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Abstract: The wind is one of the most important and studied variables globally, essential to several
sectors, for example, energy. Therefore, this study assesses the wind regime and analysis trends
in three locations within the Paraná state, Brazil. The historical series were recorded between 1976
and 2010 at conventional meteorological stations belonging to the Brazilian National Institute of
Meteorology. WRPLOT version 8.0.0 software was used for elaborating wind roses and histograms
in the annual and seasonal scales. Detection of trends and temporal rupture points was performed
using different statistical methods (Run, Mann–Kendall, Pettitt and Shapiro–Wilk tests) for all me-
teorological stations. All statistical tests were conducted using the R software version 3.3.2. On a
seasonal scale, summer and spring present the highest wind speeds in the Curitiba and Paranaguá
stations due to meteorological systems on different scales, such as the South Atlantic subtropical
anticyclone and frontal systems. The Mann–Kendall test revealed that Castro presented statistical
significance in reducing wind speed, with a decrease of 0.23 m/s per decade for the annual scale and
0.23 m/s per decade during the autumn season. These ruptures indicated a decrease in wind speed in
Curitiba and Paranaguá for the spring season. The Pettitt test revealed a break point detection in the
data series in Curitiba station, likely due to urban expansion that started in the 1980s, reducing wind
speed, especially in winter and spring. These trends and ruptures revealed a significant reduction
in wind speed, possibly due to the interaction between natural climate changes and the increase in
surface roughness resulting from land use and urbanization changes.

Keywords: Mann–Kendall test; effects of urbanization; atmospheric patterns; climate change; com-
plex topography

1. Introduction

The wind is a meteorological variable that has two main attributes—direction and
speed—and is fundamental in several strategic sectors, such as wind erosion [1,2], renew-
able energy production [3–7], and sanitation [8–10]. The knowledge of wind patterns makes
it possible to identify areas of propagation of pests, forest fires, pollination, and windbreak
practices [3,8,11].
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In urban areas, it is worth mentioning that information on wind direction and speed
enable the correct installation of industries in sectors with greater potential for dispersing
pollutants in the atmosphere and, thus, avoid negatively affecting air quality [9,11]. Several
factors influence the wind (speed and direction), such as aerodynamic roughness (z0), topog-
raphy (altitude), vegetation, latitude, solar radiation, shoreline proximity, and continental
characteristics [3,12]. In addition, there is the influence of the following meteorological
systems on different scales: (a) synoptic, such as frontal systems (FS), the South Atlantic
convergence zone (SACZ), and the South Atlantic subtropical anticyclone (SASA) [13,14];
(b) mesoscale, such as breeze circulations [15,16], and (c) local, by convection [15,17–20]

Most studies addressing wind characteristics in Brazil use short time series (5–10 years),
as seen in reference [3] for Ituverava (São Paulo state), [13,21–23] for Rio de Janeiro state,
and [9] for Southeast Brazil. This limitation of data in the time series is related to the absence
of data motivated by data recording problems (delay in maintenance and calibration of
the automatic anemometric stations). Using historical data series allows us to investigate
variability and trend patterns of meteorological elements in a given study region [1,24].

Several methods are used for the detection of these patterns, such as multivariate
analysis [9], quantile regression [14], and trend analysis based on the Mann–Kendall and
Pettitt tests [25–29]. This study will use the statistical trend tests based on the Mann–
Kendall (MK) and Pettitt methods. The detection and quantification of temporal trends
in wind speeds within historical and contemporary climates support the evaluation of
models used to estimate possible future wind speed regimes under global climate change
scenarios [4,30].

The study region is the eastern (E) area of Paraná state, Brazil. It consists of a complex
region if analyzed by its climatological aspects, mainly due to the influence of meteoro-
logical systems on several scales [31–33]. In addition to these factors, the Atlantic Ocean
and the orography of the Serra do Mar and Escarpa Devoniana ridges are essential for
interacting with local meteorological elements [34,35]. In order to fill this gap, this study
aims to characterize the wind regime (speed and direction) of the Eastern region of Paraná
state (Brazil), identifying the possible annual and seasonal trends based on a 35-year-long
historical series of data.

2. Materials and Methods
2.1. Study Area

The Castro, Curitiba, and Paranaguá cities are in the East sector of Paraná state, as
shown in Figure 1. The city of Paranaguá differs from the other two municipalities for its
location in the Coastal Plains region of the state. The average distance between the Atlantic
Ocean and Curitiba in a straight line is approximately 75 km, while Castro is 170 km from
the coast of Paraná [36].

In the state of Paraná, Serra do Mar ridge is the most prominent geomorphological
feature [37], with altitudes above 1800 m and separating the Coastal Plain (Paranaguá) from
the first Plateau of Paraná (Curitiba). Around the Castro region, the Devonian Escarpment
divides the first from the second Plateau of Paraná and reaches altitudes above 1000 m in
some stretches.

The study area corresponds to the most densely populated and urbanized sector of
Paraná. In Curitiba, the state’s capital, the estimated population is over 1.9 million inhabi-
tants, and its Metropolitan region has an estimated population of more than 3.8 million.
The municipalities of Castro and Paranaguá have 72,125 and 157,378 inhabitants [38], re-
spectively. For example, the population of Curitiba in the 1960s was 361,309 inhabitants,
while Paranaguá was home to about 62,000 inhabitants in 1970. It was during the 1970s
that the state of Paraná reached a primary urbanization rate, going from 36.1% in 1970 to
58.6% in 1980 [39]. In general terms, there was a dense and robust urban growth around
the cities that currently host the weather stations presented in Figure 1.
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Figure 1. Location of the study area.

According to the Brazilian National Institute of Meteorology [40], Castro and Curitiba
present an average annual rainfall of 1469.9 mm and 1507.4 mm, respectively. Both cities
present the same average annual temperature of 16.8 ◦C. According to [41], the Köppen
climate classification scheme of these cities is type “Cfb” with mild subtropical humid-
ity [35,36]. On the other hand, [33] described that Paranaguá city is characterized by an
average annual rainfall and temperature of 2130.1 mm and 21.3 ◦C, respectively, and the
Köppen climate classification scheme is type “Cfa”, being hot, humid subtropical [31].

2.2. Wind Temporal Series and Graphical Analysis

Wind speed data (1976–2010) was collected using three conventional meteorological
stations’ anemometers. The wind records (direction and speed) were recorded on the
9th, 15th, and 21st local times (LT), totaling 38,352 records (115.056 total) for each station
(Table 1). The selected stations have a long time series (35 years), representing different
regional atmospheric dynamics in the study region. Data fault filling was not applied to
preserve the recorded data because these missing data were below 11%.

Table 1. Geographic location, altitude, and failures of the meteorological stations Castro, Curitiba,
and Paranaguá.

OMM
Code Meteorological Stations Distance to the

Coastline (km)
Lat.
(S)

Lon.
(W)

Altitude
(m)

Missing Data
(%)

83813 Castro 180 24.78 49.99 994.7 10.0

83842 Curitiba 75 25.43 49.26 923 1.9

83844 Paranaguá 0 25.23 48.51 4.5 10.5
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The instrument used in conventional meteorological stations is the three-cup anemome-
ter, which records three synoptic observations throughout the day, according to the World
Meteorological Organization (WMO) standards. The National Institute of Meteorology
(INMET) follows the standards established by the WMO, where conventional stations
with wind direction and speed data are called climatological stations. The location of the
weather stations did not change during the study period; thus, there is no interference from
these aspects to the trends and ruptures identified by this study.

For the creation of the wind roses and histograms, direction (◦) and wind speed (m/s)
were plotted using WRPLOT software version 8.0.0 [42]. These wind roses and wind class
histograms were divided into two scales: climatology and seasonal.

2.3. Analysis of Meteorological Systems and Nonparametric Tests Applied

Due to the eventual missing data, the Run test was applied to the annual wind series
to select years with serial correlation. After identifying these years, the interaction between
the meteorological systems and the wind regime was assessed based on the Climanálise
climatological bulletin [43]. The Run test is a nonparametric test that evaluates whether
a time series is randomly distributed, and its application in the scientific literature is
common [15,44,45]. The Run test is usually used to verify normality in weather attributes,
and its results are in the form of statistics which indicate whether the data set passes or
fails the randomness test [46].

The test counts the number of oscillations high (coded 1) and low (coded 0) of the
median values in a naturally ordered data series. The number of oscillations is called “run”,
and one must test whether the observed value is within the normal range. A high run
value indicates several changes, while low values indicate a deviation from the median
during the recording period. Thus, if the sequence contains N1 symbols of one type and
N2 symbols of another type (N1 and N2 are not very small), the sample distribution of the
total number of runs can be approximated by a normal distribution with mean described
by Equation (1), and the variance of the distribution based on Equation (2):

E(u) =
2N2N1

N1N2
+ 1 (1)

Var(u) =
2N1N2 (2N1N2 − N1N2)

(N1N2)
2 (2N1N2 − 1)

(2)

In these equations, u represents the number of runs. Thus, the null Hypothesis (H0)
that the symbol distribution usually occurs and that the sample is random can be tested
based on the statistics described in Equation (3):

Z =
u − E(u)√

Var (u)
(3)

The calculated value is comparable to Z values for normal distribution. For example,
for the significance level of 10% probability, Z lies between the range −1.69 to 1.69 (Table 2).
Therefore, if the calculated Z value exceeds the tabulated value, we reject H0. The Run test
calculation used the randtests package of the R software version 3.3.2 [47].

The Mann–Kendall (MK) test was applied to analyze trends in wind patterns. This
test uses the hypothesis that the sequence of values occurs independently in the stability of
a time series, and the probability distribution must remain the same in a simple random
series [11,25,29,48].

The Pettitt test [49] was applied to identify break point detection in the time series.
This nonparametric test allows the confirmation of the stationarity of a historical series,
highlighting random fluctuations, where the observations are invariant regarding the
chronology of their occurrences. The Mann–Kendall and Pettitt test calculation used the
randtests package of the R software version 3.3.2 [25–29,47].
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Table 2. Classification of ZMK value in the 90% confidence interval.

Categories Scales

Significant increasing trend ZMK > +1.64

Non-significant increasing trend ZMK < +1.64

No trend ZMK = 0

Non-significant decreasing trend ZMK > −1.64

Significant decreasing trend ZMK < −1.64

2.4. Parametric Tests of Shapiro–Wilk (SW)

The SW test was applied to the time series according to a normal probability dis-
tribution. It consists of the ratio of two distinct estimators of variance. The numerator
estimator is based on a linear combination of quantities related to the normal distribution.
The conventional way obtained the estimator in the denominator, and the test statistic of
SW (W) is defined by Equation (4):

W =

[
∑k

i = 1 an−i+1(x
n−i+1yi )

]2

∑n
i = 1(yi − y)2 =

[
∑k

i = 1 ai
y(i)

]2

∑n
i = 1(yi − y)

(4)

where i = 1, 2, n, is the sample size; yi = measurement value of the sample under analysis,
ordered from lowest to highest; y = the average value of the measurement; ai = coefficient
generated from variances and covariates of the statistical order of a sample of size n and a
normal distribution.

Using X as the analyzed variable, we formulate the hypotheses:

H0. The wind data of the stations present residues with a normal distribution (Gaussian);

H1. The wind data of the stations do not present residues with a normal distribution (Gaussian).

The conditions for the data to be distributed according to a normal distribution at
probability level α (10%) are:

For Wcal ≤ Wtab reject H0 to p_value α < 0.10 (significant—S);
For Wcal ≥ Wtab accept H1 to p_value α > 0.10 (non-significant—NS).

3. Results
3.1. Spatio-Temporal Characterization

This topic presents the climatological wind patterns (Figure 2) for Castro, Paranaguá,
and Curitiba stations, considering the period between 1976 and 2010. Analyzing the wind
direction data recorded in the Castro (Figure 2a), it presents a predominance of calm
winds (47.4%), while Curitiba and Paranaguá (Figure 2b,c) registered 30.6% and 32.6%,
respectively. This different pattern verified in Castro occurs mainly due to topographic
influence, as the city is close to the Serra Geral (>1500 m) ridge and where topography
causes a lot of stagnation in the local wind regime [16,17].

The seasonal wind pattern presents a distinct behavior regarding direction and speed.
The spring and summer (Figure 3) seasons present the highest wind speed averages, with
the lowest percentage of calms during spring, and values of 70.6%, 21.6%, and 31.4% for
Castro, Curitiba, and Paranaguá, respectively. It is noted that the highest wind speed
percentage in the class relative to 2 m/s and 3 m/s occur during spring in Castro (9.8%)
and Curitiba (15.8%), while in Paranaguá, it occurs during the summer, with 19.6%.

Conversely, the highest percentage of calm winds in Castro (78.6%) occurs during
autumn, while in Curitiba (38.8%) and Paranaguá (44.3%), it occurs in the winter. However,
calm winds are less frequent during autumn in Castro (2.2%) and Curitiba (9.4%) and
during winter at Paranaguá (7.1%)—(Figure 4). Thus, the decrease in wind speed during
autumn and winter is associated with FS incursion associated with a stationary mass of
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air, with the last one being usually responsible for the atmospheric stability and the lower
rainfall totals in the region, especially in winter [9,32,50,51].

Curitiba presented prevailing winds of NE in all seasons, with higher frequencies
during summer (20.1%) and spring (24.8%). On the other hand, in Castro, the prevailing
winds of E predominate mainly during spring (10.9%) and autumn (5.1%), while during
winter (5.9%) and summer (6.0%), NW winds prevail. As for wind speed, the western (W)
to NW sector winds often prevail in these two seasons due to FS performance. Opposingly,
in Paranaguá, the winds are more frequent and intense in the S direction during all seasons,
especially in spring (17.7%), due to the prevalence of the sea–land breeze [9]. However, the
highest prevailing wind of E occurs during the summer (19.2%), with more intense winds
in this same season coming from the S (Figures 3 and 4).
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3.2. Temporal Trends

The Run test applied to the annual wind data indicated that, in Castro, the years with
the lowest average speed in the time series were 1979, 1984, 1985, and 2008, with Z < −1.96.
For Curitiba, the same parameter indicated a significant reduction greater than −1.96 in 1978,
1979, 1984, 1989, 1995, 1996, 2004, and 2005. However, the results of this test for the Paranaguá
station indicated the predominance of years with Z < −1.96, with only 12 of the 35 years
within the significant Z intervals, which corresponds to the highest variation among the time
series (Figure 5). Although it presented representative variability, the seasonal scale’s run test
results revealed that the time series were among the Z intervals (Figure 6).

Thus, the selected years of the Z interval are 2004 and 2005 for Curitiba, 2008 for Castro,
and 2009 and 2010 for Paranaguá for meteorological systems analysis in the southern region
of Brazil. As a result, FS were identified as the most active mechanisms and observed
all year long, although it was commonly identified individually at 6.7% of the months
(Table 3). The SASA is another active atmospheric system for the region, especially in 2004
and 2005, which influenced the atmospheric stability and rainfall reduction compared to
normal climatological conditions. However, contrasting with the literature [51–53], these
years were influenced by El Niño Southern Oscillation (ENSO), and even then, presented
below-average rainfall and less frequent atmospheric disturbances. Other mechanisms
occurred with high variability, in the interaction of two or more meteorological systems,
especially in 2009 and 2010, where the influence of ENSO was verified at the end of the
first year and the beginning of the second year, according to [52].

Table 3. Distribution of the meteorological systems that influenced southern Brazil during 2004, 2005,
2008, 2009, and 2010.

Years/
Months January February March April May June July August September October November December

2004 1, 2 1, 2 1, 2, 6 1 1 1, 2 1, 2 1, 2 1, 6 1, 3 1, 3 1, 2
2005 1, 2 1, 2, 4 1, 2 1, 2 1, 3 1, 5 1, 2 1, 2, 6 1, 6 1, 6 1, 2 1, 2
2008 1, 2 1, 6, 7, 8 1, 2, 8 1, 5, 6, 8 1, 6 1, 5, 6 1, 9 1, 9 1, 6 1, 5 1, 8 1, 2, 8
2009 1, 8, 9 1, 8 1, 2, 8 1, 2, 8, 9 1, 5, 8 1, 2, 6 1 1, 8 1, 9 1, 5 1, 5, 9 1, 5, 7
2010 1, 5 1, 5 1, 8, 9 1 1, 8 1, 5, 8, 9 1, 9 1, 2 1, 5, 8 1, 2, 5, 6 1, 2, 9 1, 5, 7, 9

Legend: 1—frontal systems, 2—SASA, 3—MCC (mesoscale convective complex), 4—AB (atmospheric blocks),
5—LLJ (low-level jets), 6—extratropical cyclones, 7—SACZ (South Atlantic convergence zone), 8—UTCV (upper
tropospheric cyclonic vortex), 9—subtropical jet.

The MK and Pettitt tests revealed changes during the studied period. However, there
was only one statistically significant trend (ZMK = 1.96, 95% significance) in Castro for
reducing the annual winds by 0.23 m/s per year. At the same time, Curitiba and Paranaguá
decreased with no statistical significance, equal to −1.59 and −1.14 (ZMK), respectively
(Table 4). The break point detection identified by the Pettitt test occurred in January 1986
at Curitiba, February 1995 for Castro, and February 2006 for Paranaguá (Table 4). Thus,
the first break point detection of the wind series in Curitiba is likely associated with urban
expansion, which started between 1970 and 1980. Ref. [54] also observed these results of
wind speed reduction in southwest Germany, confirming that these modifications are at
least partially related to changes in surface roughness.

Table 4. Annual wind speed trend according to the Mann–Kendall test and break point detection
(CPI) of the Pettitt test.

Meteorological Stations
Mann–Kendall Test Pettitt Test

TAU p.VA Annual ZMK K POS p.VA CPI

Castro −0.2336 0.0500 * −1.96 160 20 0.0614 + February—1995

Curitiba −0.1899 0.1117 −1.59 204 11 0.0070 ** January—1986

Paranaguá −0.1361 0.2559 −1.14 96 31 0.5708 February—2006

Legend: ** = 99% significance; * = 95% significance; + = 90% significance; TAU = curvature trend magnitude;
p.VA = significance level; ZMK = parametrized statistical test; K = value that indicates the possibility of locating
the point where the ruptures occurred in the series; POS = value that indicates the position of ruptures. In bold
the results with statistical significance.
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The MK test indicated that the Castro station decreased wind speed (m/s) in all
seasons, especially in summer (ZMK = −1.90) and autumn (ZMK = −2.36), and with less
intensity in winter (ZMK = −1.82) and spring (ZMK = −1.89), with reductions between 0.01
and 0.02 m/s per year. At the Curitiba station, there were significant wind decrease trends in
spring (ZMK = −2.64), with a reduction of 0.01 m/s per year. During the summer, autumn
and winter, trends did not reach the statistical significance threshold of 5% (ZMK = −1.96)
for the MK test. For Paranaguá, the MK test revealed a significant reduction during spring
(ZMK = −2.63), with a reduction of 0.01 m/s per year in wind speed, a minimal reduction
during summer (ZMK = −0.56) and winter (ZMK = −0.42) and a non-significant increase
throughout autumn (ZMK = 0.40) (Table 5).

The SWT results revealed a different distribution from the normal for the summer in
Castro, a period in which the MKT identified a trend with 90% of statistical significance
for the reduction in the average wind speed. There was a different distribution from the
normal for the winter season in Curitiba, a result in line with the statistically significant
rupture (99.9%) obtained by the Pettitt test for 1988, with a reduction in the subsequent
period. In Paranaguá, the SWT revealed distributions within the normal range, and the
results obtained by the SWT did not align with the ruptures and trends of decreasing wind
speed observed throughout the spring (Table 5).

Table 5. Seasonal wind speed trend (ZMK) according to the Mann–Kendall test, change point
detection (CPI) of the Pettitt test, and normality of the Shapiro–Wilk parametric test.

Season

Castro Curitiba Paranaguá

Mann–Kendall Test Mann–Kendall Test Mann–Kendall Test

TAU Seasonal ZMK TAU Seasonal ZMK TAU Seasonal ZMK

Summer −0.0169 −1.90 + −0.0003 −0.07 −0.0018 −0.56

Autumn −0.0230 −2.36 * −0.0060 −1.48 0.0010 0.40

Winter −0.0208 −1.82 + −0.0060 −1.40 −0.0012 −0.42

Spring −0.0143 −1.89 + −0.0115 −2.74 ** −0.0105 −2.63 **

Season
Pettitt test Pettitt test Pettitt test

K p.VA CPI K p.VA CPI K p.VA CPI

Summer 117 0.3418 1997 147 0.0810 + 1986 102 0.6766 1999

Autumn 117 0.3378 1999 177 0.0168 * 1986 78 0.6842 1985

Winter 124 0.2514 1996 213 0.0014 ** 1988 94 0.8612 2006

Spring 140 0.1258 1995 227 0.0002 *** 1986 162 0.0574 + 1992

Season
Shapiro–Wilk test Shapiro–Wilk test Shapiro–Wilk test

W p.VA S or NS W p.VA S or NS W p.VA S or NS

Summer 0.9350 0.1452 NS 0.7648 0.0000 *** S 0.8167 0.0000 *** S

Autumn 0.9361 0.0426 * S 0.8141 0.0000 *** S 0.7403 0.0000 *** S

Winter 0.9437 0.0724 + S 0.9793 0.7209 NS 0.5964 0.0000 *** S

Spring 0.9282 0.0248 * S 0.8065 0.0000 *** S 0.7008 0.0000 *** S

Legend: *** = 99.9% significance; ** = 99% significance; * = 95% significance; + = 90% significance; TAU = curvature
trend magnitude; p.VA = significance level; ZMK = parametrized statistical test; K = value that indicates the
possibility of locating the point where the ruptures occurred in the series; POS = value that indicates the position
of ruptures. Significant (S) and non-significant (NS). In bold the results with statistical significance.

Statistically, significant ruptures were observed on the seasonal scale, especially for
Curitiba and between 1986 and 1988. For the winter season, with 99.9% of statistical
significance, the average wind speed reduction from 1976 to 1988 was 0.38 (2.41 to 2.03)
m/s in the following period. A reduction in wind speed for spring was identified, passing
from 2.75 m/s (1976 to 1988) to 2.33 m/s (1987 to 2010), with 99.9% statistical significance.
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There was a reduction in wind speed for Curitiba during autumn and summer, with 95%
and 90% statistical significance, with a decrease from 2.18 m/s and 2.33 m/s to 1.87 m/s
and 2.11 m/s, in that order. Moreover, a reduction in the wind speed for Paranaguá during
the spring was revealed (90% of statistical significance), passing from 2.40 m/between 1976
and 1992 to 2.27 m/s in the second period, between 1993 and 2010 (Table 5; Figure 7).
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p.VA = significance level. In bold the results with statistical significance.
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Applying the MK test to the monthly scale, it was observed that the period between
March and June is characterized by the most significant reductions in wind speed in Castro,
with a decrease ranging from 0.013 to 0.023 m/s per year with statistical significance
ranging from 90% to 99%. In Curitiba, trends of wind speed reduction between 0.0085
and 0.0134 m/s per year were observed with a significance between 90 and 99.9% in April,
November, and December. In Paranaguá, trends of decreasing wind speed between 0.0124
and 0.0133 m/s per year were obtained, with a statistical significance of 99.9% for October
and December. Therefore, while the most significant reductions in wind speed were more
frequent in late summer and autumn in Castro, Curitiba and Paranaguá revealed more
significant reduction trends during spring (Table 6).

Table 6. Monthly wind speed trend (ZMK) according to the Mann–Kendall test and break point
detection (CPI) of Pettitt test.

Month

Castro Curitiba Paranaguá

Mann–Kendall Test Mann–Kendall Test Mann–Kendall Test

TAU Mensal ZMK TAU Mensal ZMK TAU Mensal ZMK

January −0.0139 −1.46 0.0033 0.40 −0.0040 −0.80

February −0.0127 −1.36 −0.0019 −0.56 0.0006 0.08

March −0.0233 −3.22 ** 0.0006 0.10 −0.0001 −0.03

April −0.0224 −2.07 * −0.0085 −1.70 + 0.0018 0.50

May −0.0140 −1.84 + −0.0035 −0.69 0.0019 0.57

June −0.0147 −1.85 + −0.0047 −0.94 0.0037 0.83

July −0.0146 −1.20 −0.0091 −1.48 −0.0001 −0.01

August −0.0193 −1.28 −0.0034 −0.42 0.0003 0.10

September −0.0199 −1.66 + −0.0022 −0.46 −0.0032 −0.72

October −0.0189 −1.57 −0.0133 −2.66 ** −0.0131 −3.91 ***

November −0.0106 −1.43 −0.0103 −2.27 * −0.0068 −1.38

December −0.0131 −1.16 −0.0134 −3.26 *** −0.0124 −3.39 ***

Month
Pettitt test Pettitt test Pettitt test

K p.VA CPI K p.VA CPI K p.VA CPI

January 112 0.3992 1996 120 0.2930 1987 104 0.5512 1984

February 99 0.6638 1997 166 0.0274 * 1987 77 0.7386 1990

March 238 0.0001 *** 1988 133 0.1698 1985 64 0.3772 1981

April 129 0.2066 1999 123 0.2730 2002 57 0.2090 1985

May 118 0.3320 1995 167 0.0238 * 1985 50 0.0848 + 1987

June 127 0.2112 1997 162 0.0346 * 1986 80 0.8334 1994

July 99 0.6618 1996 184 0.0108 * 1987 73 0.6280 2007

August 113 0.4020 1995 172 0.0224 * 1989 74 0.6648 2006

September 119 0.3114 1995 178 0.0128 * 1985 115 0.3828 2005

October 124 0.2490 1995 200 0.0038 ** 1986 222 0.0006 *** 1992

November 117 0.3598 1995 170 0.0230 * 1986 86 0.9742 1992

December 70 0.5544 1987 210 0.001 *** 1986 235 0.0002 *** 1993

Legend: *** = 99.9% significance; ** = 99% significance; * = 95% significance; + = 90% significance; TAU = curvature
trend magnitude; p.VA = significance level; ZMK = parametrized statistical test; K = value that indicates the
possibility of locating the point where the ruptures occurred in the series. In bold the results with statistical
significance. In bold the results with statistical significance.
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The Pettitt test identified ruptures with statistical significance for Curitiba on the
monthly scale during the 1985–1989 period, especially between June–December, February
and May. The reduction in the average wind speed was verified, with 95% significance
statistics, in 1985 for May and September, in 1986 for June and November, in 1987 for
February and July, and in 1989 for August. Among these main ruptures, with 99 and
99.9% statistical significance, ruptures were obtained in October and December of 1986. In
Paranaguá, rupture points with 99.9% of statistical significance were observed in October
and December of 1992 and 1993. In Castro, the only rupture was obtained for March 1988,
with 99.9% significance (Table 6).

The Shapiro–Wilk normality test (SWT) revealed a different distribution for January,
March, September, and October in Castro. The result of this test follows the results obtained
by the MKT, from which significant trends of wind speed reduction were observed in
March and September, and by the Pettitt test in March, with a decrease in the period
after 1997. In Curitiba, a different distribution from the normal was identified in March,
June, July, September, and December, in agreement with what was shown for the MKT
for December and with the ruptures verified in the 1980s for June, July, September, and
December. Finally, in Paranaguá, the SWT identified the non-normality of the data referring
to October and December, in which reductions in the average wind speed were verified
with 99.9% of statistical significance for both the MKT and the Pettitt test (Table 7). The
results that presented the non-significant trend of the Shapiro–Wilk test do not fit in a
normal distribution and therefore cannot be estimated by this type of distribution.

Table 7. Shapiro–Wilk parametric test on the monthly scale for the meteorological stations.

Month
Castro Curitiba Paranaguá

W p.VA S or NS W p.VA S or NS W p.VA S or NS

January 0.962 0.240 NS 0.845 0.000 *** S 0.932 0.030 * S

February 0.938 0.044 * S 0.667 0.000 *** S 0.869 0.001 *** S

March 0.969 0.396 NS 0.951 0.109 NS 0.905 0.005** S

April 0.933 0.031 * S 0.632 0.000 *** S 0.819 0.000 *** S

May 0.899 0.003 ** S 0.849 0.000 *** S 0.741 0.000 *** S

June 0.924 0.016 * S 0.957 0.179 NS 0.850 0.000 *** S

July 0.949 0.094 + S 0.952 0.118 NS 0.855 0.000 *** S

August 0.926 0.020 * S 0.878 0.001 *** S 0.799 0.000 *** S

September 0.969 0.390 NS 0.971 0.464 S 0.314 0.000 *** S

October 0.964 0.290 NS 0.944 0.068 + S 0.968 0.373 NS

November 0.947 0.081 + S 0.415 0.000 *** S 0.446 0.000 *** S

December 0.879 0.001 ** S 0.956 0.159 NS 0.964 0.286 NS

Legend: *** = 99.9% significance; ** = 99% significance; * = 95% significance; + = 90% significance; significant (S)
and non-significant (NS). In bold the results with statistical significance.

4. Discussion

Regarding the annual wind direction, there is a predominance of E, NE, and South (S)
winds for Castro (11.2%), Curitiba (18.5%), and Paranaguá (15.2%). In Castro and Curitiba,
E and NE prevailing winds occur due to synoptic meteorological systems associated with
SASA [24,55]. This result is similar to that of other research carried out in the southern
and southeastern regions of Brazil as obtained [8] for the municipality of Lapa (Paraná
state), and [16] for the Metropolitan Region of Rio de Janeiro (RMRJ). In Paranaguá, the
prevailing winds are E and S due to interaction with the complex topography, such as the
results presented by [15] for Rio de Janeiro city, [12] for Rio de Janeiro state, and [9] for
southeast Brazil.
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The seasonal results are approximately similar to those of [3] for Ituverava (São Paulo
state, Brazil), who obtained the highest wind speed from August to November, particularly
in early spring (September and October). Ref. [56] also stated that in the city of Seropédica
(Rio de Janeiro, Brazil), a predominance of wind speed class between 2 to 3 m/s occurs
from September to March (spring–summer). According to [57], in studies for the Brazilian
territory, the highest frequencies of values above 4 m/s are found in the stations located in
the subtropical and tropical zones and occur between spring and summer. The highest wind
speeds identified in both seasons are influenced by synoptic (South Atlantic convergence
zone—SACZ) and mesoscale (squall lines) systems and, mainly, by the tropical Atlantic
air mass that intensifies the flow pattern in the region [9,12,33,35,50,52–54]. The prevailing
Southern pattern observed in Paranaguá was also observed in Navegantes (Santa Catarina,
Brazil) by [58], and for some sectors of the metropolitan region of Rio de Janeiro by [15,16],
due to the sea–land breeze circulation in the wind formation, which is influenced by local
and mesoscale meteorological systems.

The results obtained in this research agree with those obtained by [59] for the state
of Paraná, as the application of the MK test revealed a tendency to decrease the average
wind speed in several sectors of Paraná. According to the authors, the Pettitt test identified
ruptures that prevailed between 1992 and 2001, with changes possibly associated with
significant urbanization and modification in surface roughness due to land use modification.
In Morretes, a locality on the coast of Paraná state and close to Paranaguá, the results
revealed trends toward a decrease in the average wind speed in all months of the year and
an 18% reduction in the average wind speed.

Ref. [14] found trends of increasing annual and seasonal wind speeds for the Equatorial
climate region of the Brazilian territory. In contrast, Brazil’s central and southeastern
regions revealed a significant (>95%) reduction in the average wind speed. Notably, the
highest significant positive and negative spatial wind speed trends occurred for the upper
percentiles (75% and 95%) and are possibly associated with changes in the development
of the intertropical convergence zone and the South Atlantic subtropical anticyclone over
Brazil. Furthermore, the decrease in wind speed in central-west and southeastern Brazil is
related to temperature changes in the interior of Brazil since continental warming from the
equatorial low weakens the pressure gradient force in these two regions [5].

Ref. [9] explain that the temporal trends of reduction in mean wind speed in the
southeastern region of Brazil are related to changes in the dynamics of mid-latitudes
observed during the last century. Using analyzes that covered a period (1980–2014) similar
to that of this research, these authors identified that the mean climatological position of the
South Atlantic anticyclone, also called the polar migratory anticyclone, changed from the
south further to the east during the winter, and to the west in spring. This condition may
account partly for the trends of wind speed reduction in the eastern sector of the state of
Paraná.

The results described for eastern Paraná state are in line with those obtained by [60],
with significant trends of wind speed reduction in southern sectors of South America and,
notably, in the southern sector adjacent to Argentina. In addition, it was highlighted that
the average wind speed is decreasing at a rate greater than 0.0005 m/s per month in the
Atlantic Ocean region adjacent to Argentina, as well as some sectors of northern Argentina,
Paraguay, in the west of southern Brazil, and the Brazilian state of Mato Grosso do Sul.

According to [61], over the last 30 years, observational data indicate a decline of about
0.3 m/s in wind speed from the earth’s surface in northern mid-latitudes. This pattern of
wind speed reduction is supported by more recent research conducted in Europe [26,62–64]
and Asia [65–67]. However, limited research makes this scenario less conclusive for the
Southern Hemisphere and the oceans.

Ref. [4] analyzed data from two observational datasets (1973 to 2000 and 1973 to 2005)
for the United States of America. They consistently identified significant negative trends
across the entire US territory, with greater magnitudes in the eastern United States and the
Midwest. Using time series from four meteorological stations on the west coast of Canada,
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with an analysis period between 1940 or 1950 to the mid-1990s, [68] measured the decrease
in the average annual and winter wind speed, and concluded with the increase of calm
winds and the decrease in the observations of high-speed winds.

Ref. [69] found significant trends in the reduction of average wind speed in Sweden,
with a decrease of 0.06 m/s per decade from 1956 to 2013 and a decrease of 0.14 m/s per
decade between 1979 to 2008. Seasonally, trends of reduced wind speed were observed
throughout the spring, summer, and autumn, emphasizing the highest decreases on the
coast and in the southern region of Sweden. Decreasing trends were found in 91.7% of the
meteorological stations during the summer, while 58.3% exhibited decreasing trends in the
winter.

Ref. [70] verified the reduction of the annual average speed of the winds in 88% of
the Australian territory in the order of 0.09 m/s per decade, considering the period from
1975 to 2008. Ref. [30] revealed significant trends in the average wind speed at 2 m height
between −0.10 and 0.03 m/s per year, between 1976 and 2006, and −0.36 and 0.04 m/s
per year, considering the period between 1989 and 2006. Studies carried out by [71] for the
city of Raipur, the Indian city capital of the state of Chhattisgarh, revealed that most of the
monthly, seasonal, and annual series of wind speed in all periods confirm a downward
trend with 95% of statistical significance between the period of 1990 to 1996 (at 2 m).

By analyzing wind speeds from 174 urban and 180 rural observation sites, [72] identi-
fied that urban stations tend to record weaker average annual wind speeds with a steep
negative trend of average wind speed, between 1956 and 2004, due to the extensive urban
development in China. They revealed that the main reason for the downward trend is that,
under the effect of global warming and urbanization, the contrasts in sea level pressure and
near-surface temperature between the Asian continent and the Pacific Ocean have become
significantly smaller and slowed down the winds in most Chinese cities. In agreement with
these results, [73] revealed that the wind speed near the surface decreased by approximately
0.11 m/s per decade between 1958 and 2015.

Most research attributes the decrease in wind speeds to increasing urbanization [26,74–76]
and the change in land cover [62,77]. For example, [78] estimated that 25–60% of the decrease
in surface wind trends found in the Northern Hemisphere are linked to an increase in the
surface roughness of vegetation. Although these two factors are decisive in influencing
the decrease in surface winds, other research points to the following factors: changes
in macroscale atmospheric circulation [70,79,80], teleconnections and modes of ocean
temperature and pressure variability [81,82]; surface temperature, solar radiation, and solar
activity [75,83]; and evapotranspiration levels [84,85].

However, [66] highlights that those changes in nearby wind speeds are induced
by the interaction between anthropogenic activities and natural climate change. Their
bibliographic survey identified that the most abrupt changes occurred in the last 30 years
in Central Asia and North America, with average linear trends of −0.11 m/s per decade.
In Europe and South and East Asia, these changes were on average −0.08 m/s per decade.

Ref. [86] also emphasize that the decreasing average wind speed is also linked to
changes in driving forces caused by changes in atmospheric circulation. Changes in drag
forces are caused by external and internal friction in the atmosphere. In contrast, changes
in surface friction are mainly caused by changes in surface roughness due to changes in
land use and cover, including urbanization.

5. Conclusions

This study of the wind regime in eastern Paraná state analyzed wind speed and
direction (at 2 m) during the period between 1976 to 2010. For all scales, Castro (the furthest
station from the coastline) revealed a predominance of calm winds, while in Curitiba and
Paranaguá, the wind speed is mainly from 1 to 2 m/s (calm winds). In Castro and Curitiba,
the prevailing winds were of NE and E, respectively, likely due to the influence of the South
Atlantic subtropical anticyclone. While in Paranaguá, the prevailing wind was of E and S.
During spring, the seasonal cycle presented more intense winds in Castro and Curitiba,
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mainly prevailing in NW and W sectors, influenced by FS incursions. Paranaguá station
increased the frequency of winds, mainly during summer from the S, due to the influence
of topography, vegetation, and urbanization on the Brazilian coast.

The MKT revealed for the annual scale a decrease of 0.02 m/s per year (with 95% of
statistical significance) in the average wind speed in Castro, which represents a reduction
of 0.24 m/s per decade, with higher values when compared to the results obtained for
Central Asia and North America by [86]. For the seasonal scale, a significant reduction
was observed in all seasons of the year in Castro, emphasizing the reduction trend of
0.23 m/s per decade for autumn (95% significance). For Curitiba and Paranaguá, there was
a tendency of reduced average wind speed between 0.11 and 0.12 m/s per decade, with
99% significance for the spring season. On a monthly analysis scale, trends of reduction in
the average wind speed between the end of summer and the beginning of autumn were
verified in Castro, with decreases from 0.23 to 0.22 m/s per decade in March and April,
with 99% and 95% significance, respectively. With a marked pattern of reduction in the
trend for the average wind speed throughout the spring in Curitiba and Paranaguá, a
decrease between 0.12 m/s to 0.13 m/s per decade was observed, with more than 99% of
statistical significance. Thus, the results presented by the Mann–Kendall test consistently
revealed trends to reduce the average wind speed in these locations of Paraná state, which
is in line with previous investigations carried out in this sector of the Brazilian territory.

The Pettitt test presented that the break point detection for Curitiba started during
the 1980s due to the urban intensification, consequently reducing the local wind speed. In
Curitiba, ruptures were identified in the time series of wind speed in all seasons of the year,
between 1986 and 1988, especially during winter (from 2.6 to 2.0 m/s) and spring (from 2.7
to 2.4 m/s). In Paranaguá, only the spring season revealed a significant trend (90%) of wind
speed reduction from 1992 onwards, decreasing from 2.4 to 2.3 m/s. For the monthly scale,
significant trends (95% to 99.9%) of decrease in wind speed were shown between May and
December for the city of Curitiba, with emphasis on the ruptures verified in October and
December (1986). For the other locations, the ruptures were less robust and frequent when
compared to Curitiba. In Castro, a rupture was observed only for March (1988) with 99.9%
significance, and in Paranaguá, October and December presented a rupture followed by a
significant decrease (99.9%) in the average wind speed.

It is important to emphasize that the trends and ruptures verified and measured by
the MK and Pettitt tests, and partially validated by the Shapiro–Wilk test, are in line with
the prevailing patterns for different regions of the world and the southern and southeast-
ern sectors of South America. Among the factors identified, it is noteworthy that this
region of the Brazilian territory encompasses a densely urbanized and anthropized area.
This condition potentially modifies the roughness of the terrain and the energy balance
responsible for the increase in surface temperature, as demonstrated [87] in the downtown
area of Rio de Janeiro. Previous research pointed to a similar standard of wind speed
reduction trends in Brazil [9,12,14]. Curitiba corresponds to one of Brazil’s largest cities and
metropolitan regions, with approximately 4 million inhabitants. Therefore, it is assumed
that the interaction between natural climate changes and human activities is the main factor
responsible for the prevailing wind speed decrease identified and validated in this research.
We assume that the trend of decreasing wind speed in the examined series was caused by
the increase of urban areas, as well as the heating caused by more developed regions and
the barrier produced by the building verticalization process.
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