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ABSTRACT

The Southwest Atlan� c region hosts the two main oil basins in Brazil: Campos Basin and 
Santos Basin. In these regions, the study of extreme events and the es� ma� on of re-
turn level are crucial issues to ensure the structural safety of ships, off shore pla� orms 
and coastal construc� ons. The knowledge of the wave and wind regime of a region is 
indispensable because from this analysis it is possible to es� mate the energy load that a 
structure may be subjected to during its life� me. In this context, the present work aims 
to es� mate the 100-year return level of the variables: signifi cant wave height (Hs), wind 
speed and gust at 10 m for each direc� on in the two main oil basins in Brazil. For this, data 
from ECMWF’s ERA5 Reanalysis over the period 1979-2019 and the Peaks Over Threshold 
(POT) sta� s� cal model were used, using the Maximum Likelihood es� mator. The results 
show that the SE, S and NW direc� ons returned the highest return level values for wind 
speed. According to the analysis of the gusts results, the largest values were between 20 
m/s and 30 m/s and considering the highest confi dence interval, the values reached 38.64 
m/s for the S direc� on. In the results of the return level es� mates for Hs, it was found that 
the largest swells were from SW. With this, it is concluded that: although in situ observed 
data are preferable when conduc� ng a study of extremes, reanalysis is a great alterna� ve 
for limited loca� ons of collected data. Another fi nding was that the POT Model is an ex-
cellent tool for the study of extremes, as it is improved and can select a more consistent 
and larger number of values than previously used models.
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1. INTRODUCTION

According to the Na� onal Water Agency (ANA) the South-
west Atlan� c Hydrographic Region occupies 2.5% of the na-
� onal territory and covers fi ve states: Minas Gerais, Espírito 
Santo, Rio de Janeiro, São Paulo and Paraná. According to the 
Na� onal Petroleum Agency (ANP), the Southwest Atlan� c 
Ocean is home to the two main sedimentary areas already 
explored in the off shore oil and gas sector in the country, the 
Campos Basin (BC) and the Santos Basin (BS).

The BC extends from the vicinity of the city of Vitória - ES 
to Arraial do Cabo - RJ, being the second most important Ba-
sin in the country, concerning oil and gas produc� on (PETRO-
BRAS, 2020). It is considered a large open-air laboratory, for 
being a tes� ng ground for the main off shore technologies, 
where it was possible to develop systems that later allowed 
the extrac� on of oil in deep and ultra-deep waters. BC, cur-
rently responsible for the largest oil and gas produc� on, is 
the largest off shore sedimentary basin in the country (ANP, 
2020). It has growth poten� al since it contains the pre-salt 
layer that has been explored since 2012 for being composed 
of large accumula� ons of light oil that has excellent quality 
and high commercial value (PETROBRAS, 2020). The extent 
of the Basin ranges from the southern coast of Rio de Janeiro 
to the northern part of the state of Santa Catarina.

Given the economic importance of the oil and gas indus-
try for the country, the safety of off shore opera� ons and the 
preserva� on of the environment must be taken into consid-
era� on. Thus, in recent years, the companies, through their 
various opera� onal agencies and research centres, have de-
veloped procedures and technologies to mi� gate damage 
caused by accidents in their opera� ons, highligh� ng the im-
portance of research that contributes to this end. Eff orts to 
install meteoceanographic measurements have been made, 
but they are s� ll insuffi  cient, especially over the South At-
lan� c Ocean where the density of measurements is much 
lower compared to the Northern Hemisphere (Babanin et 
al., 2019), making research in this region diffi  cult. The lim-
ita� ons in implemen� ng equipment over the ocean include 
economic aspects (due to the high cost and diffi  culty in 
installa� on) as well as data collec� on (due to oceanic and 
atmospheric instabili� es in their various phenomena) (Bab-
anin et al., 2019). In situ collec� ons are commonly related to 
fi xed and dri� ing meteoceanographic buoys and are prefer-
able due to the degree of reliability. However, remote forms 
of informa� on collec� on should be considered. Satellites 
are an excellent alterna� ve and can be applied to various 
parameters with the advantage of high spa� al and temporal 
resolu� on. In countries like Brazil that do not have the con-
stant availability of conven� onal meteoceanographic data, 
satellites become a viable and aff ordable op� on. Another 
way to es� mate the environment in the oceanic regions is 
through numerical models and meteorological reanalysis 

datasets, which provide measurements of various parame-
ters at regular intervals with long periods, usually decades. 
Among the reanalyses, some of the most widely used are 
ERA5 from the European Centre for Medium-Range Weath-
er Forecasts (ECMWF) (Hersbach et al., 2019) and Climate 
Forecast System Reanalysis (CFSR) from the Na� onal Centers 
for Environmental Predic� on (NCEP) in its second version 
(Saha et al., 2010).

An important variable studied, for any off shore ac� vity, 
is wind. Wind over the ocean surface causes dynamic ef-
fects, such as inducing tangen� al drag stress related to wind 
speed. This stress applied to the surface is transmi� ed to the 
interior of the fl uid by the eff ect of water viscosity and the 
turbulence of the fl ow, thus promo� ng a momentum trans-
mission from the atmosphere to the ocean, enabling water 
movement (Phillips, 1986). The knowledge of the surface 
gravity waves generated by the wind is directly related to the 
safety of ac� vi� es connected to the ocean, the development 
of these ac� ons is based on 3 factors: wind intensity, dura-
� on and track, being the last one related to the extension of 
the space in which the wind remained constant in direc� on. 
They can be classifi ed as swells, when they are s� ll in the 
genera� on zone and/or are receiving energy from the wind, 
and swells when they have already propagated out of the 
genera� on zone and/or are not receiving energy from the 
wind (Pond and Pickard, 1983).

In the region of this study, high wave events are not as 
frequent when compared to the coast of South Africa and 
the North Atlan� c (Candella and Souza, 2013). However, 
when they occur, they can lead to serious problems, because 
these waves, in most cases, are formed in distant loca� ons 
(swells) and have great energy that propagates to the basins 
of the Brazilian coast (Mello Filho et al., 1993).

Highligh� ng the importance of studying the wind and 
wave regime for off shore and coastal structure construc� on 
projects, which requires knowledge of the severe condi� ons 
of the region, the study of extreme values is indispensable, 
because from the result it is possible to measure and project 
the energy load that a structure may be subjected during its 
life� me. In this context, the present work aims to es� mate 
the return levels of wind speed and gust at 10 m and Hs for 
a return period of 100 years in the Campos and Santos Basin 
regions. The analysis of extremes chosen is the Peaks Over 
Threshold (POT), belonging to the Generalized Pareto Distri-
bu� on (GPD), currently considered one of the most consis-
tent tools in the study of extremes because it can capture a 
larger number of possible values if compared to other dis-
tribu� ons (Silva, 2013). For the use of the model, data from 
the ERA5 reanalysis were used.
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2. DATA DESCRIPTION

Data

ERA5 ECMWF’s ERA5 (Hersbach et al., 2019) reanalysis 
came to replace the former ERA-Interim (Dee et al., 2011) 
which has a spa� al resolu� on of 79 km and temporal res-
olu� on of 6 hours. ERA5 is based on 4D-Var data assimila-
� on using Integrated Forecas� ng System (IFS) Cycle 41r2. 
The change from ERA-Interim to ERA5 represents a gain in 
the overall quality of the reanalysis and in the level of de-
tail, such as the spa� al resolu� on, which now has 31 km grid 
spacing and 137 pressure levels, compared to ERA-Interim 
which has 79 km and 60 pressure levels.

For the development of this study, Wind data at 10 m (U 
and V wind components and wind gust at 10 m) and wave 
data (Hs) were used. The � me series used consists of 41 
years (1979-2019) of hourly and point data from the ERA5 
reanalysis. For wind data, 5 loca� ons were used, while 18 lo-
ca� ons were used for Hs (Figure 1). Through Figure 1, points, 
where it was possible to calculate the return levels for all 
direc� ons, are indicated in red, while the points in blue in-
dicate not containing the minimum number of observa� ons 
(at least one per year) in certain direc� ons to perform the 
calcula� ons. This is because NW winds usually appear quick-
ly in a pre-frontal gyre situa� on, not contribu� ng to the wind 
persistence that is needed to form mature waves relevant to 
the study.

The choice of the 5 points for the wind study was derived 
from a cluster analysis based on the same data for the study 
region, while for the Hs study a spacing of 1º la� tude and 
longitude was used for the choice of the 18 points.

3. MATERIAL AND METHODS

Peaks Over Threshold (POT) Model

In this work, we used the Model of Excesses Above 
Threshold, more commonly known as Peaks Over Threshold 
- (POT), which is a sta� s� cal model from the 1980s to be em-
ployed in the area of hydrology. It became known through 
the works of Simiu and Heckert (1996), Abild et al., (1992), 
Hosking and Wallis (1987), where they presented a new dis-
tribu� on called Generalized Pareto Distribu� on (GPD). This 
was designed to specifi cally solve the tail es� ma� on prob-
lem, in other words, to model excesses above a threshold.

All calcula� ons in this session were performed using the 
Thresholdmodeling library in Python (Lemos et. al., 2020). 
The descrip� on of all calcula� ons can be found in Coles 
(2001) where Sta� s� cal Modeling of Extreme Values is pro-
vided in detail.

For the applica� on of the POT model, the threshold u 
must be determined, and for correct modelling, it is nec-
essary to choose a suitable threshold; that is, one that is 

Figure 1. loca� on of the 10 m wind (circle) and Hs (triangle) data points, where BS and BC are abbrevia� ons for Santos Basin and 
Campos Basin respec� vely. 10 m wind points were chosen using a cluster analysis generated from the ERA 5 Reanalysis data, not shown 

in this paper. Hs points were chosen using 1° la� tude and longitude spacing. The Hs points (triangles) in red are the points that were 
possible to calculate the return levels for all direc� ons, the points in blue did not contain the minimum number of observa� ons (at least 

1 per year) in certain direc� ons to perform the calcula� ons
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neither too large resul� ng in few surpluses and high vari-
ance, nor too small to generate bias in the modelling (Coles, 
2001). Because of this, two methods are used to iden� fy the 
threshold. The fi rst method uses the analysis of the Mean 
Residual Life Plot and its linearity, where the smallest val-
ue within a given interval is selected as the threshold, from 
which the MRL has an approximately linear behaviour (Fig-
ure 2a).

From the beginning of the curve un� l approximately 7 it 
is possible to observe a decrease in the ordinate value and 
concave behaviour, not indica� ng a straight line, from 7 on-
wards this curved behaviour loses evidence.

Despite being very useful, it is common to have some kind 
of diffi  culty in interpre� ng the Mean Residual Live Plot, thus 
compromising the choice of u suitable. Therefore, a second 
method is applied, being complementary to the fi rst, based 
on the stability of the parameters. In this case, if excesses 
above a threshold u0 follow a GPD with parameters ξeσ, then 
excesses above a threshold u>u0 also follow a GPD with the 
same shape parameter .

(1)

Then for ξ≠0, the scale parameter varies with u. However, 
by doing a reparameteriza� on, in this case, σ (u) is called 
the reparameterized scale parameter. The plots of σ (u) and 
ξ(u) have an apparent symmetry. The ICs for ξ are obtained 
from the variance-covariance matrix V. The ICs for σ^ require 
the use of the Delta Method. The smallest value within a 
given range should be selected as the threshold, a� er which 
the parameter is approximately constant and the points lose 
their linear behaviour and start to vary. (Figure 2b and 2c).

Thus, the choice of threshold should be made with the 
help of both methods. In the example, it is safe to say that 
the threshold is close to 7.

A� er choosing the appropriate threshold, the GPD pa-
rameters were calculated using the Maximum Likelihood 
Es� mator (MLE).

One of the main goals of sta� s� cal inference is future 
forecas� ng. In dealing with extreme events, such analysis is 
necessary, given the impact generated by them. To obtain 
the return levels, the calcula� ons explained below were per-
formed.

Assuming that the GPD distribu� on is adequate to model 
the exceedances and having es� mated the parameters σ,ξ 
by the MLE method, we easily obtain the following result:

(2)

When ζu=P[X>u], i.e., the probability of exceeding the 
threshold. An empirical es� mate of ζu can be given equa� on:

(3)

Where Nu is the number of observa� ons exceeding the 
threshold u and n the total number of observa� ons. Assum-
ing that n measurements X1,X2,….., Xn were performed for 
N years obtaining Y1,Y2,….., YNu iid exceedance observa� ons, 
one can defi ne ny the number of exceedance observa� ons 
per year. For the data, one can introduce the term “average 
exceedance rate”, which is the average number of observa-
� ons above the threshold u per year. Soon we can defi ne the 
variable ζu as,

(4)

Thus, the return period level xm (which is exceeded on av-
erage once every m observa� ons) is given by:

(5)

For the study of extremes, it is more convenient to pro-
vide return levels on an annual scale, so that the return 
level in Ny is the level that is expected to be exceeded on 
average once every N years. If there are ny observa� ons per 
years, this corresponds to the return level of m observa� ons, 
where m=N×ny. Therefore, the return level of Ny is es� mat-
ed using the equa� on:

(6)

To complete the analysis and generate the xT, plots, the 
ranges of the CIs that were calculated using the Delta Meth-
od must be es� mated. The uncertain� es of ζu must also be 
included in the calcula� on. Finally, the return level curve is 
plo� ed, on a logarithmic scale, to emphasize the eff ect of 
extrapola� on, as well as to add the CIs and empirical es� -
mates of the return levels (Figure 2d).
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Adhesion Tests

According to Zar (1998), to evaluate the level of agree-
ment of a model to a data set one should perform adher-
ence tests. Using the Thresholdmodeling library in Python, it 
was possible to verify that the sta� s� cal model describes the 
empirical observa� ons well.

In sta� s� cs, a PP-Plot plot evaluates the agreement of 
two data sets, in the case of this study, the empirical data 
and theore� cal data. So one way to interpret such a graph is 
to observe how distant these points are from this line, the 
more distant they are, the less suitable the proposed distri-
bu� on is, so the data would not fi t a GPD. In the same way, 
the QQ-Plot plot is evaluated.

Subsequently, the Kolmogorov-Smirnov Test, described in 
Campos (1983), was performed; it is a non-parametric meth-
od to test the fi t of the distribu� on to the data, providing the 
conclusion whether the distribu� on is adequate or not.

The Dvoretzky-Kiefer-Wolfowitz Test limits how close a 
distribu� on func� on will be to the distribu� on func� on. This 
experiment was used to generate confi dence bounds based 
on a Cumula� ve Distribu� on Func� on (CDF) to produce a 
confi dence range, being parallel and equally spaced around 

the empirical CDP. For data to be modelled by a GPD, it must 
be close to the straight line and within the confi dence band.

4. RESULTS AND DISCUSSION

This sec� on presents the results and discussion of all vari-
ables analyzed. A� er the choice of threshold, the adherence 
tests were performed, to verify how well the data can be 
represented by a GPD. Finally, a� er all the tests, it was possi-
ble to obtain the return period levels xN that were es� mated 
by the POT Model for 100 years, using 99.9% sta� s� cal sig-
nifi cance level.

Wind at 10 m

Through the adherence tests, it was possible to evaluate 
the quality of the data and whether it could be represented 
by a GPD. We present the resul� ng point 1-BS3 and selec� ng 
the SW direc� on to perform the adherence tests. Analyzing 
Figure 3, it is possible to see the consistency between the em-
pirical data and model, with few values far from the straight 
line, but all within the CI. Thus, it is evident that the data are 
adequate to calculate the return level, and the results are sim-
ilar for the other direc� ons and points are chosen.

a) b)

c) d)

Figure 2. a) Mean Residual Live Plot. The Blue shaded area shows 99.9% confi dence intervals. b) Shape Parameter Stability Plot. c) 
Modifi ed Scale Stability Plot. In both plots the shape parameter and scale lose their linear behaviour at approximately 7. d) Return Level 

Plot with . The black solid line represents the theore� cal return level (y-axis) up to 100 years return period (x-axis). Return levels from 
empirical data are represented by the blue dots. Red dashed lines represent the 99.9% point-to-point confi dence interval.
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Wind speed at 10 m

First, a preliminary analysis of the data was performed 
through descrip� ve sta� s� cs and the construc� on of Roses 
of Winds over a period of 41 years (1979-2019). Based on 
the data in Table 1, it can be seen that point 1-BS3 presents 
the highest values on average, although they are very close, 
and for this reason, the direc� onal analysis is more valuable. 
In Figure 4a it can be seen that point 1-BS1, has a higher 
occurrence of winds from the NE quadrant, presen� ng lit-

tle occurrence of wind in other direc� ons. However, from 
an analysis of the data, it was observed that the S direc� on 
obtained the maximum value of wind speed. At point 1-BS2 
despite the NE winds having a higher frequency, there are 
signifi cant occurrences of winds in other direc� ons (Figure 
4b). Highligh� ng the winds coming from S and SW that gen-
erated the maximum value of speed. The data from point 
1-BS3 show a predominance of NE winds, this being a dom-
inant characteris� c in the study region (Figure 4c). Although 
the S and SW winds have a relevant amount of observa� ons, 

a) d)

b) e)

c) f)

Figure 3. Adherence tests for modelling the GPD distribu� on for the � me series of Point 1-BS3 and SW direc� on (a), b) and c) wind 
speed, d), e) and f) wind gust). In a) and d) the PP-Plot plot is shown where the y-axis represents the probability of the theore� cal 
data and the x-axis of the empirical data. The black solid line represents the linear regression of the points and the red dashed line 
represents the 99.9% confi dence interval calculated from the Dvoretzky-Kiefer-Wolfowitz Method. In b) and e) the QQ-Plot plot is 

shown, where the x-axis represents the quan� les of the empirical data and the y-axis, the quan� les of the theore� cal data. The black 
solid line represents the linear regression of the points, and the red dashed line represents the 99.9% confi dence interval calculated 

from the Kolmogorov-Smirnov Method. In c) and f) the Data Cumula� ve Distribu� on Func� on plots are shown. The solid line represents 
the theore� cal data, the dots represent the empirical data, and the red dashed line is the 99.9% confi dence interval calculated from the 

Kolmogorov-Smirnov Method.
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on average the NE winds have higher veloci� es at this point. 
However, the NW and S direc� ons present the highest max-
imum values. At point 1-BC4 (Figure 4d), there is a higher 
occurrence of N and NE winds, and this one has the highest 
average value of wind speed. The W direc� on has the occur-
rence of the maximum value of the � me series. Point 1-BC5 
(Figure 4e), shows a higher occurrence of N and NE winds, 
being the one with the highest average and maximum wind 
speed value in the N direc� on. The SE direc� on also showed 
high maximum and average values.

The results obtained through the POT Model for the cal-
cula� on of the wind return levels at 10 m and their respec� -
ve CIs of 99.9% can be seen in Table 2.

At point 1-BS1, as can be seen, that the W direc� on has 
the highest value of  and the E direc� on with the lowest 
value. From the Beaufort Scale, the winds were classifi ed 
as Very Strong or force 8 in the S and W direc� ons, and 
the other direc� ons as Strong or Force 7 (except NW direc-
� on which has Force 6 or Very Cool). In 1-BS2 it is noted 
that it has SE with the highest  values and N with the low-
est values. The SW direc� on classifi ed as Strength 11 or 
Stormy. The direc� ons E, SE, S and SW can be classifi ed as 

Very Strong or Strength 8, the other direc� ons as Strong or 
Strength 7.

Table 1. Descrip� ve sta� s� cs of the random variable wind speed 
at 10 meters (m/s) for the 41 years (1979-2019) of the points in 

Figure 1

Points Mean 
(m/s)

Maxi-
mum 
(m/s)

Mini-
mum 
(m/s)

Standard 
Deviati on 

(m/s)
1-BS1 6.68 20.33 0.02 2.78

1-BS2 5.88 20.62 0.03 2.58

1-BS3 6.85 20.62 0.01 2.73

1-BC4 6.99 20.15 0.01 2.59

1-BC5 6.52 17.62 0.01 2.29

Already at point 1-BS3 presents the highest values of , 
being the S direc� onal component with the highest value. 
Considering the CI, the NW direc� on has greater ampli-
tude, this occurs because the CI at this point was greater 
for NW than for the S direc� on, with this the upper limit of 
NW generated higher values of return level. The N direc-
� on presented the lowest value for point 1-BS3. The NW 

a) b) c)

d) e)

Figure 4. Wind roses depic� ng wind direc� on and speed at 10 m during the period 1979-2019 at the respec� ve points a) 1-BS1 b) 1-BS2 
c) 1-BS3 d) 1-BC4 e) 1-BC5.
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and S quadrant winds were classifi ed as Hard or Strength 9, 
and the other direc� ons as Very Strong or Strength 8.

It can be seen that at point 1-BC4 the N and S direc-
� ons have the highest values and the NW direc� on has the 
lowest value. All direc� ons, from the Beaufort Scale, were 
classifi ed as Very Strong or Strength 8. The result for point 
1-BC5 shows  values, the N direc� on has the highest value 
and the W direc� on the lowest value. Winds from N and 
NE direc� ons can be classifi ed as Very Strong or Strength 8, 
the other direc� ons as Strong or Strength 7.

Prevailing atmospheric patt erns

The predominance of winds in the Southwest Atlan� c 
Ocean region is related to several factors. In the South Atlan-
� c region, having a greater infl uence of the SAS - high-pres-
sure centre with a length of approximately 2000 km - is 
cons� tuted from the branch of the Hadley cell near 30ºS 
(Campos, 2009). The SASA has a semi-permanent charac-
ter, contribu� ng to the persistence of winds from the north 
and northeast quadrants, which result in meteorological 
phenomena in the region within the micro, meso and syn-
op� c scales and can cause instability or stability according 
to their posi� oning and atmospheric composi� on. The pre-
vailing SAS winds can undergo reversal to south quadrant 
winds when other synop� c scale phenomena reach the re-
gion (Silva, 2013). The transient atmospheric systems can 
make the weather unstable, such as lows, frontal systems, 
various types of cyclones, and other systems arising from 
ocean-atmosphere interac� on that also promote inten-
sifi ca� on of winds, with gusts being the phenomenon of 
greatest destruc� ve poten� al, because its exact predic� on 
is s� ll complex and uncertain. The incursion of a transient 
system implies changes in some meteorological variables, 
the main ones being: pressure, wind, temperature, humid-
ity, cloud cover and precipita� on. The wind is an important 
diagnos� c component of the approach of these systems, 

by the sudden change in its intensity and direc� on. In the 
South and Southeast regions of Brazil, the wind at low lev-
els has a northeast predominance, as men� oned earlier, in 
a pre-frontal situa� on can be observed in the meteograms 
a turn in the wind that becomes southwest and southeast 
following the advance of the front (Vianello, 1991; Fedoro-
va, 1999; Oliveira et al., 2001).

Another phenomenon present in the coastal region that 
can occasionally travel tens of kilometres is the breeze 
circula� on, which is formed from the diff eren� al hea� ng 
between the con� nent and ocean, genera� ng tempera-
ture gradients that cause energy fl ows to the atmosphere, 
responsible for the forma� on of pressure gradients that 
drive the movement. The sea breeze, under stable synop� c 
condi� ons, increases wind intensity, changes its direc� on 
and transports moisture, and may be responsible for some 
events that generate extreme condi� ons in the coastal re-
gion (Atkinson, 1981). In Silva (2013) it was found a core 
amount of values above the threshold on the southeast 
coast (around the region of Cabo Frio-RJ), indica� ng to be 
an area with a greater amount of values above the thresh-
old for the NE direc� on. This can be observed in Figure 10 
where all the points of this study, especially the redpoint, 
indicate the greatest amount of observa� ons coming from 
the NE direc� on. However, this is not the direc� on that 
returns the highest extreme values, which was also ob-
served in Silva (2013), being the highest return levels for 
the southeast region of Brazil resul� ng from the SE, S and 
NW direc� ons. It can be seen that in this study the highest 
values are also found in these direc� ons, highligh� ng the 
point 1-BS3 that presented the S direc� on with the highest 
return level of the three points.

Wind Gust at 10 m

Based on the data in Table 3, we have that point 1-BS3 
presented on average the highest values; however, point 

Table 2. Table 100-year Return Level Values of the variable Wind at 10 m for points 1-BS1, 1-BS2, 1-BS3, 1-BC4 and 1-BC5.

Directi on 1-BS1 1-BS2 1-BS3 1-BC4 1-BC5
xN +IC9 -IC9 xN +IC9 -IC9 xN +IC9 -IC9 xN +IC9 -IC9 xN +IC9 -IC9

N 15.51 17.69 13.33 14.39 15.36 13.41 17.73 19.47 15.98 19.45 21.78 17.12 17.43 19.64 15.22

NE 16.55 17.79 15.31 15.67 16.70 14.63 19.25 21.82 16.67 18.35 20.78 15.91 18.30 22.47 14.14

NW 13.07 15.05 11.10 16.55 18.64 14.46 21.04 28.06 14.02 17.99 20.17 15.80 15.27 16.28 14.26

S 18.23 20.40 16.05 19.92 23.73 16.10 21.25 26.26 16.25 19.44 22.77 16.10 17.04 19.41 14.69

SE 16.21 17.94 14.47 20.63 26.35 14.92 17.75 19.14 16.36 18.24 21.38 15.11 17.03 19.50 14.57

SW 16.86 17.73 15.99 19.64 22.03 17.24 19.76 22.68 16.84 18.51 21.33 15.70 15.12 15.81 14.44

E 15.56 16.82 14.32 17.42 19.75 15.10 20.29 23.49 17.10 19.01 22.72 15.30 16.88 20.79 12.97

W 18.41 21.31 15.51 17.04 18.76 15.33 20.13 22.36 17.91 19.29 21.42 17.16 14.97 16.89 13.06
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1-BS2 presented the highest maximum value. The standard 
devia� on and variance obtained similar values, being higher 
if compared to the wind speed presented in the previous 
sec� on. Figure 5 shows the data represented in a wind rose 
graph. As observed in the sta� s� cal analysis of the Wind 
Speed at 10 m, all points indicated a higher occurrence of 
winds coming from NE. From an analysis of the maximum 
values (Table 3), the point 1-BS1 showed the S direc� on with 
the highest value, the point 1-BS2 showed the NE direc� on 
with the highest value and the point 1-BS3 showed the E, 
SE and W direc� ons with the highest values what was not 
observed in the analysis of the respec� ve wind speeds at 
10 m in the three points. Point 1-BC4 is represented in Fig-
ure 5d, where it is observed a higher occurrence of N and 
NE winds, having the highest average values. By sta� s� cal 
analysis, it was found that the highest value of the gust oc-
curred in the SW direc� on, which also did not occur for wind 
speed at 10 m. In Figure 5e we note that point 1-BC5 has the 
largest number of observa� ons in the NE and N direc� on, 
and maximum value in the S direc� on where, again, was not 
observed in the wind speed at 10 m.

The values of return levels and their respec� ve 99.9% CIs 
can be seen in Table 4.

It is observed at point 1-BS1 that the W direc� on has the 
highest value of  and the NW direc� on with the lowest value. 
From the Beaufort Scale, the winds are classifi ed as Hard or 
Force 9 in all direc� ons except NW as Very Strong or Force 8.

Table 3. Descrip� ve sta� s� cs of the random variable wind gust 
at 10 meters for the 41 years (1979-2019) (m/s) of the points in 

Figure 1.

Points Mean 
(m/s)

Maxi-
mum 
(m/s)

Mini-
mum 
(m/s)

Standard 
Devia-

ti on 
(m/s)

1-BS1 9.06 24.67 0.54 3.53

1-BS2 7.94 30.78 0.18 3.32

1-BS3 9.25 29.58 0.29 3.49

1-BC4 9.41 27.06 0.59 3.27

1-BC5 8.85 24.66 0.92 2.84

a) b) c)

d) e)

Figure 5. wind rose represen� ng wind direc� on and gust at 10 m during the period 1979-2019 at the respec� ve points a) 1-BS1 b) 1-BS2 
c) 1-BS3 d) 1-BC4 e) 1-BC5
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From the result of point 1-BS2, it is noted that it has SW 
with the highest  values and N with the lowest values. The S 
and SW direc� ons classifi ed as Stormy or Strength 11, the W 
direc� on as Very Hard or Strength 10, the other direc� ons as 
Hard or Strength 9.

Point 1-BS3 presented on average the highest  values, 
with the E direc� on having the highest value. The NE di-
rec� on presented the lowest value. The E and W quadrant 
winds are classifi ed as Stormy or Force 11, the N, NW, S, SE 
and SW direc� ons as Very Hard or Force 10 and the NE direc-
� on as Hard or Force 9.

For the Campos Basin, points 1-BS4 and 1-BC5 were used. 
Point 1-BS5 presents the S direc� on with the highest  and 
the E direc� on with the lowest value. The S quadrant winds 
are classifi ed as Stormy or Force 11, the NW, N, SW and W 
direc� ons as Very Hard or Force 10 and the E and SE direc-
� ons as Hard or Force 9. At point 1-BC4 the SE direc� on has 
the highest value of  and the SW direc� on the lowest value. 
The SW direc� on is Very Hard or Strength 8, and the other 
direc� ons as Hard or Strength 9. 

The work of Liska et al. (2013a) aimed to es� mate the 
maximum wind speed levels for the municipality of Pirac-
icaba-SP and compare the results of two methodologies: 
Maximum blocks and the POT. The results showed that the 
POT was more accurate since it presented lower values of 
rela� ve standard error. In the studied period, the highest es-
� mated return level was 29.39 m/s for 100 years, which is 
considered, from the Beaufort Scale, as Stormy or Force 11.

In the study by Sant’Anna (2018), the procedures for the 
es� ma� on of extreme winds, currently used in France, are 
presented. To obtain the 50-year return level values, the POT 
sta� s� cal model and the wind gust velocity database for the 
state of Rio de Janeiro were used. It can be seen that in the 
present study the values are also between 20 and 30 m/s, 

the highest value being 29.81 m/s at point 1-BC4. If the CI is 
considered, the return level reaches 38.64 m/s, at the same 
point, for the S direc� on.

Significant Wave Height

Figure 6 shows the graphs of the adherence tests of the 
data to the model. Point 2-BS14 was chosen and the SW and 
W direc� ons were selected. It is possible to see the coher-
ence of the model in represen� ng the empirical data since 
the values are close to the straight line and within the CI. It is 
concluded that the model and the Hs data can be represent-
ed by a GPD, therefore the level of return can be calculated.

Based on the data in Table 5, point 2-BS13 presents an av-
erage of 2.01 m of Hs and a maximum value of 7.08 m, which 
comes from the SW. At point 2-BC15 a maximum value of 
6.02 m from SW is observed.

It can be seen from Figures 7a and 7b that the S, SE, E and 
NE direc� ons have the most observa� ons.

Figure 8 shows a map where the respec� ve wind rose was 
generated for each point. From it, one can be� er visualize 
the data and conclude that the region has a higher occur-
rence of waves coming from the NE, E SE, S and SW direc-
� ons.

The results obtained through the POT Model to calculate 
the levels of return for the variable Hs and their respec� ve 
99.9% CIs can be seen in Tables 6 to 9. They are presented in 
the form of graphs (Appendix) and tables.

Point 2-BS13 presents, on average, the largest values of , 
with the largest value belonging to the SW direc� on at this 
point. The point 2-BS4 presents on average the lowest val-
ues of , being the N direc� on the lowest value.

Table 4.  Table 100-year Return Level Values of the variable Wind Gust at 10 m for points 1-BS1, 1-BS2, 1- BS3, 1-BC4 and 1-BC5.

Direc-
ti on 1-BS1 1-BS2 1-BS3 1-BC4 1-BC5

xN +IC9 -IC9 xN +IC9 -IC9 xN +IC9 -IC9 xN +IC9 -IC9 xN +IC9 -IC9

N 22.24 25.00 19.52 21.29 23.42 19.16 25.61 29.38 21.85 27.93 31.48 24.39 23.10 26.05 20.16

NE 22.44 23.41 21.46 22.82 25.04 20.59 24.55 26.49 22.60 26.46 30.30 22.62 23.12 27.17 19.07

NW 18.00 20.15 15.65 21.54 24.83 18.24 25.50 28.84 22.16 25.34 29.63 21.04 21.51 23.34 19.68

S 25.46 33.54 17.39 28.24 34.14 22.33 28.44 33.36 23.51 29.81 38.64 20.98 23.86 28.33 19.39

SE 22.06 24.50 19.63 27.80 34.12 21.49 26.54 30.41 22.67 24.47 28.41 20.52 23.89 28.45 19.33

SW 23.45 24.91 22.00 29.56 37.06 22.06 28.01 32.09 23.93 26.69 30.17 23.21 20.27 21.27 19.26

E 21.53 23.46 19.61 23.70 26.33 21.08 29.32 34.17 24.47 24.36 27.21 21.50 23.25 28.17 18.33

W 26.79 30.90 22.49 25.42 28.67 22.17 29.07 32.37 25.76 26.52 29.62 23.43 21.72 26.15 17.29
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a) d)

b) e)

c) f)

Figure 6. Figure exposing the tests of adherence for modelling the GPD distribu� on for the � me series of the variable Hs from Point 
2-BS14 and direc� on SW(a), b) and c)), and direc� on W (a), b) and c)). In a) and d) the PP-Plot plot is shown where the y-axis represents 

the probability of the theore� cal data and the x-axis of the empirical data. The black solid line represents the linear regression of the 
points, and the red dashed line represents the 99.9% confi dence interval calculated from the Dvoretzky-Kiefer-Wolfowitz Method. In 
b) and e) the QQ-Plot plot is shown, where the x-axis represents the quan� les of the empirical data and the y-axis, the quan� les of 

the theore� cal data. The black solid line represents the linear regression of the points, and the red dashed line represents the 99.9% 
confi dence interval calculated from the Kolmogorov-Smirnov Method. In c) and f) the Data Cumula� ve Distribu� on Func� on plots 

are shown. The solid line represents the theore� cal data, the dots represent the empirical data, and the red dashed line is the 99.9% 
confi dence interval calculated from the Kolmogorov-Smirnov Method.
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Table 5. Descrip� ve sta� s� cs of the random variable Hs (m).

Point Mean 
(m/s)

Maxi-
mum 
(m/s)

Mini-
mum 
(m/s)

Standard 
Devia-

ti on 
(m/s)

2-BS1 1.89 7.13 0.61 0.65

2-BS2 1.77 6.89 0.60 0.59

2-BS3 1.61 5.63 0.54 0.51

2-BS4 1.65 5.47 0.57 0.52

2-BS5 1.56 4.94 0.51 0.50

2-BS6 1.78 5.46 0.66 0.53 

2-BS7 1.82 6.45 0.65 0.59

2-BS8 1.84 5.96 0.68 0.57

2-BS9 1.93 7.03 0.65 0.64

2-BS10 6.38 6.38 0.70 0.61

2-BS11 1.96 6.08 0.73 0.57

2-BC12 1.96 5.62 0.72 0.53

2-BS13 2.01 7.08 0.69 0.64

2-BS14 2.03 6.49 0.76 0.60

2-BC15 2.03 6.02 0.78 0.57

2-BC16 1.99 5.87 0.82 0.55

2-BC17 1.87 5.01 0.80 0.50

2-BC18 1.93 5.38 0.77 0.54

Parente (1999) studied the weather systems and related 
them with the sea condi� on in the Campos Basin, defi ning 
four main categories: Good Weather, Good Weather with 
swells, Bad Weather - southwest storm and Bad Weather - 
southeast storm.

The Good Weather situa� ons are characterized by the 
dominance of SASAS where the wind is predominantly from 
NE. Thus, it produces a local sea in the same direc� on as 
the winds (Figure 9a). However, in situa� ons of local SASAS, 
there may also be swells coming from high la� tudes, char-
acterizing the sea condi� on as Good Weather with swells 
(Figure 9b). The frontal systems (fronts with associated ex-
tra-tropical cyclones) when they move near the coastal area 
of Southeast Brazil are responsible for the most severe oce-
anic condi� on, genera� ng the largest Hs coming from the 
southwest and south, characterizing sea condi� on of Bad 
Weather - storm from the southwest.

The extratropical or polar an� cyclones (highs in the rear 
of the cold fronts) can intensify the southeasterly winds, es-
pecially when the displacement of the extratropical cyclone 
decreases or some� mes stops, causing the an� cyclone to 
dominate the circula� on, characterizing the sea condi� on 
as Bad Weather - southeast storm. This confi gura� on (Fig-
ure 9c) generates a track, intensity and persistence of winds 
favourable for the forma� on of swells that may eventually 
propagate to the coastal region of southeastern Brazil (Fig-
ure 9d), and provoke southeast swell phenomena. This was 
detected by Innocen� ni and Caetano Neto (1996) where the 
high swells caused great damage and at least one death re-
ported by the media in 1988. A similar more recent confi gu-
ra� on in which the swells were able to enter Guanabara Bay 
in 2019, the Hs was approximately 3.5 m. (Mazzaro et al., 
2019) [Figure 9c and 9d].

a) b) 

Figure 7. a) Wind roses represen� ng Hs. direc� on (a) at point 2-BS13 and (b) at point 2-BC15 during the period 1979-2019.
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Figure 8. Loca� on on the map of the Hs points and their respec� ve Wind Rose for the period 1979-2019.

Table 6. 100-year Return Level values of the variable Signifi cant Wave Height for points 2-BS1, 2-BS2, 2-BS3, 2-BS4, and 2-BS5.

Directi on 2-BS1 2-BS2 2-BS3 2-BS4 2-BS5
xN +IC9 -IC9 xN +IC9 -IC9 xN +IC9 -IC9 xN +IC9 -IC9 xN +IC9 -IC9

N 3.48 3.83 3.13 3.58 3.77 3.38 3.07 3.40 2.75 2.38 2.54 2.22 - - -

NE 4.67 5.14 4.21 - - - - - - - - - - - -

NW 3.80 4.26 3.35 - - - - - - - - - - - -

S 7.39 8.24 6.54 6.51 7.34 5.67 5.55 6.40 4.70 5.50 6.19 4.82 5.15 5.93 4.37

SE 6.49 8.08 4.90 5.30 5.72 4.87 4.89 5.53 4.24 4.14 4.34 3.93 4.02 4.20 3.84

SW 7.75 8.85 6.66 5.73 6.15 5.32 4.89 5.53 4.24 5.17 5.71 4.64 4.88 5.17 4.60

E 5.51 6.32 4.69 4.88 5.45 4.32 4.33 4.80 3.86 4.11 4.40 3.82 3.60 3.84 3.37

W 3.86 4.24 3.47 - - - - - - - - - - - -

Table 7. 100-year Return Level values of the variable Signifi cant Wave Height for points 2-BS6, 2-BS7, 2-BS8, 2-BS9 and 2-BS10.

Directi on 2-BS6 2-BS7 2-BS8 2-BS9 2-BS10
xN +IC9 -IC9 xN +IC9 -IC9 xN +IC9 -IC9 xN +IC9 -IC9 xN +IC9 -IC9

N 3.17 3.35 2.99 4.06 4.36 3.76 3.66 3.82 3.53 3.39 3.71 3.00 3.21 3.47 2.97

NE - - - - - - - - - 4.48 4.82 4.14 4.37 4.60 4.14

NW - - - - - - - - - 4.63 6.00 3.27 4.10 5.07 3.14

S 5.01 5.42 4.60 6.53 7.65 5.40 5.73 6.59 4.89 6.38 6.84 5.90 5.78 6.23 5.33

SE 4.26 4.44 4.08 4.93 5.30 4.55 4.53 4.75 4.32 5.73 6.20 5.27 4.82 5.06 4.57

SW 5.47 5.75 5.19 6.46 7.24 5.66 6.03 6.55 5.51 7.20 7.76 6.64 6.58 7.06 6.10

E 4.68 5.68 3.67 4.56 4.92 4.20 4.60 5.00 4.21 5.43 6.09 4.77 5.04 5.60 4.48

W - - - - - - - - - 5.88 7.13 4.63 5.72 6.72 4.71
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Table 8. 100-year Return Level values of the variable Signifi cant Wave Height for points 2-BS11, 2-BC12, 2-BS13, 2-BS14, and 2-BC15.

Directi on 2-BS11 2-BC12 2-BS13 2-BS14 2-BC15
xN +IC9 -IC9 xN +IC9 -IC9 xN +IC9 -IC9 xN +IC9 -IC9 xN +IC9 -IC9

N 4.33 4.75 3.92 4.29 4.85 3.73 5.14 4.86 3.42 3.85 4.33 3.37 4.48 5.03 3.94

NE - - - - - - 5.49 6.91 4.08 4.94 4.81 4.06 4.59 5.17 4.01

NW - - - - - - 5.05 6.12 3.98 3.92 4.46 3.37 3.41 3.61 3.22

S 5.51 6.05 4.96 5.19 5.56 4.82 6.89 7.96 5.82 6.03 6.56 5.50 5.78 6.26 5.29

SE 4.81 5.20 4.42 4.50 4.76 4.26 5.71 6.16 5.26 4.97 5.22 4.71 4.72 4.96 4.47

SW 6.06 6.43 5.69 5.82 6.37 5.27 7.77 8.97 6.56 6.57 7.07 6.07 6.25 6.89 5.62

E 4.51 5.00 4.03 4.76 5.28 4.25 5.97 7.11 4.83 5.08 5.64 4.53 4.91 5.54 4.28

W 5.17 5.80 4.54 4.34 5.37 3.31 6.63 7.44 5.83 6.26 7.15 5.38 6.28 7.64 4.91

Table 9. 100-year Return Level values of the variable Signifi cant Wave Height for points 2-BS11, 2-BC16, 2-BC17, and 2-BC18.

Directi on 2-BC16 2-BC17 2-BC18
xN +IC9 -IC9 xN +IC9 -IC9 xN +IC9 -IC9

N 4.56 4.97 4.15 3.82 4.12 3.52 3.82 4.12 3.52

NE 4.39 5.00 3.79 4.64 5.95 3.34 4.64 5.95 3.34

NW 4.21 4.73 3.69 3.82 4.41 3.23 3.82 4.41 3.23

S 5.81 6.85 4.78 5.07 5.50 4.64 5.07 5.50 4.64

SE 4.83 5.18 4.47 5.72 7.28 4.14 5.72 7.28 4.14

SW 5.91 6.57 5.25 5.17 5.68 4.65 5.17 5.68 4.65

E 5.03 5.95 4.10 4.35 5.03 3.67 4.35 5.03 3.67

W 4.34 4.80 3.88 3.73 4.26 3.20 3.73 4.26 3.20

Campos (2009) used the measurements of an ondograph 
located in the Campos Basin, between 1991 and 1995, and 
twenty years of simula� on of the WAVEWATCH III mod-
el between 1986 and 2005, forced with winds from NCEP/
NCAR Reanalysis to characterize the region. As a result, he 
obtained through the waveform data, that the largest swells 
were from SW with Hs of 9.54 m but with great uncertainty 
due to the short dura� on of the � me series. The POT applied 
to the WAVEWATCH III data showed that the largest swells 
were caused by cyclones, resul� ng in a return level of 100 
years with Hs around 7.884 m.

However, in the results found here, analyzing the waves in 
the Santos and Campos Basin, it was found that the largest 
swells were from SW in most points, except for points 2-BS2, 
2-BS3, 2-BS4, 2-BS5 and 2-BS7 because they are closer to 
the coast. Nevertheless, they present the highest values in 
the S direc� on. It is worth men� oning that these results are 
in agreement with the methodology presented by Parente 
(1999).

5. CONCLUSIONS

First, adherence tests were performed, in which the re-
sults showed that the set of wind and wave data from the 
ERA5 reanalysis have an adequate consistency with the POT 
model. Based on this fi nding, it was possible to use it to cal-
culate the 100-year return level of the variables studied.

As the applied technique needs great interac� vity with 
the user, through the choice of thresholds, based on the 
analysis of the numerous graphs, the results become more 
accurate and less suscep� ble to errors. In some points, the 
wave extreme was not possible to be calculated for certain 
direc� ons, for not having enough data for the calcula� on.

Through the POT Model, it was possible to conclude that 
the point 1-BS3 generated the highest  value of wind speed 
of all points, in the S direc� on with a value of 21.25 m/s, con-
sidering a +IC 26.26 m/s. Point 1-BC4 generated the highest 
concerning the gust, with values of 29.81 m/s and +IC 38.64 
m/s.



Revista S&G
Volume 16, Número 1, 2021, pp. 84-100
DOI: 10.20985/1980-5160.2021.v16n1.1703

98

Analyzing the sta� s� cs of the data of the Wind points at 
10 m, through the Wind Rose Graph it is possible to state 
that all points have a higher occurrence of NE winds, related 
to the ac� vity of SAS in the region. The sta� s� cal analysis led 
to the conclusion that points 1-BS1 and 1-BS3 have higher 
values in average wind speed and gust at 10 m in the NE 
direc� on. Points 1-BC4 and 1-BC5 in the N direc� on, and 
only point 1-BS2 have, on average, the S direc� on with the 
highest values. This probably occurs because point 1-BS2 is 
more infl uenced by the geographic barrier, because it is clos-
er to the con� nent, and consequently has less occurrence of 
winds coming from SAS when compared to the other points. 
The fact that the S direc� on has the highest average value is 
related to the fact that the region is infl uenced by the pas-
sage of frontal systems, which eventually move eastward, 

not reaching lower la� tudes.

It is possible to conclude that from the sta� s� cs of data 
from points 13 and 15 of Hs, the largest swells that reach 
the BC and BS are those coming from SW, generated by fron-
tal systems, occurring in situa� ons of bad weather, as was 
found by Parente (1999). It is worth men� oning that this SW 
confi gura� on occurs due to the contribu� on of the rear po-
lar masses (high-pressure system) associated with cyclones, 
which increase the pressure gradient, the track and per-
sistence of winds. By sta� s� cal analysis, the highest mean 
values at the two points also come from SW. The highest val-
ue of  was found at point 13 in the SW direc� on with Hs of 
7.77 m and considering the +IC 8.97 m.

a) b)

c) d)

Figure 9. a) Wind at 10 m (knots) and Sea Level Pressure (hPa) - ERA5 from 05/20/2018 at 19z. b) Rose of Winds represen� ng Hs and 
Average Wave Direc� on at point 2-BS10 from 05/20/2018 to 05/22/2018. c) Wind at 10m (knots) and Sea Level Pressure (hPa) - ERA5 
from day 17/07/2019 at 05z. d) Wind rose to represent Hs and Average Wave Direc� on at point 2-BS10 from day 17/07/2019 to day 

20/07/2019.
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Given the importance of this theme, the methodology 
used is eff ec� ve to evaluate extreme values in the region. It 
is worth no� ng that, although data collected in situ are pref-
erable when conduc� ng a study, the use of ERA5 Reanalysis 
is an alterna� ve to its use in loca� ons that do not have a 
suffi  ciently long and consistent � me series.
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