fang, 2018). Em geral, os riscos edlicos sdo espacialmente heterogéneos, os fatores locais como altitude,
declividade e o aspecto, uso e cobertura do solo influenciam muito os perfis de vento em escala local. Portanto,
geoprocessamento com recurso a modelo digital de elevagdo podem ter uma contribuigdo significativa como
ferramenta de apoio a decisdo na identificacdo de locais ambientalmente vidveis de riscos de desastres edlicos
que exigem gestao estratégica e preventiva. Objetivou-se caracterizar as variaveis morfométrica da bacia
hidrografica do Ribeirdo Vermelho, relacionar os indices de exposi¢do e protegdo aos riscos de desastres.

3
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3. Material e Métodos

3.1. Caracterizacdo da drea de estudo

O estudo foi desenvolvido na bacia hidrografica do Ribeirdo Vermelho, localizada no estado de Minas
Geral, Brasil, situada entre as coordenadas 21°26" a 21°18’ de latitude Sul e 44°95" a 45°07’ de longitude
Oeste, incluindo a drea urbana do municipio de Lavras Figura 1. O clima predominante é classificado como
Cwb, temperado chuvoso, com inverno seco e verdo chuvoso, subtropical. A temperatura média anual é de
19.3°C, tendo nos meses mais quente e mais frio temperaturas médias de 21.3 e 15.1°C, respectivamente. A

precipitacdo total anual média de 1.530 mm (Alvares et al., 2013).
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Figure 1: Localizacdo da bacia do Ribeirdo Vermelho, Minas Gerais, Brasil

A regido compreende o afluente que percorre a zona urbana de Lavras, com cerca de 15 km e desdgua no

Rio Grande.

3.2. Obtencao e tratamento de dados in situ e radiométricos

Os dados da direcgao e velocidade do vento foram obtidos através da estacdo meteoroldgica convencional
do Instituto Nacional de Meteorologia (INMET), localizada no campus da Universidade Federal de Lavras
(UFLA) entre as coordenadas 21°13'34" S, 44°58 46" W, 916 m de altitude, disponiveis para o acesso publico

através do Banco de Dados Meteorolégicos para Ensino e Pesquisa (BDMEP), no formato Ezcel.
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Para obter a variacdo do regime do vento nas escalas de tempo anual foi usado o indice de tempo bésico
t, u(t;) =u; e 0(t;) = 0;, comi=1,2, -, representando a série temporal de velocidade e dire¢do do vento,
respectivamente e escala t; sdo em horas, enquanto os meses foram indicados pela letra m e os anos pela
letra j. A velocidade média anual do vento m,, y ¢ calculada usando a Equagdo 1 de acordo com (Schubert

et al., 2022).

J
1
Myy = j;mu,jv (1)

A diregdo predominante do vento é caracterizada através da realizagdo de uma andlise de frequéncia das
observagoes média didria, utilizando a expressdo da Equagéo 2 conforme Grange (2014) para cada més do

ano.

ST

) + flow (2)

éRV = arctan (

flow = + 180 for arctan (2) < 180

v

flow = - 180 for arctan (%) > 180
em que Ogy representa a direcio do vento, @ é usado para a medicio horizontal do vento e ¥ representando
os componentes leste-oeste e norte-sul. As frequéncias de diregdo é plotado em gréafico de rosa-do-vento para
melhor visualizagdo. As diregdes sdo colocadas em siglas e representadas por: norte (N), leste (E), oeste (W),
sul (S), nordeste (NE), noroeste (NW), sudeste (SE), sudoeste (SW).

Foram determinados os atributos topogréaficos primérios (elevagio, declividade e o aspecto) para determinar
a influéncia dessas varidveis morfométricas na variacdo espacial da velocidade e dire¢éo, indices de exposi¢io
e de protegdo da bacia hidrografica do Ribeirdo Vermelho ao vento. Os dados radiométricos sdo provenientes
da conversdo ou calculos de resolucdo espacial do pixel obtidos do modelo digital de elevacdo. Para a area

de estudo, o o modelo digital de elevagao foi obtido da Shuttle Radar Topography Mission (SRTM) numa

resolucao de 30 m.

3.3. Linguagem computacional e pacotes utilizados para processamento de dados

Nesse estudo foi utilizado a linguagem R, v. 4.3.3, com recurso aos pacotes presentados na Tabela 1 que
foram utilizados para manipular e processar dados provenientes do modelo digital de elevagdo através de
técnicas de geoprocessamento para realizar a caracterizagdo morfométrica da bacia hidrografica e demostrar
a variacgdo espacial do vento. Também forma aplicados para a identificacdo de locais vulnerdveis a riscos de
desastres edlicos. Também foram utilizados para realizar a estatistica descritiva da série temporal das médias

de velocidade e dire¢do do vento na regido do estudo.
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Table 1: Pacotes R de interesse na pesquisa sobre a caraterizacdo da morfométrica da bacia do hidrografica do Ribeirdo Vermelho

e sua relagdo com indices de exposi¢do e protegdo ao vento.

Pacote

Descrigao

Referéncia

rWind

ggplot2

openair

x1lsx

Terra

raster

Foi usado para gerenciar dados de vento e calcular as
médias.

Foi usado na implementagdo da gramatica de graficos
e para mapear dados da pesquisa.

Foi usado para analisar, interpretar e entender os
dados meteorolégicos como a func¢io windRose, que
visualiza a dire¢ao do vento.

Forneceu fungdes para ler, gravar e formatar a base
de dados do vento no formato Ezcel 2007 usando o
R.

Forneceu métodos para analise de dados espaciais e
tratamento de raster (grelha). Os métodos raster
inclui operacoes locais e os métodos de previsao e
interpolagéo facilitam a utilizagdo de modelos do tipo
aprendizagem automatica.

Forneceu fungoes gerais de manipulagdo de dados
raster que foram facilmente utilizados para desen-

volver fung¢bes no tratamento dos dados.

Fernandez-Lépez et al. (2022)

Wickham et al. (2016)

Carslaw and Ropkins (2014)

Dragulescu et al. (2020)

Hijmans et al. (2022)

Hijmans et al. (2013)
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8.4. Atributos morfométricas da bacia hidrogrdfica do Ribeirdo Vermelho

O primeiro pardmetro mais simples que é um possivel estimador da exposi¢do topogréfica ao vento é a
distancia angular do azimute da diregdo do vento «,., ou seja, aspeto do terreno. O segundo potencialmente
util para estimar a exposigdo topogréifica ao vento é o dngulo do horizonte ¢ na direcdo do vento. A
combinacio dos dois pardmetros identificados da superficie do terreno, juntamente com a consideracao da

influéncia da inclinagdo 3, pode ser feita com o uso da Equacao,

€08 Yy = sin p cos B + cos p sin S cos au. (3)

em que 7, é o angulo entre um plano ortogonal ao vento e o plano que representa localmente a superficie
terrestre (Bohner and Antoni¢, 2009).

Todos os pardmetros da superficie terrestre sugeridos aqui como possiveis estimadores da exposi¢do da
superficie terrestre ao vento podem ser aplicados de duas maneiras gerais: (1) usando exposi¢do topografica
ao vento de uma dire¢do predominante selecionada inicialmente, mais frequentemente com base em uma
rosa dos ventos local extraida de dados coletados na estagdo meteoroldgica mais préxima, (2) usando varias
exposigdes topograficas ao vento de diferentes diregdes hipotéticas (por exemplo, para cada 45°). A diregdo
que apresentar a maior capacidade de explicar uma variabilidade espacial do fenémeno visado pode entao ser
usada como a diregdo mais adequada (Bohner and Antonié, 2009). Nesse estudo foi aplicado o uso exposigio
do relevo (topogréfica) ao vento de uma dire¢io predominante selecionada previamente (Leste), com base

nos dados meteorologicos.

3.5. Algoritmos de declividade e aspecto

Para determinar a declividade e o aspecto, baseou-se em um dado ponto de uma superficie z = f(z,y).

A declividade (S) e o aspecto (A) foram definidos como fungdes dos gradientes nas diregdes z e y, ou seja,

diregbes Leste-Oeste (W-E) e Norte-Sul (N-S),

S = arctan (, 12+ fg) (4)

A = 270° + arctan (@) _gpe Sz

fa | x|

em que f; e f, sdo os gradientes da funcéo f(z,y) nas dire¢des = (Leste-Oeste) e y (Norte-Sul), respectivamente;

(5)

arctan é a fungdo arco-tangente; o aspecto A é ajustado para refletir a orientagido angular em graus com base
na convencao cartografica.

De fato, fica claro que a chave para o cédlculo do declividade (S) e do aspecto (A) é a obtengdo dos
gradientes f; e f,. Quando se utiliza um modelo digital de elevagdo baseado em grade, uma abordagem
comum para estimar esses gradientes é a aplicagdo de uma janela mével 3x3 ao redor de cada célula. Essa

7
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janela permite o uso de métodos numéricos como o diferencial finito ou o ajuste de polinémios de superficie
local, que fornecem aproximagdes para as derivadas parciais da elevagdo nas diregdes x (Leste-Oeste) e y
(Norte-Sul). A partir desses gradientes, calculam-se entao a declividade e o aspecto conforme definido nas

Equagoes (4) e (5).

3.6. Determinacgio da deflexdo do vento na bacia hidrogrifica do Ribeirao Vermelho

Para determinar o indice de barlavento e sotavento (efeito do vento) na bacia hidrogréfica do Ribeirdo
Vermelho procedeu-se a modelagem do fluxo do vento baseando-se na Equagao 6, proposta por (Ryan,
1977), uma equacao simples para a deflexdo do vento de gradiente soprando através de uma encosta, onde a
declividade era inferior a 45°. Sabe-se que a topografia produz o efeito de rotacido do vento como foi proposto

por (Purves et al., 1998).

Fd = —2555,Sin(2(A - 9)) (6)

em que Fy é o desvio do vento (graus), sq é a inclinagdo (%), A é o aspecto da encosta (graus) e 6 é a diregdo
do vento (graus).

Esta equacdo permitiu que a dire¢do do vento em células individuais fosse modificada de acordo com o
aspecto e a declividade de uma célula em relagio a dire¢do do vento. Como os calculos da deflexdo do vento
(Equagdo 2) afeta a dire¢ao do vento, que é uma varidvel utilizada no célculo do indice de abrigo, entéo os

vetores desviados sdo calculados antes do indice de abrigo ou protegido (Purves et al., 1998).

3.6.1. Determinagdo do indice de sotavento e barlavento

Verificou-se a coeréncia geométrica e a compatibilidade dos sistemas de projecdo entre os dados vetoriais
e raster, para limitar a andlise a drea da bacia hidrografica. O modelo digital de elevagao foi recortado e
mascarado com base nos limites da bacia. A orientacdo das encostas foi determinada utilizando a fungao
terrain da biblioteca raster, gerando um raster de aspecto em graus. A dire¢do do vento predominante foi
90° (Leste), e o indice foi calculado com base na deflexdo angular entre a orientagdo da encosta e a dire¢do
predominante do vento. Portanto, os indices de barlavento e sotavento foram armazenados como um novo
raster e visualizado para andlise espacial da influéncia do relevo sobre a circulagdo do vento na bacia.

O indice de barlavento (Windward Index) é uma métrica que mede a exposi¢ao do relevo ao vento
predominante. Foi calculado a partir da diferenca angular entre a diregdo do vento e o aspecto da encosta,

usando a Equacéo 7.

WI =cos(A—0) (7)

em que W é o indice de barlavento, A =e a dire¢do do vento em radianos e 6 é o aspecto da encosta em

radianos.
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O indice de sotavento (Leeward Index), representa a alteracdo na intensidade e dire¢do do vento devido a
interagdo com o relevo. Esse indice é calculado a partir da diferenca angular entre a diregdo do vento e o

aspecto da encosta, conforme a Equacio 8,

LI = —cos(Ayad — braq) ®

em que LI é o indice de sotavento, A,.q € a diregdo do vento convertida para radianos e 6,,q € o aspecto da
encosta convertida para radianos.

No entanto, o dngulo da dire¢ao do vento (A) é fornecido como um pardmetro de entrada, representando
a orientag¢do do vento (em graus). Neste caso, o valor utilizado foi de (90°), posi¢iao que o vento é proveniente
do Leste a Oeste. O aspecto da encosta foi extraido diretamente do modelo digital de elevacdo e representa a
orientacdo da superficie do terreno. A partir dessa informagdo, identificou-se a diregdo das encostas (para
montanhas ou vales) e, consequentemente, inferir as dreas de barlavento e sotavento. Com base na diferenga
angular entre a direcdo do vento e o aspecto da encosta, calculou-se a deflexdo do vento, com seu valor foi

estimado a intensidade do vento em areas de sotavento.

3.6.2. Determinagdo do indice de exposicdo ao vento na bacia hidrogrifica do Ribeirao Vermelho
Utilizaram-se varidveis morfométricas (altitude, declividade e o aspecto) para analisar a redistribuicdo
do vento (variagdo espacial) baseados no terreno. Os calculos dos pardmetros de redistribuigdo do vento

baseara-se baseou-se nos estudos de Winstral et al. (2002); Paraschaki and Eriksson (2019), utilizando modelo

digital de elevacdo e dados médios de velocidade e direcdo do vento predominante na bacia hidrogréfica.

Para o efeito, foi escolhido uma janela de andlise contra o vento centrada na dire¢do predominante até 90°,
conforme demonstra-se na Figura 2, e com base na Equacao 9.
em que linha a negrito representa a superficie terrestre. N, indica o norte. O terreno & volta do ponto A tem

o declividade (SLP) e o aspeto (ASP). O aspecto relativo do terreno (RT'A) é a distancia angular absoluta

entre o aspecto do terreno e o azimute do fluxo de vento (AW F'), o dngulo do horizonte (HN A) do ponto A.

Para um dado azimute do fluxo de vento é determinado pelo ponto mais alto com a distancia de procura
escolhida (SDS), o angulo entre um plano que localmente representa o terreno (P;) e o plano ortogonal
ao vento (P) é denotado por APO (o ponto A’ é uma proje¢do do ponto A no plano ortogonal) conforme
(Bohner and Antoni¢, 2009).

Portanto, uma alteracdo da distancia de busca pode alterar o 4ngulo do horizonte. Estendendo-se contra

vento de cada pixel, a janela foi limitada lateralmente por dois azimutes separados por uma largura escolhida

arbitrariamente de 135° (A1 = 0° e A2 = 135°) observados no R, podem se observados no software SAGA GIS.

A largura lateral da janela escolhida (300 metros) permitiu a inclusdo do terreno que nao esteja diretamente
contra o vento da célula com base nas observagoes dos dados climaticos, consoante a pesquisa de Winstral
et al. (2002); Paraschaki and Eriksson (2019), utilizando a Equagao 9.

9

118



119

ot
/ interest

v

Figure 2: Representacdo esquemadtica da modelagem do vento de diregao leste na bacia do Ribeirdo Vermelho, Minas Gerais,

Brasil considerando a célula de interesse
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(9)

ST A dmaz(Ti, y;) = max {tan (ELEV(%M%) _ ELEV(wi,y,;)>:| , €S

V(@y — )2+ (yo — vi)?
em que A é o azimute da diregdo de pesquisa, (x;,y;) sdo as coordenadas da célula de interesse e (z,,y,) sdo
o conjunto de todas as coordenadas das células localizadas ao longo do vetor de pesquisa definido por (z;,y;),
A e dyae (distdncia de busca). Foi especificado de uma distancia de busca dynq. de 300 metros que controla

a extensdo do terreno a ser analisado contra o vento, como ocorreu no estudo de Winstral et al. (2002).

3.6.3. Determinagdo do indice de protecdo ao vento na bacia hidrogrifica do Ribeirao Vermelho

Foi aplicado a técnica de geoprocessamento para determinar o indice de protecdo contra vento. A
semelhanga da defini¢do proposta por Winstral et al. (2002), utilizou-se o gradiente maximo num determinado
raio na dire¢do do vento a montante como medida de protecdo topografica contra o vento utilizando a

Equagao 10 proposta por Plattner et al. (2004):

Indice de protecio(S) = arctan (max {M}) , TE€S (10)
o — T

em que z(zg) ¢ a altitude ou elevacdo do ponto de referéncia onde o indice estd sendo calculado, z(z) sdo
as altitudes dos pontos vizinhos ao redor do ponto central, usadas para comparar a variacdo de altura,
|zo — 2| mede a distancia horizontal entre o ponto central (xg) e cada vizinho (z), % calcula a taxa
de variagao vertical (diferenga de altitude) dividida pela distancia horizontal (declive ou gradiente) entre o
ponto central e seus vizinhos. O valor quantifica a especificagdo entre os pontos, x € S sdo os pontos x locais
pertencentes ao conjunto espacial S ao redor do ponto central, o arctan converte a orientacgéo calculada em
um angulo (graus ou radianos), facilitando a interpretagido da protegdo ou exposigdo e o mazx seleciona a
maior especificagdo entre o ponto especifico e os pontos vizinhos, destacando o local mais exposto ao redor.

Portanto, indice de abrigos é uma métrica usada em estudos de topografia e geociéncias para quantificar
o grau de protecdo ou exposi¢do de um ponto em relagdo a relevo circundante. Esse indice mede o angulo

méximo de elevagdo em relagdo a um ponto de referéncia (zg).

3.7. Variagdo espacial de velocidade do vento e e andlise de riscos de desastres na bacia hidrogrifica

A varic¢do espacial do vento e a andlise de riscos de desastres foram feitos com base nos algoritimos
apresentados anteriormente, baseados no modelo digital de elevacao, velocidade média da série temporal
e na dire¢do do vento predominante. No entanto, os resultados serdo apresentados no mapa da regido da
bacia hidrografica com as respectivas classes de riscos de desastres. Procedeu-se a coleta das coordenadas
geograficas com recurso a um telefone celular conectado ao Google Earth Pro os pontos considerados criticos
a ventos fortes com base no histérico de desastres (de 27 de Setembro de 2023 a 02 de Abril de 2024) nos

pontos identificados. Também foram coletadas coordenadas em outros pontos de forma aleatéria como
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forma de validar o mapa de classes de riscos desastres. Com base numa cdmera fotografica da marca Canon,
modelo T3 foram registradas imagens dos locais em riscos de desastre demonstrando infraestruturas publicas
e privadas em riscos.

Table 2: Pontos identificados para validacdo do mapa de velocidade do vento na bacia hidrografica do Ribeirdo Vermelho, Minas

Gerais, Brasil.

Pontos Elevagdo (m) Latitude Longitude
Nutrili 801.17 21°12'34"  45°01'51"
Proximidades da Nutrili 810.65 21°12'41"  45°02'00"
Estacdo de tratamento de dgua (Copasa) 813.73 21°12'58"  45°00'59"
Nova rodovia para Tjaci 818.57 21°13'10"  45°00'38"
Jardim Campestre 2 925.45 21°13'43"  45°00'44”
Avenida (vale do moro) 869.39 21°13'53"  45°00'40"
Jardim Campestre 1 883.93 21°13'59"  45°00'42"
Praca do Jardim Gléria 895.38 21°14'06"  45°00'17"
Rodovia BR 265 (vale do moro) 842.81 21°14'01"  45°00'00"
Praca DR. Jorge 861,1 21°13'56"  45°59'50"

4. Resultados

A metodologia aplicada no estudo, com recurso ao modelo digital de elevagdo vao permitir caracterizar
a morfometria da regido do estudo e apresentar a sua relagdo com a variagdo espacial do vento gerando
mapa detalhado sobres influéncia do relevo na ocorréncia de desastres eélicos, podendo contribuir para o
entendimento de processos ambientais causados pela varidvel climdtica de interesse (vento). Contribui para
a andlises de riscos de desastres, identificacdo de locais de implantagdo de quebra-ventos, planejamento

sustentdvel do uso e ocupagdo do solo e instalagdo de parques edlicos.

4.1. Dados meteoroldgicos da bacia hidrogrifica do Ribeirao Vermelho

A estatistica descritiva dos dados meteoroldgicos demonstram que a média da velocidade do vento da série
temporal é 1.83 ms™!
Essas informag6es meteorolégicas foram consideradas como dados de entrada para determinar os indices de
variagdo espacial do vento em funcéo do relevo aplicado ao modelo digital de elevagao.

Para a modelagem do vento, o modelo digital de elevagio foi convertido para formato terra de modo que

fosse aplicado com eficiéncia nos calculos do aspecto e da declividade em graus usando a fungao terrain.

As varidaveis morfométricas da bacia hidrografica do Ribeirdo Vermelho apresentadas neste estudo para

12

e a diregdo predominante é Leste (90°) e 15.5% de ventos calmos na bacia hidrografica.
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Figure 3: Caracteristica dos dados meteorolégicos (média e diregdo) do vento da bacia hidrografica do Ribeirdao Vermelho, Minas

Gerais, Brasil de 2010-2023.

permitirem caracterizar a variagdo espacial do vento pelo fato de serem co-varidveis explicativas de interesse
para compreender o fluxo do vento na regidao. Assim, determinaram-se as varidveis meteoroldgicas que serdao

correlacionas com a variavel climatica vento.

4.2. Variagao do relevo do relevo da bacia hidrogrdfica do Ribeirao Vermelho

A altitude da bacia hidrografica do Ribeirdo Vermelho varia entre 769.7 m e 1081.9 m, conforme a
Figura 4. A andlise do relevo da bacia é um fator relevante, pois é o delimitador dos cursos de dgua. Além
disso, a variagdo da elevagdao de uma bacia estd fortemente associada & temperatura do ar, precipitacao e
caracteristicas do vento, e essas varidveis influenciam diretamente nos processos de ocorréncia de desastres e

ou de geragao de energia edlica.

4.8. Variagao da declividade da bacia hidrografica do Ribeirdo Vermelho

A partir do modelo digital de elevagao, foi determinado a declividade do terreno. Foi observado que na
bacia hidrografica do Ribeirdo Vermelho a declividade predominante esta entre 3 a 20°, representadas pelas
classes suave ondulado e ondulada ocupando 45.4 e 44.9°, respectivamente (Tabela 3).

As classes de relevo mais acidentado, suavemente ondulado e ondulado ocupam 90.3° da area da bacia,

indicando que 8.56° da bacia sdo ocupadas por dreas planas e 1.15° por area forte ondulado. Esses resultados
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Table 3: Classificacdo da declividade e areas ocupadas por classes na Bacia Hidrografica do Ribeirdo Vermelho, Minas Gerais,

Brasil.
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Figure 4: Variacao planialtimétrica do relevo da bacia hidrografica do Ribeirdao Vermelho, Minas Gerais, Brasil.

Classe Declividade (graus) Area (km?)
Plano (0 a 3) 8.56 4.77
Suave ondulado (3 a 8) 45.40 25.30
Ondulado (8 a 20) 44.90 25.00
Forte ondulado (20 a 45) 1.15 0.64
Montanhoso (> 45) 0.00 0.00
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séo fundamentais para compreender a influéncia da declividade na variacdo espacial do vento e a identificacdo

de locais de permanente riscos de desastres na regiao do estudo, conforme é descrito nesse estudo.

4.8.1. Variag¢io do aspecto da bacia hidrogrdfica do Ribeirao Vermelho

A variagdo do aspecto () da bacia hidrografica do Ribeirdo Vermelho foi calculado com base nos dados
de entrada (radiométricos) do modelo digital de elevagdo. Para determinar o aspecto do terreno foi ajustado
o intervalo do aspecto para garantir que os valores estivessem entre 0° a 360°. Foi aplicado a fungdo atan2
para calcular o angulo em radianos, de seguida, converteu-se para graus, tendo sido obtido 153.43° valor
relacionado ao eixo x (leste-oeste) e encontra-se no segundo quadrante (nordeste), conforme esperado para
gradientes negativos em ambos os eixos = e y. O valor calculado de Agpaus, nos dé a direcao do declive a
partir do ponto central (x,y) em relagdo aos seus vizinhos, e o valor estard entre 0° e 360°. Este célculo é
repetido para todas as células do raster, e o resultado é um mapa de aspecto, que representa a dire¢do de

declividade do terreno em cada ponto da bacia hidrogréfica.

4.4. Deflexao do vento na bacia hidrogrdfica do Ribeirao Vermelho

A deflexdo do vento (Wind Deflection), uma varidvel que descreve o desvio ou mudanca na dire¢io do vento
devido & interac¢do com a encosta do relevo. Este apresentou valores negativos e positivos. Sistematicamente,
o valor negativo indica que a deflexdo do vento ¢é direcionada de forma oposta ao dngulo de incidéncia do vento,
ao contrario dos valores positivos. Para o ajuste da magnitude da deflexdo foi usado -255 para representa
um fator de escala, que foi ajustado para calibrar a proposta de acordo com observagoes, dependendo das
condigoes locais (o relevo, solo e a vegetacdo) predominante na regido. A orientagdo A correspondeu a 1.57
radianos, representando a intensidade ou o coeficiente que descreveu como a encosta influéncia a deflexao
do vento. Para modelar a interagdo do vento com a interface da encosta foi usado (2(4 - 6), um termo
trigonométrico, gerando o mapa da Figura 5.

O fator 2, que indica a deflexdo do vento nédo ser simplesmente uma fungdo linear da diferenga entre o
angulo de diregdo do vento e a orientacdo da encosta. O dngulo da diregdo do vento (A) descreveu a diregdo
de onde o vento sopra. 6 correspondeu o dngulo da encosta e, diferenga entre A e 6 determinaram como o
vento foi desviado pela encosta local.

A deflex@o do vento é uma especificidade que ocorre devido & interacdo entre o fluxo de ar e a topografia do
terreno, especificamente a orientagdo das encostas. O valor calculado da deflexdo do vento, aproximadamente
-26737,08 graus (-466,7 radianos). O alto valor absoluto da deflexdo sugere que a orientagdo da encosta estd
gerando uma forte alteragdo na trajetoria do vento.

Portanto, os locais com uma deflexao positiva (F4 > 0) sdo zonas propensas & erosdo por vento ou aceleragao
do fluxo de ar, sendo indicadas para energia edlica ou consideradas areas vulneraveis a desertificacdo e

ocorréncia de desastres. Em locais que observa uma deflexdo negativa (Fg< 0) sdo consideradas dreas
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Figure 5: Deflex@o topografica indicando a variacdo espacial do vento na bacia hidrografica do Ribeirdo Vermelho, Minas Gerais,

Brasil.
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protegidas do vento pelo relevo, teis para agricultura ou conservacdo ambiental, também sdo consideradas
regides com potencial de acimulo de sedimentos. Por tltimo, locais onde se registram deflexdo igual a zero
(Fq = 0) s@o consideradas 4reas neutras, geralmente planas ou onde o dngulo da encosta estd alinhado &
diregdo do vento. Através da deflexdo pode se assumir que na regido do estudo predominam ventos de leste
e sudeste, respectivamente visto que o aspecto e a declividade permitem esta deflexdo do vento e torna-o

catabatico.

4.4.1. Variagdo espacial do vento utilizando o indice de barlavento e sotavento

O Indice de Barlavento (Windward Index) foi calculado a partir do cosseno do angulo formado entre o
vetor do vento predominante (90°, diregio leste) e a orientagdo das superficies do terreno (aspecto), obtido
a partir do modelo digital de elevagdo. Este indice varia entre —1 e +1, em que valores préximos de +1
indicam superficies voltadas diretamente ao vento (barlavento), enquanto valores préximos de —1 representam
superficies opostas ao vento (sotavento).

A Tabela 4 apresenta as estatisticas descritivas do indice obtidas para a bacia hidrografica do Ribeirdo

Vermelho.

Table 4: Estatisticas do Indice de Barlavento

Pixels Média  Minimo Maéximo

Positivos  29.288 40,6294 40,0001 +1,0000
Negativos 32.659 —0,6427 —1,0000 —0,00002

Para o indice de sotavento (Leeward Index) foi calculado a partir do valor negativo do cosseno do
angulo formado entre o vetor do vento predominante (90°, diregéo leste) e a orientagdo das superficies do
terreno (aspecto), obtido a partir do modelo digital de elevagdo. Este indice varia entre —1 e +1, em que
valores proximos de +1 indicam superficies orientadas contrariamente ao vento (sotavento), enquanto valores
préximos de —1 representam superficies voltadas diretamente ao vento (barlavento).

A Tabela 5 apresenta as estatisticas descritivas do indice obtidas para a bacia hidrografica do Ribeirdo

Vermelho.

Table 5: Estatisticas do Indice de Sotavento

Pixels Média Minimo  Maximo

Positivos  32.659 40,6427 +0,00002  +1,0000
Negativos 29.288 —0,6294 —1,0000 —0,0001

No entanto, para indice de barlabento, a média de +0.6294 indica que, em média, o dngulo de incidéncia
entre o vento e a superficie é aproximadamente 51° (pois cos(51°) ~ 0.63). O valor maximo de +1.0

corresponde a encostas diretamente viradas para o vento (incidéncia de 0°). Esses resultados indicam que
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Figure 6: O mapa de cima representa o indice de sotavento e o mapa de baixo representa o indice de barlavento da bacia
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47% da drea da bacia estd orientada favoravelmente ao vento predominante, com média de exposigao de
+0,63. Enquanto superficies voltadas contra o vento (sotavento). A média de —0.6427 indica que o angulo
médio entre vento e orientacdo da superficie é cerca de 130° (pois cos(130°) &~ —0.64). O minimo de —1.0
corresponde a superficies totalmente opostas ao vento (incidéncia de 180°). 53% da &rea apresenta orientagio
sotavento, com média de —0, 64. Esta heterogeneidade morfométrica sugere diferentes graus de suscetibilidade
a desastres e6licos, erosdo edlica e & deposigdo de particulas. Assim, cerca de 53% dos pixels (32.659) sdo
negativos (sotavento) e 47% (29.288) sdo positivos (barlavento), evidenciando a heterogeneidade topogréfica,
com areas bem expostas e dreas protegidas.

Na determinacédo do indice de sotavento, a média de 40, 6427 indica que, em média, o 4ngulo de incidéncia
entre o vento e a superficie é aproximadamente 130°, pois cos(130°) ~ —0, 64, e o sinal negativo foi invertido
no calculo, resultando em um indice positivo. O valor maximo de +1,0 corresponde a superficies totalmente
opostas ao vento (incidéncia de 180°), caracterizando dreas de sotavento maximo e potencial redugdo da
velocidade do vento préximo ao solo. Estes resultados indicam que aproximadamente 53% da 4rea da bacia
estd orientada em sotavento, com média de protecdo de +0, 64.

Por outro lado, as superficies voltadas ao vento predominante apresentaram valores negativos, com média
de —0,6294, indicando que o dngulo médio de incidéncia entre o vento e essas encostas é em torno de
51°, pois cos(51°) &~ +0, 63, resultando em indice negativo apds a inversdo do sinal. O valor minimo de
—1,0 corresponde a encostas diretamente voltadas para o vento (incidéncia de 0°), caracterizando areas de
exposi¢gdo maxima (barlavento). Assim, cerca de 53% dos pixels (32.659) apresentaram valores positivos
(sotavento) e 47% (29.288) apresentaram valores negativos (barlavento), evidenciando uma heterogeneidade
topografica marcante, com areas potencialmente protegidas da acéo edlica e areas expostas. Essa distribuicdo
espacial do indice de sotavento fornece subsidios relevantes para avaliagbes de suscetibilidade a erosio edlica,

deposicao de particulas e microclimas diferenciados na bacia hidrografica.

4.5. Ezposicio da bacia hidrogrdfica do Ribeirdo Vermelho aos ventos extremos

O indice de de exposigdo topografica da bacia hidrografica foi determinado com base no cédlculo de
inclinacdo para a célula central e seus vizinhos, considerando elevagdo, calculando o valor da tangente de
inclinagdo com base no modelo digital de elevagdo. Foi obtido um RasterLayer com 140304 elementos,
foi gerado o mapa da Figura 8 sobre a exposi¢do topografica da bacia hidrografica do Ribeirdo Vermelho
originado pelos ventos de direcao leste. Foram determinadas as classes de riscos ao vento para a regiao,
determinando as dreas expostas ao desastres de acordo com a variagdo da diregdo do vento. Constatou-se
que ventos do leste proporcionam muito alto risco em 0.10 km? e 12.02 km? com alto risco e 18.37 km? nao
apresenta a ocorréncia de riscos de desastres.

Ventos do sudeste podem gerar muito alto riscos de desastres em 0.09 km?, muito risco em 10.29 km?

e 13.84 km? com baixo risco. Embora os ventos de direco leste e sudeste sejam mais predominantes, o
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maior risco (risco muito alto a desastres) observado na bacia hidrografica sdo ventos de dire¢ao nordeste,
expondo a bacia hidrogréfica em cerca de 0.11 km?, 13.57 km? ao alto risco e ainda, 17.18 km? com baixo
risco, conforme a Tabela 4 e o mapa da Figura 8. Ventos de diregdo oeste representa menor risco de desastres
0.001 km? (muito alto risco) e 1.49 km? (alto risco), sio moderados para 49.31 km? de &rea total, embora os
mais estaveis sejam ventos de sentido norte, criando estabilidade em 52.11 km? de 4rea e pondo em alto risco

0.004 km? e alto risco a 2.37 km?.

Table 6: Area de risco por causados por vento na bacia hidrografica do Ribeirdo Vermelho, Minas Gerais, Brasil.

Classe de risco N NE E SE S SW w NwW

Baixo 1.23 1718 1837 1384 573 556 495 341
Moderado 52.15 2490 25.27 31.54 40.93 4793 49.31 50.56
Alto 237 13,57 12,02 10.29 9.02 227 149 1.79
Muito alto 0.004 0.11  0.10 0.09 0.07 0.002 0.001 0.001

Os locais de riscos de desastres provocado por ventos fortes na bacia hidrografica do Ribeirdo Vermelho
podem ser visualizados detalhadamente através do mapa da Figura 9. Nesse estudo, foram coletados os
pontos de ocorréncia de desastres de ventos forte, como é o caso dos pontos 1, 2, 3 e 4, correspondendo a praga
do Jardim Gléria, praga Dr. Jorge, Avenida Norte pertencente a UFLA e floresta localizada préximo viveiro
florestal do Departamento de Ciéncias Florestais da UFLA, respectivamente. Também foram considerados
os pontos 5, 6, 7, 8 e 9 pertencentes a de frente a unidade de producao Nutrili, Estacdo de Tratamento de
Esgotos de Lavras (COPASA), Avenida Ministro Alysson Paolinelli (Terceira Alga do Anel Vidrio), Jardim
Campestre-2 e Vale do moro da Avenida Prefeito Sylvio de Castro, respectivamente.

Com base na modelagem da velocidade do vento, nos pontos 1, 2 e 5, o modelo definiu como locais
de ocorréncia de elevado riscos de desastre, o que corrobora com os fatos (desastres) observado no dia 27
de setembro de 2023 nos pontos 1 e 2; e provavelmente com a quebra de Bambus observados no local das
coordenadas da Nutrili (ponto 5). No ponto 9 a modelagem indica a existéncia de riscos moderados a
desastres, o que pode ser devido a existéncia de cobertura de vegetagdo existente no local (drea de preservagio
permanente) e ou, pelo fato de ser num vale do moro. Embora nos pontos 3 e 4 tenha ocorrido a queda de
arvores, esses locais sdo considerados de baixo riscos a ocorréncia de desastres para ventos de direcéo leste,
principalmente devido a ocorréncia da floresta no ponto 3, existéncia de infraestruturas e da vegetagdo no
ponto 4 e 6, conforme a Figura 10 (imagem inferior).

Nesse artigo foi considerado a variagdo do relevo, um aspecto importante que foi utilizado na modelagem.
Constatou-se a variacdo espacial do vento, o que indica a variacdo de locais de ocorréncia de riscos. No ponto
5 demonstra-se a vulnerabilidade da empresa Nutrili ao risco dos ventos anabatico, exposto ao barlavento,

conforme pode ser observado através da figura 10 (imagem superior), pelo que localiza-se no topo de um
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Figure 7: Bairro Jardim Gléria (imagem superior) e Rua do Instituto junto a praga Dr. Jorge (imagem inferior), locais de
ocorréncia de desastre provocados pelo vento no dia 27 de Setembro de 2023. Unidade de processamento de carne - Nutrili
(imagem superior) vulnerdvel a desastres por vento e local da unidade de tratamento de d4gua da COPASA (imagem inferior)

local com baixo risco de ocorréncia de desastre.
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moro, a seguir a um vale. Porém, este fato também podem ser observados nos pontos 1 e 2, conforme as
imagens da Figura 9, sugerindo a colocacgdo de quebra ventos nesses locais de elevado riscos visto que sdo
locais habitacionais, atividades econémicas ou de concentragio da populagio como empresa (Nutrili) e escolas
(junto a praga Dr. Jorge), segundo as imagens.

Portanto, a modelagem prevé a existéncia de riscos moderado tanto no topo do moro (ponto 8) bem
como no vale (ponto 9). Apesar do ponto 6 ser considerado de baixo risco (na rodovia), as infraestruturas da
COPASA pode estar local considerado de elevado risco, como indica a modelagem, pelo que a distdncia entre
as infraestruturas e a vegetacao existente nas proximidades sejam maiores, conforme a Figura 10 (imagem

inferior).

4.6. Protegao da bacia hidrogrdifica do Ribeirao Vermelho contra ventos extremos

A modelagem utilizada nesse estudo prevé locais de ocorréncia de risco de desastre como foi mencionado
anteriormente, mas também prevé os locais que apresenta prote¢io devido a disposigao do relevo (a sotavento
ou barlavento), bem como devido a ocorréncia de vegetagdo considerada drea de preservagdo permanente,
conforme a Figura 11 que representa as classes alta, moderada e baixa protec¢do e, conforme a Figura 12
sobre uso e ocupagado do solo da bacia hidrografica do Ribeirdo Vermelho.

Os resultados do indice de protegdo contra ventos predominantes (leste) obtido e mapeado com base nos
dados de entrada e modelo digital de elevacdo, indicam que 18.37 km? da bacia encontram-se protegidas,
principalmente pela variacao do relevo predominante. Todavia, no outro estudo sobre a caracterizacao da
velocidade do vento na regiao do estudo foi constatado que a diregdo norte apresenta 7.8% da sua frequéncia.
nesse estudo, observa-se que ventos dessa dire¢do sdo mais moderados em termos de dreas de risco, com cerca
de 52.15 km? com riscos moderados, embora apenas 1.23 km? tem baixo risco. Ventos do noroeste tem cerca
de 50.56 km? com risco moderado e 3.41 km? de baixo risco. observa-se que 0.001 km? tem muito risco, o
que significa que o relevo também contribui na protecdo da bacia hidrogréafica, conforme o mapa da Figura
11, representando dreas de menor protecao (mais verde) e de maior prote¢do ao vento (mais claras).

Com base no estudo, foram identificadas dreas de implantagdo de quebra-vento. As dreas identificadas
apresenta uma altitude vaia de 900 a 1081.9 de altura, de acordo com a Figura 9. As regides sugeridas para a
implantagdo de quebra vento representam os a regido com declividade forte ondulado compreendendo 1.15°,

totalizando uma grea de 0.64 km?.

5. Discussao

Na regido do estudo observam-se ventos catabaticos e anabaticos devido as caracteristicas do relevo
predominante. Nesse estudo, a abordagem sobre o indice de barlavento e sotavento foram utilizados para

identificar a encosta que apresenta o potencial edlico, impactos do vento na morfologia de encostas e
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Figure 8: Mapa de cima ilustra dreas de menor prote¢io (mais verde) e de maior prote¢do ao vento (mais claras). A imagem de

baixo ilustra os locais de plantagdo de quebra-ventos na bacia hidrografica do Ribeirao Vermelho, Minas Gerais, Brasil.
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distribuicdo da vegetagdo visto que o terreno é montanhoso. Além disso, a modelagem do indice de barlavento
e sotavento pode contribuir para o planejamento territorial, auxiliando na definicdo de dreas adequadas para
a instalagdo de parques edlicos e na mitigacio dos impactos da erosdo edlica. Areas mais expostas ao vento
podem apresentar padrdes diferenciados de crescimento e estruturagdo da vegetagdo como foi destacado
por (Givnish, 2002). Entretanto, os autores afirmam que a modelagem do indice de barlavento e sotavento,
aliada ao uso de dados de modelo digital de elevacio e sistemas de informagéo geogréfica (SIG), fornece uma
ferramenta robusta para a andlise da variabilidade espacial do vento em regides topograficamente complexas
como a regido do estudo.

Segundo Hesp et al. (2015), os ventos obliquos tendem a ser desviados para uma crista mais normal a
medida que o fluxo se aproxima e cruza a encosta ingreme ou crista, num fenémeno conhecido como deflexao
fluxo do vento. Os autores destacam que a deflexdo do fluxo préximo a superficie ocorre em resposta a
diferengas de pressdo a favor do vento. Todavia, é util considerar por que a deflexdo do fluxo ocorre quando

o vento se aproxima de uma crista ou montanha frontal de um dngulo obliquo. Como também, diferencas de

altura, velocidade do vento e angulo de ataque do vento impactam na deflexdo do vento (Liu et al., 2024a).

Assim, é esclarecida a deflexdo do vento na regido do estudo e os potenciais riscos observados no topo da
montanha proximo ou superior a 1081.9 m. Para além dos pardmetros do terreno definidos localmente como a
elevagdo, aspeto, declive, foram utilizadas caracteristicas morfométricas da bacia relacionadas com o processo
de fluxo do vento. Estas incluem a distdncia horizontal da crista na diregdo do vento (Leste), correspondentes
a 300 m, uma medida de protecdo topografica contra o vento topografico e a radiacgdo solar, de acordo com
(Plattner et al., 2004).

Qian et al. (2009) afirmam que as velocidades verticais ascendentes também aumentaram com o aumento
do angulo de inclinacgdo e da velocidade do vento de fluxo livre. Os pesquisadores afirmam que sobre o
barlavento de uma duna transversal por exemplo, a velocidade do vento aumenta da ponta da duna até sua
crista como resultado da convergéncia do fluxo de ar, resultando em aumento do estresse de cisalhamento
sobre a superficie aerodinamica da duna. No lado de sotavento da duna, o fluxo de ar se separa na crista da
duna devido & mudanca morfolégica dramatica; como resultado, uma célula de separagdo e uma regiao de
esteira se formam no lado de sotavento, e os fluxos se reconectam a uma certa distancia a favor do vento. A
semelhanga do que ocorre, estes fatos podem ser vir de base e sustentar a razdo da maior exposi¢do ao vento
no topo da montanha a 1081.9 m por exemplo, conforme a as Figuras 10 e 12.

Segundo Ngo and Letchford (2009), Tan and Fang (2018), terrenos complexos tém um impacto pronunciado
na velocidade do vento préximo a superficie, pressdo e estrutura de turbuléncia. Consequentemente, os
campos de vento nessas areas exibem uma diferenca significativa daqueles sobre regides planas. Tan and
Fang (2018) afirmam que hd um grande aumento na velocidade do vento sobre colinas e penhascos, o que é
importante ao modelar riscos de vento. Este fato pode ser a grande razao do risco observado no topo do
morro pertencente a bacia hidrografica em estudo.
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Para Ngo and Letchford (2009) a diferenca de aceleragdo entre duas condigdes de rugosidade da superficie
torna-se maior para cristas mais ingremes (declive a favor do vento de 30%). Ainda sobre os efeitos da
declividade topografica, os autores demonstra que as caracteristicas topograficas com uma inclinagao tao
baixa quanto 4.1% podem ter efeitos de aceleracao significativos perto da crista. E, os pesquisadores também
afirmam que a aceleracio na crista aumenta com a inclinagio até uma inclinagiao de ~ 30% e parece constante
acima disso para uma inclinagdo de 100%. Portanto, estudos de Ngo and Letchford (2009) indicam que a
aceleragdo méaxima sempre aumenta com o aumento da inclinagdo a favor do vento e, para caracteristicas
muito ingremes, o local de aceleragdo maxima acima da topografia pode ser movido.

A dindmica dos ventos sobre superficies heterogenicamente variavel é um fator essencial para a compreensao
de processos ambientais como erosdo, dispersdo de poluentes, distribuigdo da vegetagdo e potencial edlico. O
indice de barlavento é uma métrica derivada de modelos digitais de elevagdo que permite avaliar a influéncia
da topografia na variacdo da direcdo e velocidade do vento. Este indice quantifica a relagdo entre a orientacio
das encostas e a direcdo predominante do vento, identificando areas de aceleragdo e desaceleracao do fluxo de
ar.

O mapa do indice de barlavento fornece uma representagdo espacial da interacdo entre a topografia e os
padroes de vento, possibilitando diversas aplicagdoes em estudos ambientais. As regides com valores positivos
do indice indicam encostas voltadas para o fluxo de vento predominante, sugerindo maior exposi¢do ao
escoamento de ar e potencial de erosdo. Entretanto, os valores negativos representam &areas protegidas do
vento, favorecendo a deposicdo de sedimentos e maior retencdo de umidade no solo.

O valor positivo do mapa da Figura 7, significa que a encosta esta voltada no sentido oposto a direcdo
do vento (leste), ou seja, a drea (& sotavento) estd protegida do vento predominantemente. Nessas regiodes,
ocorre uma reducao da velocidade do vento, resultando na formacao de zonas de calmaria e efeitos como
estagnacao do ar; sdo areas propicias ao acimulo de umidade, sedimentos e poluentes, favorecendo a deposi¢ao
de particulas suspensas. Nesses locais podem ocorrer resfriamento noturno mais intenso devido & menor
circulagdo de ar, aumentando a estabilidade térmica local.

Sotavento é um indice importante para compreender a variagdo espacial do vento, especialmente em
regides de relevo acentuado, como bacias hidrograficas e dreas montanhosas. Refere-se as zonas localizadas nas
costas opostas a dire¢do predominante do vento, onde a intensidade do vento tende a ser significativamente
reduzida devido ao bloqueio ou desvio causado por elevagdes do relevo. Foi calculado com base no modelo
digital de elevacédo, é obtido através da comparacdo entre a direcdo do vento e o aspecto da encosta, que é a
orientac¢do da superficie do terreno.

O indice negativo, indica que a encosta estd exposta ao vento predominantemente (leste). Nessas regices,
o vento tende a acelerar, gerando aumento na velocidade do fluxo de ar e favorecendo a turbuléncia. Regites

de sotavento negativos sdo mais propensas a erosdo edlica, especialmente em terrenos com pouca cobertura

vegetal, aumenta a evapotranspiracdo, o que pode impactar os niveis de disponibilidade hidrica do solo.
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Portanto, areas com alto indice negativo podem ser projetadas para a geracdo de energia edlica, pois indicam

fluxo de ar (vento) sdo mais constantes e intensos.

6. Conclusao

A metodologia aplicada, com recurso ao modelo digital de elevacdo permitiu caracterizar a morfometria
da regido do estudo e apresentar a variagdo espacial do vento e sua relagdo com os indices de exposicdo e
protecdo ao vento na bacia hidrogréfica, contribuindo para o entendimento de processos ambientais causados
pela variacao espacial do vento, andlises de riscos de desastres, identificacdo de locais para implantacao de

quebra-ventos, planejamento sustentavel do uso do solo e instalagdo de parques edlicos.
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2 CONCLUSAO

A velocidade do vento na regido de estudo caracteriza-se por uma tendéncia de redugdo
ao longo dos anos. Junho, 1.54 ms~! é o més que caracteriza-se por menor média do vento para
a série histérica 2010-2024 bem como para médias previstas (1.04 ms~!) de Janeiro a Dezembro
de 2025. De Agosto a Novembro a velocidade é mais alta, reduzindo na época chuvosa, sendo
mais instiveis nessa época, provocando desastres como ocorreu nos més de Setembro de 2023,
Janeiro e Fevereiro de 2024 na regido urbana da bacia hidrogréfica, confirmando a presenca de
locais com muito alto risco de ocorréncia de desastres. Ao longo da época seca, a velocidade
do vento € mais estdvel, favorecendo o aproveitamento edlico.

A direcdo do vento predominante na regido € o sentido leste. De Abril a Novembro
os sentidos predominantes sdo leste e sudeste e de Dezembro a Mar¢o predominam ventos de
leste e nordeste o que pode ser benéfico para o aproveitamento edlico na época seca devido a
estabilidade da velocidade. Ventos do nordeste expde cerca de 13.68 km? ao alto e muito alto
risco de ocorréncia de desastes.

A caracterizagdo da variacao espacial do vento torna-se importante para o estudo sobre o
potencial edlico e riscos de ocorréncia de desastres, planejamento e colocag@o de quebra-vento,
instalacdo de propriedades agricolas e agroindustriais..

Todavia, com base anélise da tendéncia do vento e das médias previstas, ficou claro que
na regido ocorre a reducio da velocidade do vento dependendo das mudancas climéticas, prin-
cipalmente o aumento global das temperaturas e baixa umidade relativa do ar. Mas, destaca-se
que a instabilidade observada, causados pelos fendmenos fisicos da terra, Zona de Convergén-
cia do Atlantico Sul favorecem a ocorréncia de instabilidades do vento, podendo causar danos
desastrosos na regido da bacia hidrografica sugerindo-se o reforco a vigilancia e implantacao de
medidas de protecdo preventivamente.
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