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Abstract: A detailed climatology of ocean wind waves in the South Atlantic Ocean, based on ERA-5
reanalysis and in a higher-resolution wave hindcast (ERA-5H), both developed by the European
Centre for Medium-Range Weather Forecasts, is presented. The higher resolution of the wave fields in
the ERA-5H (22 km) allowed for a better description of the wind sea and swell features compared to
previous global and regional studies along the Brazilian coast. Overall, it is shown that swell waves
are more prevalent and carry more energy in the offshore area of the study area, while wind sea
waves dominate the nearshore regions, especially along the northern coast of Brazil. The influence
of different climate indices on the significant wave heights patterns is also presented, with two
behavioral groups showing opposite correlations to the North Atlantic Oscillation and Southern
Annular Mode than to the Southern Oscillation Index. The analysis of the decadal trends of wind
sea and swell heights during the ERA-5H period (1979–2020) shows that the long-term trends of the
total significant wave height in the South Atlantic Ocean are mostly due to swell events and the wave
propagation effect from Southern Ocean storms.

Keywords: wave analysis; ERA5; South Atlantic Ocean

1. Introduction

Waves result from the transfer of energy from the atmosphere to the ocean through
the wind, therefore being closely related to variations in atmospheric regimes, which have
higher temporal and spatial variability [1,2]. Two types of waves can be observed on the
ocean’s surface: Wind sea and swell [3–5]. On the one hand, wind seas are short-period
waves, generated by the overlaying winds, with a wave phase speed lower than the local
wind speed. On the other hand, swells are long-period waves, generated afar, to a distance
that can be thousands of kilometers away, with a wave phase speed that exceeds the local
wind speed. Thus, when analyzing the wave climate, it is useful to divide the wave data
into both wind sea climate and swell climate analyses [4,6,7], and any relationship with
local winds must be established with caution.

Besides the wind sea and swell separation, waves are also analyzed regarding different
wave parameters. These can be computed from the ocean wave spectrum, given that waves
on the ocean surface can be interpreted as the sum of regular wave components with
random phase angles and different frequencies. One of the most commonly used wave
parameters is the significant wave height (Hs), defined as the average height of the highest
one-third of all the waves if computed from a wave record. Otherwise, when computed
from wave spectra, Hs = 4

√
m0, where m0 is the zeroth spectral moment, computed as

m0 =
∫ ∞

0 f 0E(θ, f ), where E(θ, f ) is the two-dimensional (2D) wave (variance) spectrum,
and θ and f are the direction and the frequency, respectively. The 2D wave variance
spectrum is related to the total energy content of the sea state [8]. The mean wave period
(Tm) can also be calculated from the wave spectrum, as well as the mean wave direction
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(θm). Additionally, Hs, Tm, and θm can also be computed separately for the wind sea and
swell components of the sea state via partitioning of the wave spectrum, thus obtaining the
wind sea and swell significant wave heights (Hw

s and Hs
s , respectively), mean wave periods

(Tw
m and Ts

m), and mean directions (θw
m and θs

m). Consider [4,7,9] for further details.
Since the wave climate is dominated by local and remote atmospheric conditions,

it can also be analyzed regarding its temporal, directional, and spectral characteristics.
These include the variability and periodicity of wave parameters and their association
with climate indices [10]. Waves represent a key process within the climate system and
can influence not only energy transfers between the ocean and the atmosphere but also
heat and mass [11]. Thus, understanding the wave climate is important, for example, for
monitoring of coastal erosion and sediment transport, coastal and offshore engineering,
ship routing, environmental studies, and wave energy estimation for renewable energy
purposes [12].

Given the potential impacts on coastal morphology and beach dynamics, extreme
waves deserve special attention as part of the wave climate of a region, particularly in
land-falling storms. Extreme wave events are responsible for the most drastic changes
in coastal morphological evolution [13], frequently leading to extreme erosion processes.
Moreover, understanding the patterns behind extreme waves is important for any coastal
management and engineering activities, not to mention coastal hazard studies. These
extreme wave heights are usually associated with storms, sometimes taking place far
away [14]. Additionally, storm waves are often combined with storm surges, leading
to severe effects in coastal zones [15]. For that matter, the assessment of the present
wave climate is crucial to determine potential changes and trends, due to natural climate
fluctuations, or anthropogenically induced climate change processes [4,16–19].

The most direct and obvious approach to studying wave climate is through observa-
tions. In situ wave measurements performed with oceanographic buoys represent the most
realistic data, but they are local observations, geographically sparse, and limited [20,21].
On the other hand, even though remote sensing provides global coverage through satellite
altimetry, it also represents a short time series (about 25 years) and low temporal and spatial
resolution [22]. Therefore, numerical models are more often used and commonly applied to
conduct wave climate studies, using reanalysis and hindcast data, where recent past wave
events are simulated considering historical wind data in order to understand present wave
climate [10]. The European Centre for Medium-Range Weather Forecasts (ECMWF) has a
long tradition of producing reanalysis data. The ECMWF started atmospheric reanalysis
in 1979 with the start of the satellite era. Up until the release of ERA-20C, ERA-Interim
was the most complete ECMWF product. The evolution of forecast and hindcast meth-
ods eventually led to the development of ERA-5, which is the main dataset used in the
present study.

A reanalysis relies on interpreting, relating, and combining different observations from
multiple sources that document the evolution of the global atmosphere, ocean (including
waves), land surface, cryosphere, and the carbon cycle. Equations of motion and physical
processes are used to generate data products based on the assimilated information, which
combine the first model result (short-range forecast) with observations (in the “analysis”
step; [23]). The temporal consistency of the reanalysis depends on the quality of the input
observations. These tools play an important role in improving observation systems through
the feedback loop, which results from advances in data assimilation and the development
of better forecast models. The improvement of forecasting systems is largely due to the
evolution of observation systems over the last three decades, which is mainly a result of
the advances in satellite technology [24,25].

Global wave climate studies including the South Atlantic Ocean (SAO) have been
recently performed [4,11,26]. However, most wave climate studies are focused on the North
Atlantic Ocean (NATL) [16,27–29]. Wave climate studies in the SAO are relatively limited,
mostly regional, and lack long-term assessments (of more than 30 years). For instance, in
Brazil, [30] studied the coast of Ceará in the north, and [31,32] analyzed the waves along the
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southern region in Santa Catarina and Rio Grande do Sul, respectively. The longest analyses
in Brazil were performed by [33,34] in the southern region of the country, and by [35] in
the southeast. Other authors, including [36,37], exemplify the few studies covering the
entire Brazilian coast, based on reanalysis data. However, only the latter truly represents
long-term analysis.

Considering the extension of the Brazilian coast, its wave climate is determined by
winds originating in the SAO and the Southern Ocean, involving three large atmospheric
systems: The SAO (including the respective Southern Ocean sector) extratropical storm
belt, the Intertropical Convergence Zone (ITCZ), and the respective trade winds, from
both hemispheres. Given these major mechanisms responsible for wave generation in
the SAO, it can be concluded that the Brazilian coastline is influenced by two main wave
systems: East-northeastern waves and south-southeastern waves [38]. The relevance of
these atmospheric and wave systems across the coast of Brazil varies with the latitude and
coastal orientation. Moreover, along the section between the southernmost region to the
eastern region of the Brazilian coast, the austral winter months are the most energetic ones,
whilst the most energetic period in the north region is from December to March, indicating
different seasonality patterns along the study area.

The present study details, for the first time, the present wave climate across the entire
coast of Brazil using wave data from an ECMWF high-resolution wave hindcast. This
hindcast has been produced using ERA-5 reanalysis winds and sea ice concentration (SIC)
and will henceforth be designated as ERA-5H. The goal of this study is to examine the
wave climate variability and long-term trends along the coast of Brazil, based on the
high-resolution ERA-5H hindcast, from 1979 to 2020.

The outline of this paper is as follows: Section 2 details the ERA-5 reanalysis and
ERA-5H hindcast data, as well as in situ datasets, and a summary of the methodology
used. The results and description of the wave climate off the coast of Brazil are presented
in Section 3. Section 4 presents the key point analysis in which a comparison with in situ
data was performed. Lastly, a summary of the study and concluding remarks are presented
in Section 5.

2. Materials and Methods
2.1. The ECMWF ERA-5 Based Wave Hindcast

Reanalysis data are used for climate studies when there is a lack of observations.
Due to the hectic nature of the atmosphere, models need constant updates in order to
perform corrections to their results. Reanalyses use data assimilation to correct them by
mixing observations and model simulations. On the other hand, the hindcast approach is
based on running atmospheric and wave models for a historical period, but without data
assimilation.

Produced with the purpose of replacing ERA-Interim, the ERA-5 reanalysis provides
a comprehensive high-resolution record of the global atmosphere, land surface, and ocean
wind waves from 1950 onwards. Meanwhile, ERA-5H is a long global wave model stand-
alone run (i.e., not coupled) forced by ERA-5 hourly 10 m neutral winds, surface air density,
gustiness, and SIC. Because no wave data assimilation was used with this hindcast, it can
also be seen as a benchmark of the quality of ERA-5 atmospheric forcing.

Even though the outputs of both ERA-5 and ERA-5H are hourly, their horizontal
resolution is very different, with the latter showing a higher resolution [39]. The horizontal
resolution of ERA-5 is 31 km for the atmosphere and 40 km for the waves, while the ERA-
5H wave resolution is 0.2◦ (22 km). Their spectral resolutions are also different, with ERA-5
showing 24 directions and 30 logarithmically spaced frequencies, while ERA-5H presents
36 directions and 36 frequencies. Moreover, ERA-5H uses a more recent global bathymetry,
as presented in Table 1. Furthermore, ERA-5H was produced with ERA-5 winds and a
modified version of the WAM wave model.
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Table 1. Comparison between ERA-5 and ERA-5H information [39].

Parameter ERA-5 ERA-5H

Period covered 1950–present 1979–present
Data product Reanalysis Hindcast

Temporal resolution 1 h 1 h
Spatial resolution (waves) 40 km 22 km

Spectral resolution 24 directions, 30 logarithmically spaced
frequencies

36 directions and
36 frequencies

Bathymetry ETOPO2 ETOPO1
Assimilation scheme 4D-Var -

IFS 1 model cycle 41r2 (2016) 46r1 (2019)
1 IFS = Integrated Forecasting System.

To better exemplify the differences between ERA-5 and ERA-5H, the spatial distribu-
tions of Hs and wave energy flux (Pw), as well as extreme wave conditions, in the study area
are presented in the Supplementary Material. We should highlight the better performance
of the ERA-5H, especially with the differences near the coast for extreme values of Pw along
the eastern region of Brazil.

To determine the wave climate variability along the coast of Brazil, several wave
parameters were analyzed from 1979 to 2020, such as Hs, Tm, and θm. However, when
analyzing the entire Atlantic Ocean basin, wind speed (U10) and wind direction (ϕ) were
examined based on ERA-5 data. while Hs, and θm were based on ERA-5H.

2.2. In Situ Wave Observations

The ERA-5H data were also compared against in situ wave observations. From all the
buoy data available since 1979 along the coast of Brazil, 5 buoys from PNBOIA (Programa
Nacional de Bóias) were selected. Table 2 presents the position of the buoys used in the
evaluation and their respective ERA-5H grid points, which have similar coordinates. The
ERA-5H grid points were chosen as the closest ERA-5H points to the actual location of the
corresponding buoys they were intended to be compared to. The variables extracted from
the buoys included Hs, Tm, and U10.

Table 2. Buoy details and their respective ERA-5H key points.

Region Buoy (PNBOIA) ERA-5H Key Point Depth (m) Time Frame Latitude Longitude

North Fortaleza P1 200 18/11/2016–20/05/2018 03◦12.82′ S 038◦25.95′ W
Northeast Recife P2 200 21/09/2012–06/04/2016 08◦09.22′ S 034◦33.57′ W
Northeast Porto Seguro P3 200 06/07/2012–19/12/2016 16◦00.05′ S 037◦56.42′ W
Southeast Santos P4 200 12/04/2011–09/12/2018 25◦26.37′ S 045◦02.17′ W

South Rio Grande P5 200 29/04/2009–09/03/2019 31◦33.74′ S 049◦50.24′ W

2.3. Methods

In order to better understand swell events in the region under study, a swell-tracking
algorithm [40–42] was applied. With this, it was possible not only to quantify the events at
different points of the coast but also to determine where they are coming from in order to
evaluate the contribution of different storm generation areas.

The relationship between large-scale atmospheric forcing and the climatological vari-
ability of Hs was studied through spatial correlation analysis, based on Pearson correlation,
against the climate patterns most representative over the SAO. The patterns included the
North Atlantic Oscillation (NAO), the El Nino Southern Oscillation (ENSO) represented by
the Southern Oscillation Index (SOI), and the Southern Annular Mode (SAM).

The evaluation of how well ERA-5H represents the wave climate of Brazil was deter-
mined by comparing the ERA-5H hindcast (y) against in situ observations (x). This was
performed with the construction of scatter plots, as well as the computation of statistic
parameters as described below.
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BIAS represents the deviation between two variables, which can be defined as the
difference between the averages of the time series:

BIAS = sum(y− x)/length(x). (1)

The Root Mean Square Error (RMSE) measures the difference between an estimated
value and the true value:

RMSE =

√
1
N

ΣN
i=1(xi − yi)

2. (2)

The linear regression slope, or symmetric slope (SS), describes how much one can
expect Y to change as X increases. In an ideal situation, SS = 1.

SS =
y
x

. (3)

The Pearson correlation coefficient (ρ) is the measurement of how the two variables
are related to each other, with 1 (−1) indicating a perfect correlation (anticorrelation).

ρ =

√√√√ ΣN
i=1(xi − y)2

ΣN
i=1(yi − xi)

2 + (xi − yi)
2 . (4)

The scatter index (SI) is the measurement of the dispersion with regard to the line
x = y (ideal).

SI =
RMSE

x
∗ 100. (5)

Finally, the intra-annual variability of wave parameters was examined for the same 5
key points used in the in situ observation analysis through monthly averages. The same
points were used in the long-term variability analysis, but rather with linear trends of Hs,
Hw

s , and Hs
s .

A summary of the methodology applied is presented in Figure 1.
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3. The Wave Climate of Brazil
3.1. Atlantic Ocean Wind and Wave Climates

The climatological annual means of U10 and ϕ, as well as Hs and θm, for the entire
Atlantic Ocean, are shown in Figure 2 (ERA-5 reanalysis data). For both hemispheres, the
extratropical regions present the highest values of U10 and Hs. In these regions, the yearly
mean U10 can reach up to 12 m/s, while the mean Hs can be higher than 4 m. The lowest
U10 values can be found approximately where the centers of the respective semi-permanent
anticyclone systems are located in each hemisphere (the Azores and the St. Helena High,
respectively), and along the western coast of the African continent. Regarding the mean Hs,
the lowest values are found in the tropical and subtropical regions (the “swell pools”; [43])
as well as closer to the coasts. In fact, between the latitudes of 30◦ S and 30◦ N, the mean
Hs is lower than 2 m.
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3.2. Brazil’s Mean Wave Heights and Directions (Wind Sea and Swell)

Figure 3 presents the climatological annual means of Hs and θm for the southwest
Atlantic Ocean, along the coast of Brazil. Although most of the region shows Hs around
1.75 m, it is possible to observe higher waves coming from the Southern Ocean as well as
waves with Hs higher than 2 m in the tropical SAO, approximately between 10◦ S and 20◦ S.
Additionally, closer to the shore, waves tend to become smaller, mainly in enclosed areas,
where there are major river mouths, which is the case for the Amazon River in the north of
Brazil and the Rio de La Plata at the border between Argentina and Uruguay.

The distribution of the climatological annual means of Hw
s and θw

m, and Hs
s and θs

m, are
shown in Figure 4. The differences between the wind sea- and swell-related parameters
are easily noticeable. While the mean Hs

s reaches 2.5 m, with most of the offshore region
ranging from 1.5 m and 1.75 m, the mean Hw

s does not exceed 1.5 m. Moreover, mean wave
directions also differ between the two scenarios, with a larger contribution of SE and NE
waves among the swell waves and E waves among the wind sea waves.
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m (◦),
for Brazil.

By dividing the climatological means of Hw
s by Hs

s , it is possible to observe the preva-
lence of wind sea or swell in the study area (Figure 5). Except for the north region of Brazil
and the coast of Bahia along the eastern coast, the results indicate a swell predominance
over wind sea waves, with values lower than 1. Moreover, the predominance of wind sea
waves at the major river mouths is even clearer than in the annual Hs results shown previ-
ously. Furthermore, the effect of the wind jets along the northern coast of Brazil is also more
visible, with wind sea waves being almost as relevant as swell waves, which is represented
by values around 1, indicating equal importance from both components. Areas closer to
the coast indicate even higher values, representative of wind sea-dominated regions.

3.3. Extreme Wave Events

Extreme storm waves are characterized by uncommonly high wave heights. The
extreme Hs values were calculated as the 95th percentile (P95) [44]. Showing the climato-
logical P95 results for the study area, Figure 6a reveals a latitudinal variation for most of
the study area, from around 2 m in the tropical latitudes to more than 5 m in the subtropical
SAO. Across the offshore area of Brazil, values between 2 m and 3.5 m are visible. However,
the regions closer to the coast show values up to 2.5 m only. Accordingly, the maximum
Hs shown in Figure 6b also exhibits a decrease from the south of Brazil towards lower
latitudes, with the lowest values in the equatorial region and the highest ones across the
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extra-tropical latitudes. Values above 10 m can only be found below 25◦ S and the entire
north region of Brazil presents a maximum Hs lower than 4 m, while the southeastern and
eastern regions show values ranging from 4 m to 7 m.
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In general, the extreme Hs values in the study area are relatively low when compared
to other regions of the world, such as the North Atlantic and North Pacific Oceans. Even
higher latitudes of the SAO present higher extreme Hs values than the Brazilian coast [45].

3.4. Wave Energy Flux

The wave energy flux (or the ability of the waves to perform work, in kw.m−1) is
defined here as Pw. The wave energy flux is a function of the wave periods and wave
heights, to the first and second order, respectively [4]. Figure 7a displays the climatological
annual means of Pw for the coast of Brazil. Overall, with the exception of the extratropical
region, Pw is relatively low across the study area. However, higher values of wave power
can be observed across the area where the most extreme waves were found. These waves
most likely represent the edges of the Southern Ocean storm generation area.
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Figure 7b shows the distribution of swell prevalence based on wave power by com-
paring Pw

w and Ps
w. The low values indicated in Figure 7b represent a higher predominance

of Ps
w than Pw

w . This is a consequence of the fact that swell waves carry most of the ocean
energy and are more regular than wind sea waves.

Additionally, the Pw geographical distribution (Figure 7a) is similar to that of P95
(Figure 6a), with the lowest values closer to the shore and along the equatorial region and
the highest values across the extra-tropical region. The influence of the coastal low-level
wind jets along the north coast of Brazil can, once again, be observed when comparing the
relationship between Pw

w and Ps
w (Figure 7b), with the local wind generating higher wind

sea wave heights, closer to Hs
s .

3.5. Swell Events

Due to their dispersive properties, waves propagate freely away from their generation
areas. Given similar conditions some waves might have as a result of the same generation
storm, the waves tend to group themselves, constructing a swell event. These swell events
can then be identified depending on the behavior of the peak wave period and peak mean
wave direction. In order to isolate such events from the remaining local sea-state conditions,
a swell-tracking algorithm was applied to 50 points along the coast of Brazil [40–42].

After choosing approximately equally distanced points along the coast of Brazil, the
swell identification algorithm identified all individual swell events (from ERA-5H) that
occurred at each of the coastal positions. Figure 8 displays the climatological annual mean
number of swell events at each location, with a minimum of 0 events and a maximum of
12 events per year. Note that these values correspond to specific (pure) swell events that
fill the criteria used in the algorithm. It is possible to observe that almost the entire north
region of Brazil has an annual average of less than six swell events per year. On the other
hand, the south and southeast regions range between 0.1 and 9 events, and the highest
values are found along the east and northeast regions.

As mentioned, besides identifying and counting the swell events at each location, the
swell-tracking algorithm can also estimate the approximate origin location and time of
such events. Table A1 in Appendix A displays the results and coordinates for all 50 points
selected for this analysis. To exemplify the results, 6 points were chosen from the original
50 points, and their results are presented in Table 3, which displays the contribution of
multiple generation areas to the percentage of swell events coming from each section of the
Atlantic Ocean basin. The southern points (4 and 11; Figure 8) indicate the SAO as being
responsible for most of the swell events arriving in the region, while over 80% of the swell
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events arriving on the points in the northeast and north regions (31, 37, and 45) originate in
the NATL. In addition, even though almost 72% of the events arriving at the eastern region
(point 22) originated from storms in the SAO, over 10% originated in the Tropical Atlantic
Ocean (TAO), possibly related to tropical cyclone activity.
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Table 3. Percentages of the number of swell events (%) originating in each area of the Atlantic Ocean:
North Atlantic Ocean (NATL), Tropical Atlantic Ocean (TAO), and South Atlantic Ocean (SAO).

Point NATL TAO SAO Atlantic Swells

45 97.6 0.8 0.0 98.4
37 89.4 2.5 0.0 91.9
31 87.9 0.6 0.0 88.5
22 0.0 13.3 71.7 85.0
11 0.0 7.4 86.8 94.1
4 0.0 0.7 89.5 90.2

Furthermore, none of the selected six points have the full 100% of their swell events
formed in the Atlantic Ocean (Table 3). For instance, point 22 has the lowest percentage
of Atlantic swells with 85%, out of which 13.3% originated in the TAO and 71.7% in the
SAO. On the other hand, point 45 displays the highest percentage of Atlantic swell (98.4%),
almost entirely originating in the NATL (97.6%). This result indicates that the Brazilian
coast receives swell waves from other regions of the global ocean, such as the South Pacific
and South Indian oceans.

3.6. Large Scale Atmospheric Forcing

Several studies have shown the possibility of wave climate variability being associated
with atmospheric oscillations and modes, usually depicted as climate indices. The relevance
of these events on wave climate has been proven by the control NAO has over Hs of the
NATL [16,46,47]. The NAO is the principal mode of sea-level pressure (SLP) variability in
the NATL. The spatial pattern of the NAO consists of a dipole structure between the Azores’
high-pressure system and the Icelandic low-pressure system. During the positive phase
of the NAO, the oscillation represented in this mode consists of a strong anticyclone over
the Azores, extending its crest along the subtropical latitudes of the NATL and promoting
free zonal circulation (storm belt), generally above 40◦ N. This, in turn, leads to strong
westerly winds along the middle latitudes, generating bigger waves [16]. As a result, the
wave generation processes in the NATL are influenced and, consequently, so are the swells
arriving in Brazil.

Through a positive correlation, the results in Figure 9a show that a positive NAO
value would be associated with the increase in Hs along part of the northern coast of Brazil
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as a result of higher Hs values in the NATL, propagating southwards as swell. However,
most of the Hs values in the study area are negatively correlated with NAO, pointing to
a decrease in Hs along the eastern and south-eastern coasts of Brazil during the positive
NAO phase. Previous research [16] also concluded this by determining that latitudes off
the storm areas, such as most of the study area, are subject to waves that are smaller than
normal during the positive phase of NAO due to a narrower directional window of wind
and waves.
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The second climate mode analyzed in this study is the ENSO, which is a global phe-
nomenon with a marked interannual variability. Even though this mode is centered in the
equatorial Pacific Ocean, its influence has been proven globally. Moreover, ENSO is indi-
rectly influenced by changes in global temperature and climate change [48]. For instance,
previous authors [49] showed that the Atlantic Ocean can affect ENSO by influencing
tropical circulation. For example, when the ascending branch of the Walker circulation is
strengthened in the Atlantic Ocean, there is an associated stronger descending branch in
the Pacific Ocean resulting in ocean surface divergence and, consequently, the development
of La Niña.

The most common index to represent ENSO is the SOI. While a positive SOI value is
representative of La Niña events, a negative SOI value corresponds to El Niño phases. Most
of the Brazilian coast indicates an increase in Hs during positive phases of ENSO, as shown
by the positive correlations in Figure 9b. The results here agree with [50], who concluded
that, during El Niño years, there is a reduction in Hs of up to 8 cm in the northwest part of
the SAO.

However, as the results showed, the offshore region of the south and southeast coasts
of Brazil showed no correlation against SOI. This possibly happens because, during the
negative SOI phase, there is an intensification of the subtropical jets blocking cold fronts
traveling from higher latitudes, leading to a decrease in the incidence of S-SW waves,
representative of regional storm waves and swell waves, which typically have a higher Hs
values [35,51].

The SAM is the leading variability mode affecting the Southern Hemisphere (SH)
atmospheric circulation, responsible for approximately 30% of the climate variability in
the region [18,22]. A positive SAM value is associated with weaker westerlies from 30◦

S to 50◦ S and stronger westerlies from 50◦ S to 70◦ S in the storm belt over the Southern
Ocean. This dipole suggests that during positive SAM periods, extreme wave conditions
are favored in the higher latitudes of the SH. However, given the compression of the
Subantarctic Front during positive SAM periods with the storm belt contracting towards
Antarctica [52], even though the associated waves are higher than average, they have to
travel further to reach Brazil, thus losing some of their energy and, consequently, decreasing
in height, as shown by the negative correlations in Figure 9c.
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4. Key Points Analysis
4.1. In Situ vs. ERA-5H Analysis

The results of the evaluation of ERA-5H performance compared to in situ observations
(Hs), are illustrated in Figure 10. The scatterplots compare the in situ measurements with
selected key points from the ERA-5H Hs. The buoys and their respective key points have
similar coordinates. The ERA-5H grid points were chosen as the closest ones to the actual
location of the corresponding buoys they were intended to be compared to. In addition to
the scatter plots, linear regression fits were computed, as well as the bias, RMSE, correlation
coefficient (r), and SI. All statistics are overlaid on the scatter plots.

The correlation coefficients show an acceptable relationship between the modeled and
observed Hs, with values above 0.70 for all locations, with the highest correlations in Santos
and Rio Grande (0.93 and 0.91, respectively) and the lowest in Porto Seguro (0.70). Overall,
ERA-5H shows a slight overestimation of Hs in Fortaleza, Recife, and Porto Seguro, but it
underestimates Hs in Santos and Rio Grande.

All locations showed RMSE values below 0.4, indicating that ERA-5H can represent
the observed Hs climate with reasonable accuracy. Moreover, although all five cases show
similar scatter indexes, the SI results indicate that ERA-5H has the most similar Hs to the
Fortaleza buoy (12.64%) and that it differs the most from the waves recorded in Porto
Seguro (24.61%).

4.2. Intra-Annual Variability

Figure 11 displays the intra-annual variability (monthly averages) of U10, Hs, Hw
s and

Hw
s , and Tm, Tw

m and Tw
m , at the five key points selected for the buoy analysis.

The results show latitudinal variation with stronger seasonality in the equatorial
region. Most of the variables follow the same pattern with higher values during the austral
winter when the most powerful waves occur, propagated from the extratropical SAO.
However, P1 stands out for the opposite seasonality signals when comparing wind sea and
swell conditions, with the former always following the wind behavior. Regarding Hs, while
all points show higher values of Hs

s than Hw
s for every month, P1 displays the opposite from

July to October, coinciding with the period of stronger winds as well. Furthermore, unlike
the other locations, in P1, it is noticeable that some of the variables show their highest
values from November to March (Figure 11a).

The different seasonality shown at P1 could be associated with the fact that the wave
climate in the north region of Brazil responds directly to the ITCZ behavior and is highly
influenced by atmospheric and marine climates of the Northern Hemisphere (NH). As the
ITCZ moves southward in the austral summer, waves from the NH can reach the north
coast of Brazil as a result of the northeasterly trade winds and more intense storm activity
creating swell events [53].

The southern points (P4 and P5, Figure 11d,e) are under the influence of polar front
systems and seasonal oscillations of the intensity and position of the St. Helena High.
The same can be concluded in the central points (P2 and P3, Figure 11b,c) but to a lower
extent [54]. Additionally, cold fronts in Brazil are more frequent during the austral winter,
as described by [38], which could explain the most energetic waves during this period in
the southern region. In contrast, in the northern region, the extreme wave conditions are
mostly driven by the NH’s circumstances [54,55].

Moreover, intra-annual variability of the wave climate off the coast of Brazil can be
analyzed through seasonal spatial distributions of Hs and Tm as well as monthly anomalies
of Hs, all of which can be found in the Supplementary Material.



Climate 2022, 10, 53 13 of 21
Climate 2022, 10, x FOR PEER REVIEW 1 of 23 
 

 

   

(a) (b) (c) 

   

(d) (e) (f) 

Figure 10. Scatterplot of in situ Hs observations (m) vs. ERA-5H Hs (m) for Fortaleza vs. P1 (a), Recife vs. P2 (b), Porto Seguro vs. P3 (c), Santos vs. P4 (d), and Rio
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blue dashed line represents the linear regression fit. (f) Locations of the buoys.
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Figure 11. Intra-annual variability of U10 (m.s−1; gray line), Tm (s; yellow line), Tw
m (s; dotted yellow

line) and Ts
m (s; dashed yellow line), Hs (m; blue line), Hw

s (m; dotted blue line), and Hs
s (m; dashed

blue line) based on monthly averages for the five selected key points: P1 (a), P2 (b), P3 (c), P4 (d), and
P5 (e).

4.3. Inter-Annual Variability and Trends

An inter-annual variability and trend analysis was performed for Hs, Hw
s , and Hs

s at
the five key points. Consistent positive Hs trends from 1979 to 2020 can be seen at all key
points, indicating that wave heights increased along the coast of Brazil during this period
(Figure 12, Table 4).
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Table 4. Yearly mean Hs trends (cm.dec−1), Hw
s trends (cm.dec−1), and Hs

s trends (cm.dec−1) for each
key point selected within the ERA-5H dataset. Significant results for 95% confidence interval are
underlined and for 99% are in bold.

Key Points Hs Rates (cm.dec−1) Hw
s Rates (cm.dec−1) Hs

s Rates (cm.dec−1)

P1 2.9 3.0 0.8
P2 3.0 3.2 1.8
P3 2.7 2.5 1.8
P4 2.1 1.0 1.8
P5 3.4 2.1 2.5

Regarding Hs and Hs
s , P5 presented the highest rates (3.4 cm.dec−1 and 2.5 cm.dec−1,

respectively). On the other hand, for Hw
s , P2 showed the highest rate (3.2 cm.dec−1). P4

presented the lowest rates for all three parameters analyzed.
Most of the Brazilian coast presented a higher rate for Hw

s than for Hs
s , except for P4

and P5 located in the southeast and south regions, respectively. This indicates a possible
increase in the local wind over the central and northern points of the coast. The importance
of local wind and wind sea waves along the northern coast has been pointed out previously
in this study. Furthermore, the positive trend of Hs

s along the southern regions could be an
indication of increased wind speed in the storm generation areas of the SAO.

Regarding the positive trends in the northern and central sectors, these could be
associated with an increase in storm activity in the NH [56]. In contrast, the increase in Hs
along the southern regions may have been associated with the SAM positive trend since
the 1960s [18,57], although the present study indicated a negative correlation between Hs
and SAM in this region. However, because the present correlation analysis did not isolate
swell waves or winter conditions, the possible influence of the SAM positive trend could
have been masked by wind sea waves and summer conditions.

The increase in Hs over the last four decades, observed in the present study, was
also noted in the NATL [16,28], and a shift from a negative to a positive Hs trend in the
1990s was detected in Italy [27]. Several hypotheses have been raised to explain it, such
as interannual and inter-decadal variabilities, long-term trends driven by global climate
change, storm activities, and greenhouse gas concentrations [29]. Moreover, several studies
have discussed the possibility of the upward trend from the mid-1960s and 1970s being
associated with the improvement of aerial observations and the beginning of the satellite
era around the same period. This would be due to the fact that, as a result, the development
of both the monitoring and understanding of wind and atmospheric pressure occurred,
essential for wave studies in general [24,58].

Furthermore, an increase in sea surface temperature (SST) as a result of climate change
may be leading to an increase in wave energy, implying an increase in either wave height or
period, or even both. By statistically comparing global wave energy flux and SST, previous
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authors [59] found a significant positive correlation between the two, as well as a positive
trend of the former of 0.4% per year since 1948. The authors based their conclusion on the
fact that wind waves respond to the wind regime, which, in turn, is critically influenced
by SST.

5. Conclusions

A qualitative analysis of the wave climate off the coast of Brazil, from the high-
resolution ECMWF global hindcast ERA-5H, has been presented here. The higher temporal
and geographical resolutions of ERA-5H, when compared to other wave hindcasts and
reanalyses, allowed a better representation and understanding of the wave climate of
the SAO.

The analysis was performed for wind sea and swell waves separately, as well as
for the total sea-state wave conditions. It has been shown that the wind sea and swell
characteristics in the SAO agree with the global knowledge that swell waves are higher,
more energetic, and more prevalent in the open ocean than wind sea waves [4,43,60].

Extreme wave events and wave energy content were examined through extreme wave
heights (P95), maximum wave heights, and wave power (wave energy flux). All three
variables presented a similar geographical distribution, with the lowest values closer to the
shore and along the equatorial region and the highest ones across the extra-tropical region,
which most likely represent the edges of the Southern Ocean storm generation area.

Because of the propagation effect of the waves, changes in Hs are most likely related
to changes in the conditions of the storm generation areas rather than a direct response
to changes in regional wind speed. Thus, an examination of the swell events arriving
at the coast of Brazil was performed to better understand where such waves are coming
from. The results showed that even though the study area is sheltered from the Indian and
Pacific Oceans, not all swell events originate in the Atlantic Ocean. For instance, as we
move towards the central region of Brazil, the contribution of Atlantic swells decreases
to approximately 75%, as opposed to the 85% of Atlantic swells detected in the northern
and southern regions. These results indicate that the Indian and Pacific Oceans also have a
relevant contribution and should be considered in studies involving the impact of climate
forcing and climate change over the wave climate of the SAO.

Still, given the high contribution of the Atlantic Ocean in the study area, the influence
of large-scale atmospheric circulation patterns on the Hs climate was investigated through
correlations with the NAO, SOI, and SAM indices. Although at different levels, both the
NAO and the SAM were shown to have a negative correlation with most of the study
area, apart from the most northern region. Yet, the values were all very low. On the
other hand, SOI was shown to have relatively higher positive correlation values across the
entire offshore tropical area and the northern region of the coast. It also showed a positive
correlation with the central region, although at a lower level.

It should be pointed out that similar studies compute this correlation by separating
winter and summer conditions [50]. However, in the present study, the entire time series
was considered, which could lead to inaccurate results since certain climate modes peak at
different periods of the year.

The ERA-5H Hs data were also compared against in situ data from five different buoys
along the coast of Brazil. The results showed an underestimation of Hs along the southern
regions of the study area, where the correlation coefficients were also the highest between
observed and modelled data.

Past studies have outlined such behavior regarding ERA-5. For instance, previous
research [61] detected an underestimation (overestimation) of Hs in swell-dominated areas
(wind sea-dominated areas). Here, ERA-5H seems to be moving in the same direction,
underestimating Hs in the southernmost locations. These areas were also described as
swell-dominated regions in the present study. On the other hand, an overestimation of Hs
along the northern coast of Brazil has been shown. This area has been described here as a
wind-sea-dominated region.
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The long-term variability of the significant wind sea and swell wave heights was
investigated separately to assess how they combine to influence the long-term trends of the
Hs in the SAO. The upward trend of Hs observed here could be a result of the intensification
of the westerlies along the SH projected for the 21st century as described by [62]. According
to the authors, this mechanism would lead to an increase in the climatological extreme
wave heights, such as maximum Hs, as a result of the poleward shift of extratropical
storms. This process is also represented by the significant trend toward the positive phase
of SAM since the mid-1960s [18,57]. Another supporting result for such an assumption is
the latitudinal variation of the Hs

s trends shown in the present study, with the highest rates
at higher latitudes.

For a clearer view of the wave conditions in the area and how these might change under
a climate change scenario, further studies are needed, involving the inter-relationships of
different climate modes as well as different storm generation areas.
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Appendix A

In this appendix, the results of the swell-tracking algorithm analysis for the entire
coast of Brazil are displayed.

Table A1. Coordinates of the points used in the swell-event analysis and their respective annual mean
number of swell events, total number of swell events, and percentages of swells (%) coming from
each storm-originating area in the Atlantic Ocean: North Atlantic Ocean (NATL), Tropical Atlantic
Ocean (TAO), and South Atlantic Ocean (SAO).

Points
Coordinates Swell Events Swell Origin Areas (%)

Latitude Longitude Yearly Average Total NATL TAO SAO Atlantic Ocean

1 −34 −53.2 5.4 226 0.0 0.9 81.9 82.7

2 −33 −52.2 7.0 294 0.0 0.7 84.4 85.0

3 −32 −51.4 7.1 299 0.0 0.7 89.0 89.6

4 −31 −50.4 7.3 306 0.0 0.7 89.5 90.2

https://www.mdpi.com/article/10.3390/cli10040053/s1
https://www.mdpi.com/article/10.3390/cli10040053/s1
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-pressure-levels?tab=overview
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-pressure-levels?tab=overview
https://www.marinha.mil.br/chm/dados-do-goos-brasil/pnboia-mapa
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Table A1. Cont.

Points
Coordinates Swell Events Swell Origin Areas (%)

Latitude Longitude Yearly Average Total NATL TAO SAO Atlantic Ocean

5 −30 −49.8 5.7 238 0.0 0.4 88.2 88.7

6 −29 −49 5.0 210 0.0 1.0 85.2 86.2

7 −28 −48.4 5.4 228 0.0 5.3 81.6 86.8

8 −27 −48.2 6.3 265 0.0 6.8 78.5 85.3

9 −26 −48.2 7.4 311 0.0 3.9 83.9 87.8

10 −25.2 −47.4 7.2 304 0.0 4.3 79.9 84.2

11 −24.6 −46.6 2.8 116 0.0 7.4 86.8 94.1

12 −24.2 −45.6 8.5 356 0.0 6.2 79.2 85.4

13 −23.6 −44.2 1.5 62 0.0 25.8 45.2 71.0

14 −23.4 −42.8 1.9 81 0.0 17.3 50.6 67.9

15 −23 −41.6 2.3 96 0.0 19.8 54.2 74.0

16 −22 −40.8 3.1 129 0.0 10.1 59.7 69.8

17 −21 −40.4 4.8 200 0.0 6.0 73.0 79.0

18 −20 −39.8 7.0 294 0.0 4.1 68.0 72.1

19 −19 −39.4 8.0 338 0.0 2.7 68.0 70.7

20 −18 −39 10.7 448 0.0 0.4 69.2 69.6

21 −17 −38.8 11.9 501 0.0 0.6 66.7 67.3

22 −16 −38.6 1.4 60 0.0 13.3 71.7 85.0

23 −15 −38.6 10.0 418 0.0 3.3 61.5 64.8

24 −14 −38.4 6.8 285 0.0 13.0 52.6 65.6

25 −13.4 −38 1.7 71 0.0 12.7 43.7 56.3

26 −12.6 −37.6 0.6 26 15.4 7.7 19.2 42.3

27 −11.8 −37 1.5 64 71.9 10.9 0.0 82.8

28 −10.8 −36.2 6.3 264 85.2 0.8 0.0 86.0

29 −10 −35.6 3.6 152 88.8 0.0 0.0 88.8

30 −9 −35 3.2 135 90.4 0.0 0.0 90.4

31 −8 −34.6 4.1 174 87.9 0.6 0.0 88.5

32 −7 −34.6 9.5 399 82.5 0.5 0.0 83.0

33 −6 −34.8 1.9 78 0.0 6.4 76.9 83.3

34 −5 −35.2 8.8 371 86.5 0.0 0.0 86.5

35 −4.6 −36.6 5.9 246 87.8 0.8 0.0 88.6

36 −4 −37.6 3.4 142 92.3 0.7 0.0 93.0

37 −3.4 −38.4 3.8 161 89.4 2.5 0.0 91.9

38 −2.8 −39.2 2.9 121 96.7 1.7 0.0 98.3

39 −2.4 −40.4 2.4 100 97.0 2.0 0.0 99.0

40 −2.2 −41.8 0.2 7 100.0 0.0 0.0 100.0

41 −2 −43 0.0 0 0.0 0.0 0.0 0.0

42 −1.4 −44.2 2.2 91 86.8 0.0 0.0 86.8

43 −0.8 −45.6 2.1 90 98.9 0.0 0.0 98.9
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Table A1. Cont.

Points
Coordinates Swell Events Swell Origin Areas (%)

Latitude Longitude Yearly Average Total NATL TAO SAO Atlantic Ocean

44 −0.4 −46.6 2.6 110 0.0 5.5 83.6 89.1

45 0 −47.8 3.0 126 97.6 0.8 0.0 98.4

46 0.4 −48.8 2.8 119 0.0 5.9 76.5 82.4

47 1 −49.4 3.0 124 0.0 3.2 80.6 83.9

48 2 −49.8 3.9 164 0.0 4.9 80.5 85.4

49 3 −50.6 3.7 157 0.0 5.7 80.3 86.0

50 4 −50.8 4.5 191 0.0 2.6 74.3 77.0
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