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Abstract
The southwestern South Atlantic (SWSA) has faced several extreme events that caused coastal and ocean hazards associated
with high waves. This study aimed to investigate the extreme wave climate trends in the SWSA using percentile- and storm-
based approaches to determine potential coastal impacts. Changes in extreme wave event characteristics were evaluated
through distribution maps and directional density distributions. Our results showed an overall increase in the 95th-percentile
of the significant wave height (Hs), mostly in the northern and southern portions of the domain. There was a general increase
in the area affected by the events and in their lifetimes in the austral summer. In contrast, winter events had higher maximum
intensities, which were not homogeneous throughout the domain. Changes in the wave power direction affected most of the
analysed locations, showing a clockwise shift of summer events and a large directional spread of events from the southern
quadrant (SW–SE). These changes were related to the southwards shift of the subtropical branch of the storm track, reflecting
increased cyclonic activity at 30◦ S (summer) and 45◦ S (winter). These storm track shifts allowed the development of large
fetches on the southern edge of the domain, promoting the propagation of long waves.

Keywords Coastal hazards · Wave climate · South America · Extratropical cyclones · Storm track

1 Introduction

In recent years, the South Atlantic Ocean has faced several
extreme events related to changes in climate patterns (Mar-
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cello et al. 2018; Rodrigues et al. 2019; Dalagnol et al. 2022).
These changes have been reflected in hazards in the south-
western South Atlantic (SWSA; Fig. 1) associated with wind
and waves, such as extreme waves and storm surges (e.g.,
Souza et al., 2019). With its strategic location, the SWSA
region has high oil and gas production demands and hosts
themost economically important harbours in SouthAmerica,
through which 755 million tons of goods were transported
in 2021 ANTAQ (2022). In addition, the coastal population
between 15◦ S and 40◦ S contains approximately 20 mil-
lion people who are highly vulnerable to coastal erosion and
coastal infrastructure damage (Zamboni and Nicolodi 2008).
The SWSAcoastal regions hold rich biodiversity as they con-
tain a portion of the Brazilian coastline; Brazil has more than
7400km of coastline, an exclusive economic zone of 3.6 mil-
lion km2, and 9.4% of themangroves growing globally (U.N.
1982; Hamilton and Casey 2016). The south and southeast-
ernBrazilian coasts, directly embedded in theSWSA, contain
important ecosystems, including coral reefs and 856km2 of
mangroves; thus, these regions are crucial for the economic
activities and cultural identity of the area (Pereira-Filho et al.
2021; ICMBio2018).However, the coastal andoceanic struc-
tures, as well as the local operations, are usually designed
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based on MetOcean statistics that do not correctly address
climatic shifts (e.g., Takbash and Young, 2020).

The wave climate in the SWSA is mainly controlled by
the storm track and SouthAtlantic Subtropical High (SASH).
The former is associated with the most extreme events due
to the strongest winds associated with extratropical cyclones
(e.g., da Rocha et al. 2004; Campos et al. 2018). This stormi-
ness exhibits distinct seasonal characteristics, with the storm
track shifting northwards during thewinter andmore severely
affecting the SWSA. However, during summer, some storms
develop along the Brazilian coast in the region of approx-
imately 30◦ S (Hoskins and Hodges 2005; Reboita et al.
2010). The proximity of this region to the coast increases
the potential danger associated with these storms, even with
their low-frequency occurrence, mainly due to the inherent
difficulties associated with predicting storm locations and
intensities.

Several limitations hinder the study of mean and extreme
wave climate and trends in the South Atlantic. Some of the
problems with these existing methods are widely known: the
internal variabilities in model systems are sometimes higher
than the corresponding change signals; the lack of long-term
temporal observation data hampers satellite and model prod-
uct validation and calibration; and, consequently, the hindcast
and forecast quality of existing models are hindered. Other
problems associatedwith the study region are the still-limited
knowledge and understanding of the local physical processes
and climate variabilities. The limited accuracy of long-term
integrations and the scarce data availability can compromise
these analyses. Predicting waves in the SWSA region is chal-
lenging because this area generally presents a hybrid sea state
with superpositioned swells and wind-sea waves.

Some recent studies have revealed changes in the wave
pattern in the South Atlantic, although they usually focused
on global rather than regional features. Young and Ribal
(2019) examined the trends in global wind speed and sig-
nificant wave height (Hs) distributions. While the wind
distribution was broadening, along with increases in the
mean, mode, and percentile values, the Hs distribution was
reportedly skewing to the left towards an increased fre-
quency of small waves. The Southern Ocean (SO), in turn,
appeared as an outstanding region, experiencing an increase
in the extreme waves, as indicated by satellite data (the
90th-percentilewaves, Young andRibal 2019) and reanalysis
products (centennial Hs values, Takbash and Young 2020).
In general, most previous studies have reported increases in
wave height extremes in the Southern Hemisphere (SH) over
the past 41 years. This increase is expected to continue in the
future (Caires and Sterl 2005; Dobrynin et al. 2012; Lemos
et al. 2019).

In addition to understanding the significant wave height
trends, it is important to assess changes in wave event char-
acteristics, such as the mean wave direction, peak period,

Fig. 1 Study domain with bathymetry (ETOPO1; Amante and Eakins
2009). The Coastal Brazilian states are marked as follows: RS, Rio
Grande do Sul; SC, Santa Catarina; PR, Paraná; SP, São Paulo; RJ, Rio
de Janeiro; ES, Espíto Santo; and BA, Bahia. The location of the three
buoys used in this work is marked with red dots: (1) Rio Grande (RG),
(2) Santos (SP), and (3) Vitória (ES)

and wave power. Some previous works reported an increase
in the wave power over the South Atlantic under the present
climate conditions (Reguero et al. 2019; Odériz et al. 2021).
The trends reported byOdériz et al. (2021) exist for thewaves
generated by the easterlies and westerlies in the subtropics
and extratropics, respectively. Changes related to waves in
the Atlantic are not restricted to the wave power but include
a general shift in themeanwave direction (Hemer et al. 2010)
and an increase in the peak period (Lobeto et al. 2021). In
fact, Lobeto et al. (2021), using directional wave spectra pro-
duced by present and future climate simulations, found that
the peak period of the easterly waves is projected to decrease
while it is projected to increase in the south/southeasterly
waves. Nevertheless, the South Atlantic has not been deeply
explored in global studies due to its weak signal compared to
other ocean bases, such as the North Atlantic. However, the
wave climate variations suggested by the studies mentioned
above may act directly on the Brazilian coastline, as reported
by Silva et al. (2020). These authors, using historical shore-
line records and wave modelling, showed how the oscillation
between the south and east dominant wave energy fluxes has
led to changes in the coastal morphodynamics at both the
regional and local scales.

With this in mind, we aim to investigate the extreme
wave climate trends in the SWSA while focusing on the
changes in the wave event characteristics and their potential
effects on the Brazilian coast and continental shelf. Thus, we
examine the long-term average statistics and climatic trends
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between 1979 and 2020 using a set of wave products derived
from models and satellites. At first, both traditional (i.e.,
percentile-based) and event-based approaches are used to
provide an overview and new insights into the regional wave
climate and the observed changes. Second, a detailed anal-
ysis of the directional wave power and peak period changes
is performed to explore further the extreme event changes,
their drivers, and their potential impact on the coastal area.
In the analyses, we consider the entire annual period but
focus on changes in the summer and winter seasons. The
outcomes of this work contribute not only to the extreme
wave climate knowledge in the study region but also to the
discussion on how large-scale changes impact the coastal
and offshore regions of the SWSA. Understanding the effect
of the present changes in this region is still not well docu-
mented and is crucial for future offshore and coastal structure
and activity management.

2 Data andmethods

2.1 Datasets

The main dataset used in this work is ERA5 (Hersbach et al.
2020), the 5th generation of reanalysis product released by
the ECMWF.We use the 1-hourly ERA5 products from 1979
to 2020 provided by the Copernicus Climate Center Service
(C3S 2017) available at 0.25◦ and 0.5◦ of horizontal resolu-
tions for the atmospheric and wave parameters, respectively.
Several studies have shown the advantages associated with
using ERA5 compared to its predecessor (e.g., Belmonte
Rivas and Stoffelen 2019; Hersbach et al. 2020). ERA5wave
products present good performances even in coastal areas
when evaluated against in situ measurements (buoys), as
shown in Supplementary Text .

To evaluate the ERA5 percentile trends, we used the
Australian Ocean Data Network (AODN) satellite prod-
ucts, specifically a multiplatform cross-calibrated dataset
(Young and Ribal 2019). The AODN collects measurements
from 13 altimeters and cross-calibrations using altimeters,
radiometers, scatterometers, and the National Data Buoy
Center (NDBC) buoys (Young and Ribal 2019). The AODN
altimeter database is built using 13 satellites: CRYOSAT2,
ENVISAT, ERS1, ERS2, GEOSAT, GFO, HY2, JASON1,
JASON2, JASON3, SARAL, SENTINEL3A, and TOPEX.
It is available in 1◦ x 1◦ bin files covering the timespan from
1985 to the present day. However, for the ERA5 evaluation
conducted herein, we consider the period from 1993 to 2019,
thus allowing the inclusion of the data that is cross-validated
(Young and Ribal 2019). ERA5 assimilates the Hs from 6
of these satellites: CRYOSAT2, ENVISAT, ERS1, ERS2,
JASON1, and SARAL. However, the postprocessing of the
data assimilated by ERA5 is distinct from the AODNdataset,

resulting in different outcomes, especially under extreme
wave conditions (Campos et al. 2022).

We also compare the derived percentiles with those of
five more wave products: the University of Melbourne’s
globalwavehindcasts (UMelb) (Liu et al. 2021); theCoperni-
cus Marine Service global hindcast (CMEMS) (Law-Chune
et al. 2021); and both of the Ifremer hindcasts forced with
ERA5 andClimate Forecast SystemReanalysis (CFSR, Saha
et al. 2010) winds (Rascle and Ardhuin 2013), defined here-
after as Ifremer-ERA5 and Ifremer-CFSR, respectively. The
CMEMS hindcast is available at a 0.20◦ horizontal grid from
1993 to 2020. The wave field is produced by Meteo France
Wave Model version 4 (MFWAM v4 with ST4), which is
forced by surface winds and the sea ice fraction derived
from ERA5 and ocean currents obtained from the ocean
reanalysis Global Ocean Reanalysis and Simulation (GLO-
RYS). The UMelb wave products are available from 1980 to
2019 at a 0.25◦ horizontal grid. This hindcast is produced
using wave model WAVEWATCH III (WW3; WW3 Devel-
opment Group, 2019) with the state-of-the-art source term
ST6, which is based on observations (Liu et al. 2019), and
is forced by ERA5 10-m winds and satellite-derived sea ice
concentrations. The Ifremer hindcasts are available at a 0.5◦
horizontal grid covering the period between 1992 and 2019.
They are produced through WW3 with ST4 (Ardhuin et al.
2010). Both versions are forced by CFSR sea ice and have
no current forcing.

It is important to note that it is difficult to evaluate the
performance of the ERA5 product before the 1990s in the
SWSA, as satellite and buoy data from this time are rare
and/or inconsistent. The ERA5 performance may be com-
promised due to the lack of data available for assimilation
during this early period. A brief discussion on this matter
can be found in Supplementary Text . Even considering these
limitations, we believe that it is important to access the long-
term reanalysis product to create a reference for changes that
the scientific community and society can use.

2.2 Percentile computation

In this study, percentiles are determined based on the empir-
ical distribution of Hs values within a specific time period.
Various methods are employed to select the appropriate Hs
value depending on the dataset (see Table 1). The percentiles
are computed for grid points within the domain consider-
ing the time series of Hs. The empirical distribution is built
based on the Hs peaks within 48h. This time window allows
us to obtain a more detailed view of individual wave event
occurrences, assuring that only one peak per storm is used
to construct the Hs distribution (e.g., Caires and Sterl 2005;
Meucci et al. 2020). The exception is for the satellite data,
which has Hs measurements approximately every 7 days.
The subsampling of storms from satellite data affects the
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Table 1 Information about the methods used for the percentile computation in each dataset and analysis

Dataset Analysis Computed percentile Method to compute the Percentile Method to plot
perc. at each grid point output

ERA5 Weisse and Günther (2007) 95th Hs peak in 48h 2D, 1 for each season —

Satellite Percentile trend 95th Sampled Hs (each 7 days) 2D, monthly Spacially averaged and

data maximum perc. per season

ERA5 + Percentile trend 95th Hs peak in 48h 2D, monthly Spacially averaged and

hindcasts maximum perc. per season

ERA5 + Directional analysis 75th and 95th Hs peak in 48h 1 for each season —

buoy

percentile computations, and this is a limitation concerning
the use of satellite products for storm wave analyses. Nev-
ertheless, we prefer to keep this data in the analysis, using
the sampled Hs to obtain the percentile rather than relying
on the Hs peaks. The results of this percentile computation
are monthly percentile spatial distributions for each dataset
used to compute the spatial trends. To compare the trends
among the datasets, thesemonthly percentile fields were spa-
tially averaged, and the maximum percentile per season was
used.We choose to use the maximummonthly percentile in a
given season as its value are close to the seasonal percentile
(obtained using the Hs peaks within the 3 months; Suppl.
Material Fig. S1). We focus our analysis on the summer and
winter, which are defined respectively as December-January-
February (DJF) and June-July-August (JJA). The summer of
a year includes December of the last year (e.g., the summer
of 2020, consider December from 2019). In this way, the first
year (1979) is not considered in the summer analysis since
data from 1978 are not available.

A similar approach was used to obtain the threshold used
to select extreme events when applying the Weisse and
Günther (2007) method (Sect. 2.3) and directional analysis
(Sect. 2.4). However, in those cases, the empirical distribu-
tion was built by collecting the Hs peaks in a time series

composed of the months in a selected season from the whole
available period. These computations result in one percentile
field per season for the whole period, as seen in Fig. 2.

2.3 Wave event analysis

The wave event statistics are derived following the methods
developed by Weisse and Günther (2007), in which consec-
utive points over a specific threshold within a given time
series are considered to define extreme wave events. This
event-counting process is performed for each grid cell con-
sidering its unique severe event threshold (SET), defined
herein as the 95th-percentile of the ERA5 Hs value com-
puted for the whole period (1979–2020). Notably, there is
no widely accepted method for selecting threshold values,
and Hs values between the 90th and 99th-percentile are often
used (e.g., Leo et al. 2020; Campos et al. 2019). In general,
a high threshold is a valid choice when the data sample is
sufficiently large and when the focus is on the most extreme
events. The duration of each event is computed by counting
the number of time steps during which the curve is above the
SET value. The intensity is equal to the difference between
the maximumHs of the event and the SET. Other parameters
can also be added to each event to build a set of statistical

Fig. 2 Spatial distribution of the
95th-percentile Hs (m) in a
summer (DJF) and b winter
(JJA) for the ERA5 product
spanning the period from 1979
to 2020
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products, such as the peak period and mean wave direction.
In this case, the peak period and mean wave direction repre-
sentative of an event are computed by the average of all time
steps of the event. The wave event statistics are presented
as spatial distributions corresponding to each parameter. It
is important to note that, in our seasonal analyses, we used
a seasonal threshold, i.e., the 95th-percentile computed for
the months within each season. This approach respects the
distribution of each season, particularly when they present
different wave sources (Goda 2010).

2.4 Directional density distributions

Directional density distributions were computed for both the
wave power and peak period. We compute the wave power
or wave energy flux following Eq.1 (Guillou 2020):

P = (
ρ g2

64 π
) Hs2 T e, (1)

where P is the wave energy flux per unit of wave crest length
(W/m), ρ is the water density, g is the acceleration due to
gravity, Hs is the significant wave height, and T e is the wave
energy period. T e was estimated based on its relation with
the peak period (T p), which depends on the wave spectrum
shape defining the sea state (Cornett 2008). Considering that
theSWSAis subjected to a standard JONSWAPspectrum,we
can assume a conservative approximation that T e = 0.9×T p
(Guillou 2020). This approximation is used in several studies,
both in global (e.g., Cornett 2008) and regional (e.g.,Wu et al.
2015; Guillou 2020) approaches.

We compute the directional distributions using only seg-
ments of the wave parameter time series when Hs > Hsp75,
where Hsp75 is relative to the Hs records at that point and
computed using Hs peaks as described in Sect. 2.2. Although
the 75th-percentile is not formally considered an extreme
threshold, it allows the consideration of more events with
medium to high severity and follows the same behaviour
of the distribution obtained using the Hsp95 (Suppl. Text
1, Figs. S8 to S13). Due to the greater number of events
retained with the Hsp75, the statistic becomes more robust
and can be useful to the assessment of severe events, which
are relevant, particularly due to the proximity of the analysed
points to the coast. The density distribution of the parame-
ters against the directions was computed using a Gaussian
kernel density estimation (KDE), which is a non-parametric
method to estimate the probability density function of a vari-
able. Using density instead of a simple histogram (i.e., a
wave rose) improves the visualisation of the trends against
the 42-year climatology. Thewave parameters extracted from
the time series were used to build a KDE, which then esti-
mates their probabilistic density function in a regular grid

with 33 × 33, which means having 33 increments for both
directions (angles) and variable units (wave power or period).
This new grid is plotted in polar projection, based on the
angles (directions, from) from 0 to 2π (�θ = 11.25◦) and
radius from 0 to 150 (�r = 4.7 kWm−1) for the wave power
and from 0 to 20 (�r = 0.625 s−1) for the peak period.

2.5 Cyclone diagnostics

The cyclone track information used to build cyclone centre
density maps was obtained from the “Atlantic extratropical
cyclone tracks database” provided by Gramcianinov et al.
(2020), which covers the entire Atlantic Ocean over the
period from 1979 to 2020. Cyclones are tracked based on
ERA5 fields (winds at 850 hPa) using the TRACK algorithm
(Hodges 1994, 1995), following the minimum duration and
displacement requirements of 24h and1000km, respectively.
More information regarding the method and database evalu-
ation is available in Gramcianinov et al. (2020).

The density analysis is also conducted using the KDE
method (Hodges 1996) using the central point of the cyclones
during all time steps of their lifetime, i.e., not considering
a specific or unique time step along the track as made by
Hoskins and Hodges (2002). In this way, it is possible to
assess the persistence of a given cyclone within a region.
The same method is applied with the location (latitude and
longitude) of the maximum wind speed at 10m within a 6◦
radius from the cyclone centre; this value is typically used as
an intensity measurement (Hodges et al. 2011) and is used
herein as an indication of the fetch position.

2.6 Trends estimation and testing

Trends were estimated based on Sen’s slope estimator (Sen
1968), which evaluates the magnitude of a time series trend.
The significance of Sen’s slope was calculated by the Mann-
Kendall test (Mann1945;Kendall 1975).During the analysis,
we considered a p-value lower than 0.05 as a metric for sig-
nificance. However, as this fixed threshold can be subjective,
the p-values are also presented (Suppl. Material, Figs. S4,
and S5). Bothmethods are non-parametric (distribution-free)
procedures and consider themonotonic upward or downward
of the time series, thus being more robust to climate-based
analysis (e.g., Wang et al. 2020).

3 Results

3.1 Overview of extremewave climate

The SWSA extreme wave climate is mainly controlled by
the propagation of low-pressure transients between 55◦ S
and 30◦ S, characterising the distribution of the intensity of
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extreme wave events by a gradient towards the south in both
seasons (Fig. 3b, e). The influence of the storm track in the
regional wave climate reflects the dominant southerly waves
(Fig. 3d, h).

In summer, the main storm track shifts polewards, limit-
ing high waves to the southern portion of the study domain.
Nevertheless, extreme wave events are mostly experienced
along the Brazilian coast up to 15◦ S, despite their low inten-
sity (Fig3a, b). The northern part of the domain, where the
number of extremes is higher (Fig. 3a), is locally domi-
nated by the easterlies from the SASH circulation and post
frontal anticyclone in the summer (Fig. 3c). The central and
southern portions are more influenced by subtropical storms
and northwest/southeast-oriented quasi-stationary fronts that
support the formation of the SouthAtlantic convergence zone
(SACZ) (Kodama 1992; Pezzi et al. 2022). In this way, sum-
mer events are forced mainly by local atmospheric systems,
resulting in a longer lifetime (Fig. 3c, g) and a lower peak
period (see Supp. Material, Fig. S2) than winter events.

The winter, in turn, presents a more homogeneous distri-
bution of extreme events in the region. Thus, all points are
equally likely to surpass the 95th-percentile Hs threshold.
The cold season has a higher number of extreme wave events
and the most intense ones (e.g., Machado et al. 2010; Gram-
cianinov et al. 2020). The whole study domain is dominated
by extreme southerly waves (Fig. 3h) due to the north-
wards shift of the main storm track (Hoskins and Hodges
2005). Typically, in winter, the SWSA presents relatively
long fetches along the coast (southwest/northeast orientated)
associated with cyclones generated at approximately 35◦ S
(Gramcianinov et al. 2020). Rear anticyclones can widely
intensify these fetches on the western side of the extratrop-
ical cyclone, developing a pattern that is widely related to
the most severe cases observed in the domain (e.g., da Rocha
et al. 2004; Machado et al. 2010; Dragani et al. 2013). The
influence of these extratropical systems allows the develop-
ment of highly energetic waves with long periods (Suppl.
Material, Fig. S2). However, the winter events have shorter
lifetimes than the summer events (Fig. 3g), as the extratrop-
ical cyclones move faster in the winter (Gramcianinov et al.
2020).

3.2 Change in 95th-percentile Hs

First, we present the 95th-percentile Hs (Hsp95) trends to
discuss the general behaviour of this important extremewave
parameter, as well as to evaluate the use of the ERA5’s long
time series available to the present study. The datasets used
in this comparison are the UMelb, CMEMS, Ifremer-ERA5,
Ifremer-CFSR, and AODN satellite data.

Considering the domain-averaged value of the maximum
monthly Hsp95 in a given season, the only season with a sig-
nificant trend is the summer (Fig. 4a) for the two long-time

series, ERA5, and UMelb, with 0.75 and 0.57 cm/year,
respectively (Mann-Kendall test; p-value ≤ 0.05). Time
series that start in 1993, including the one derived from the
satellite data, present no significant positive trend (high p-
value). In fact, neither ERA5 nor UMelb presents significant
trends for the summer when considering the short period
between 1993 and 2019 (Suppl. Material, Figs. S3 ). How-
ever, we can see agreement among the datasets regarding
their behaviour around the peaks and valleys of the time
series.

The Hsp95 trends signal for the winter (Fig. 4c) presents
more disagreement among the datasets. Despite a fair accor-
dance of seasonal peaks, their magnitude varies. No trends
are statistically significant in this season.

The wide range of Hsp95 trends is due to differences in the
period, forcing, and models, as reported by previous studies
(Sharmar et al. 2021; Casas-Prat et al. 2022). The disagree-
ment among the datasets is prominent in the winter values,
while there is a certain level of consistency in the trend signal
in the summer data.

The lack of agreement between the datasets regarding the
trend obtained by the domain-averaged Hsp95 can also be
justified by the spatial heterogeneity of the field (Fig. 4b, d).
The winter spatial Hsp95 trends reveal positive values in the
southern and northern portions of the domain, while the cen-
tre presents negative values (Fig. 4d). Statistically significant
trends (p-value ≤ 0.05) are present at only approximately
35.75◦ S/35◦ W (∼ 3cm/year) and 15◦ S/32◦ W in the win-
ter (∼ 2cm/year). Summer, in turn, presents positive trends
in most of the study region, with significant values ranging
from 1 to 2.5 cm/year (Fig. 4b). The southern and northern
portions have higher trends,while the central portion presents
a lack of significant trends.

3.3 Extremewave events changes

Spatial differences between the datasets covering different
periods are expected and can smooth long-term changes. This
section and the following sections explore changes in the
extreme wave event parameters based on the more extended
dataset, ERA5 (42 years), which presents good agreement
with buoy data offshore of the Brazilian coast (Suppl. Text
1). Despite the issue regarding the homogeneity of mod-
ern reanalysis (Casas-Prat et al. 2022), we consider ERA5
a powerful and widely used tool to assess trends in the South
Atlantic. To support significant trends discussion, the p-value
spatial distribution for each field is available in the Suppl.
Material (Figs. S4 and S5).

The extreme wave events averaged over the study domain
(Fig. 4) show that the area affected by extreme events (0.37
×106km2/year) and the lifetime of the events (0.14h/year)
increase in summer. On the other hand, a significant increase
in the maximum intensity of extreme events (1.5 cm/year)
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Fig. 3 a and e Mean number of storm wave events per grid point per
season, b and f mean intensity (Hspeak - 95th Hs), c and g mean life-
time, and d and hmean wave direction of the events in the a–d summer
(DJF) and e–h winter (JJA). The mean wave direction is oriented as 0◦

and 90◦ equal to North and East, respectively.
The analysis was obtained from the ERA5 product spanning the period
from 1979 to 2020

Fig. 4 Temporal evolution of the domain-averaged value of the maxi-
mum monthly Hsp95 in the a summer (DJF) and c winter (JJA) (minus
the time series mean) in the ERA5, UMelb, CMEMS, Ifremer-CFSR,
Ifremer-ERA5, and AODN satellite products. Legends indicate the
mean, trend, and p-value based on theMann-Kendall test. Spatial distri-

bution of temporal trends was derived for b summer (DJF) and dwinter
(JJA). The grey crosses indicate trends with p-value ≤ 0.05 (Mann-
Kendall test), and the p-values spatial distributions are presented on
Suppl. Material Fig. S4
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Fig. 5 a and e Trends of the seasonal number of events, b and f maxi-
mum intensity (Hs - 95th-percentile Hs), c and gmean lifetime (hours),
and d and h mean wave direction of events (degrees) in the a–d sum-

mer (DJF) and e–h winter (JJA). The grey crosses indicate p-value
≤ 0.05 (Mann-Kendall test), and the p-values spatial distributions are
presented on Suppl. Material Fig. S5

occurs in winter. All these trends present a p-value < 0.05
(Mann-Kendall test).

The spatial changes in the characteristics of the events
resemble the percentile patterns (Fig. 4b, d), with significant
positive trends found for the lifetime (0.1–0.3h/year) and
mean intensity (1–3cm/year) in the northern (25◦ S–15◦ S)
and southern parts (40◦ S–30◦ S) of the domain. However,
while summer presents null to positive values in the central
part of the domain (35◦ S–25◦ S), winter presents negative
trends at these latitudes (Fig. 5b, c, f, g).

The spatial trends in the summer also present significant
changes in the mean wave direction, particularly to the east
of 45◦ W. Coastal regions from 25◦ S to 10◦ S, where waves
from the east quadrant dominate (Fig. 3d), present a clock-
wise shift in the mean wave direction between 1 and 2◦/year.
For instance, this shift is enough to change the dominant
quadrant from east to south in 42 years, which potentially
increases wave damage on the southern shoreline of the state
of Rio de Janeiro (∼ 23◦ S). This region also presents an
increase in the lifetime of these events (between 0.15 and
0.20h per year; Fig. 5).

In the winter, the central portion of the study domain
(30◦ S–25◦ S) presents significant negative trends in the
mean intensity (∼ −2cm/year), lifetime (∼ −0.1h/year),
and mean wave direction of the events (∼ −2 ◦/year).
These changes mainly affect the coast of the states of Santa
Catarina and Paraná (the shoreline between 30◦ S and 25◦
S), and the offshore region is known as Santos Basin, in
which a high concentration of oil platforms are installed.

The anti-clockwise shift may result in more extreme waves
approaching the coast from the southeast and creating the
northwards alongshore transport that, togetherwith themajor
reduction in the winter event intensity, might affect sediment
transport in the region.

3.4 Directional changes in the wave power

The small number of events (≤ 2.5 events per grid per season)
does not allow for a reliable assessment of the spatial mean
wave direction and peak period trends. To overcome this lim-
itation, the trends in these wave parameters were analysed at
points that represent strategic regions of changes according to
the previous analysis: three points that represent the regions
offshore the northern (20.0◦ S), central (25.3◦ S), and south-
ern (31.5◦ S) coast of the domain (Fig. 1) These points were
determined based on buoy locations, thus allowing the eval-
uation of ERA5 against in situ data (see Suppl. Text 1). The
directional density distribution of the peak period and wave
power are used to better view the joint impact of changes
in the mean wave direction, wave period, and, indirectly, Hs
offshore of the Brazilian coast.

In general, we find significant changes in the directional
distribution of the wave power (Fig. 6) and peak period
(Fig. 7) at all stations. Some locations also present increas-
ing wave power, observed by the radial shift away from the
centre of the polar plot. This increase is mainly associated
with Hs changes (wave power ∝ Hs2). However, in some
locations, it is also related to the rising wave period (Fig. 7).
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Fig. 6 Trends in the directional distribution of the wave power asso-
ciated with extreme events computed for ERA5 at the a and b Vitória
(20.0◦ S; 39.7◦ W), b and e Santos (25.3◦ S; 44.9◦ W), and c and f
Rio Grande (31.5◦ S; 49.9◦ W) points. The trends were computed using
the ERA5 products for the a–c summer (DJF) and d–f winter (JJA).
The angles on the polar plot represent the mean wave direction (from),
where 0◦ and 90◦ represent the North and East, respectively. The radial

axis represents wave power (kWm−3s−1), and the shaded colour rep-
resents the trend of occurrence per year (scaled by 102). The grey line
contours indicate mean occurrence distribution computed for the ERA5
climatology (average over the 1979–2020 period), contoured each 0.2
occurrence interval starting from 0.1. The occurrence is obtained by the
density multiplied by the number of samples. The black dots indicate
trends with p-value ≤ 0.05 (Mann-Kendall)

In the summer, the VT Station presents an increase in
extreme event occurrence from the east, i.e., perpendicular
to the shoreline, with a wave power of∼ 20 kWm−3s−1, fol-
lowed by an increase in the peak period (10–12.5 s). In the
winter, this location presents a slight increase in the wave
power (40 kWm−3s−1) and peak period (15 s) of south-
easterly waves, which indicates a counterclock shift of the
dominant wave direction in the season.

At the Santos Station (ST, 25.3◦ S), the wave power
from the southern quadrant is still dominant. However, there
is a trend of increase of events with approximately 60
kWm−3s−1 in summer, while there is a more directional
spreaded trend in winter (between 120 and 225◦). Despite
the spread in density, the winter trends show higher values
of wave power from the south and smaller values from the
southwest (225◦) and southeast (135◦), which can be directly
connectedwith the increase in thewave period from the south

(15 s), indicating more swell propagating from this direction.
On the other hand, there is an increase in the southeasterly
wave occurrence with the higher peak period (12.5–15s).
Both wave systems influence the northern coast of the state
of São Paulo and the southern coast of Rio de Janeiro, acting
almost perpendicular to the shoreline.

The Rio Grande Station (RG, 31.5◦ S) represents the
southern portion of the study domain, where the wave power
is higher compared to the stations to its north (40 and 80
kWm−3s−1). The RG Station presents small but significant
changes in the maximum density core of the wave power
directional distribution in both seasons. In the summer, the
wave power distribution trends follow similar directional dis-
tribution as the climatology, only showing an increase in
the occurrence of events from the north quadrant. The peak
period trends present an increase in the south-southwestern
sector, indicating that this trend is driven by swell propaga-
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Fig. 7 Trends in the directional distribution of the peak period asso-
ciated with extreme events computed for ERA5 at the a and d Vitória
(20.0◦ S; 39.7◦ W), b and e Santos (25.3◦ S; 44.9◦ W), and c and f
Rio Grande (31.5◦ S; 49.9◦ W) points. The trends were computed using
the ERA5 products for the a–c summer (DJF) and d–f winter (JJA).
The angles on the polar plot represent the mean wave direction (from),
where 0◦ and 90◦ represent the North and East, respectively. The radial

axis represents the peak period (s−1), and the shaded colour represents
the trend of occurrence per year (scaled by 101). The grey line contours
indicatemean occurrence distribution computed for the ERA5 climatol-
ogy (average over the 1979–2020 period), contoured each 2 occurrence
interval starting from 2. The occurrence is obtained by the density mul-
tiplied by the number of samples. The black dots indicate trends with
p-value ≤ 0.05 (Mann-Kendall)

tion (peak period of approximately 12.5–15s). Moreover, the
RG Station also experiences an increased occurrence of east-
northeasterly extreme wave events with a lower peak period
(7.5 s) in the summer. In the winter, in turn, the RG Sta-
tion presents a clockwise shift in the occurrence of extreme
events with a wave power of approximately 100 kWm−3s−1,
which is related to an increase in the peak period from the
wave propagating from south-southwest (180–240◦), parallel
to the main shoreline.

4 Discussion

Thefindings in this study showoverall changes in the extreme
wave events in terms of their lifetime, intensity, direction,
peak period, andwave power. The trends differ in the summer
and winter due to differences in the dominant atmospheric

setup in each season. The changes are also distinct among
the study region’s northern, central, and southern portions
due to its exposure to different atmospheric systems. The
discussion focuses on areas with significant changes, linking
them with the potential impact on the coast. We also discuss
the mechanisms driving these changes.

4.1 General trends of extremewave events

The spatial distribution of the 95th-percentile Hs reveals
positive trends in most of the study domain, with statisti-
cally significant changes observed mainly in the northern
and southwestern portions. Evidence of increased extreme
wave percentiles in the northern and southern parts of the
domain is supported by satellite spatial trends, both for the
significant wave height and surface winds (Suppl. Text 2 and
Young and Ribal, 2019).
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Fig. 8 Trends in the density (number x 10−6 km−2 year−1) of a and c
cyclone centres (minimum vorticity at 850 hPa) and b and d location of
the maximumwind speed at 10m associated with cyclones for the a and

b summer (DJF) and c and dwinter (JJA). The contour lines indicate the
ERA5 climatology (mean values over the 1979–2020 period). Trends
with p-value ≤ 0.05 are presented with black crosses (Mann-Kendall)

Our results show that in the SWSA, summertime extreme
wave events are becoming more intense and longer-lived.
These findings answer the questions raised in previous
research (Gramcianinov et al. 2022), in which an increase
in summertime local extreme wave occurrences was found
but could not be easily explained (i.e., whether it was related
to changes in the lifetime and/or the frequency of the events).
Through the analysis performed herein, we find that the
increased frequency reported by these authors was due to the
increase in event numbers and the high event lifetime. The
winter presents negative to null trend values in the central
portion of the domain. The heterogeneous spatial distribu-
tions of these trend patterns may be why the winter time
series do not present significant trends.

Themeanwavedirection of the events in the summer shifts
clockwise northwards of 25.5◦ S, which has a prevalence of

east-southeasterly waves. The directional wave power anal-
ysis at 25.3◦ S reveals a counterclockwise shift of the wave
power maximum occurrence further south. These findings
agree with previous research (Odériz et al. 2021), in which
the dominant southeasterly wave system was found to shift
clockwise in the subtropics while the dominant southerly
wave system shifted counterclockwise in the extratropics. In
the winter, when the southern wave quadrant dominates the
study domain, the general shift is counterclockwise. How-
ever, there is an increase in the westerly wave system in the
extratropics, which justifies the widespread wave power flux
changes at the ST (25.3◦S) and RG (31.5◦ S) Stations from
southwest to southeast.
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4.2 Coastal exposure to wave events changes

In summer, the region between 23◦ S and 15◦ S experi-
ences an increased frequency and lifetime of these events,
followed by a clockwise shift in the mean wave direction.
In an area dominated by east-southeasterly extreme waves,
this shift results in more extreme events from the south-
southeast, which is related to episodes of erosion in this
region (Muehe 2018). Nevertheless, the directional wave flux
analysis at 20◦ S shows that thewave systems from the south-
southwest do not present a significant increase in the wave
power or peak period. Instead, easterly waves with a mod-
erate wave power (20 kWm−3s−1) and wave period (10 s)
increase. These waves propagate towards the approximately
S-N-oriented coast of the state of Espírito Santo (∼ 20◦ S)
and are also associatedwith higher lifetime events.More than
15% of this segment of the Brazilian coast is facing erosion,
even with its high diversity of coastal environments (Muehe
2018). Although most erosive events in this region are asso-
ciated with SE swells, the increase in medium-energy events
may lead to morphological responses equivalent to those of
high-energy events (Ferreira 2005).

The increased occurrence of extreme events from the
south-southeast may also affect the W-E-oriented coast of
northernSãoPaulo andRio de Janeiro (∼23◦S). The reported
increase in the lifetime of the events in the summer intensi-
fies the exposure of this shoreline segment. The directional
wave flux analysis at the station located offshore of this
coastal region (ST, 25.3◦S) confirms this vulnerability, show-
ing an increase in southerly waves with large wave power
(between 40 and 60 kWm−3s−1), followed by a rise in the
wave peak period from the same quadrant. In the winter,
the high energetic waves spread from south-southwestern
to south-southeast, which increases the exposure angle of
the coast and affects the cross-shore and longshore sediment
transport (Harley et al. 2017; Carvalho et al. 2021). The last
Brazilian coastal erosion report presented that 4% and 12%
of the São Paulo and Rio de Janeiro coasts are being eroded,
respectively. However, 12% and 38% of these same coastal
segments tend to erosion, meaning that they present erosion
signals without significant changes in the mean shoreline.
Specifically, the northern portion of São Paulo shows some
municipalities reaching erosion rates between 1.17 and 1.9
m/year since the 1960s (Souza and Luna 2009).

The relationship between the changes in the extremewave
event characteristics in the study domain and the increase in
erosion is complex, as shoreline changes depend on several
other factions in addition to the wave climate. Inappropri-
ate coastal development and the consequential non-natural
changes in the sediment balance (i.e., destruction of dunes
andmangroves) are the top erosiondrivers (e.g.,Muehe2018;
Mentaschi et al. 2018). Nevertheless, they can be accelerated
by wave event modification. Minor variations in the wave

direction can change sediment transport by varying the cross-
shore and alongshore circulation. The influence of the wave
changes will thus depend on the coastline orientation and
morphology.

4.3 Possible drivenmechanisms of wave climate
changes

The general increase in the southerly wave power and wave
period reported in the present study can be associated with
the polewards shift of the South Atlantic storm track and the
increase inSouthernOcean-generatedwaves (e.g.,Caires and
Sterl 2005). However, as previously discussed (Hemer et al.
2010), the changes and variabilities in South Atlantic wave
directions are not directly associated with Southern Ocean
changes.

The extremewave changes observed in summer agreewith
past studies that reported a weakening in the SASH equa-
torial flank (Zilli et al. 2019; Reboita et al. 2019) and the
SACZ polewards migration as a consequence of the south-
westwards shift of the SASH, both of which are related to
the expansion of the Hadley cell (Lu et al. 2008; Nguyen
et al. 2015). These shifts can be directly associated with the
higher frequency of events with moderate wave power (∼
20 kWm−3s−1) from the east at 20◦ S and the increased
intensity and lifetime of the events along the region off the
coast between 20◦ S and 15◦ S. The Hadley cell expansion
also affects the upper-level jet position and, consequently,
the storm track. Therefore, a general southwards shift of the
storm track has been observed, including in its subtropical
branch. de Jesus et al. (2020) showed a cyclone track decrease
along the southeastern Brazilian coast (25◦ S–35◦ S) and
an increase at approximately 38◦ S, between Uruguay and
Argentina. Between 1979 and 2020, changes in the extrat-
ropical cyclone position presented a south-westwards shift of
the higher-density core in the summer (Fig. 8a) in agreement
with the previous findings. The higher density of cyclone cen-
tres between 40◦ S and 30◦ S is associated with their slow
displacement in the summer and their role in establishing
the SACZ. The persistence of the maximum winds associ-
ated with these cyclones follows this shift (Fig. 8b), which
supports the wave power and peak period increase from the
south-southwest at 25◦ S and 31.5◦ S. Another important
aspect is that extratropical cyclones generated at approxi-
mately 35◦ S are usually more intense due to the influence
of the Andes Cordillera and high sea surface temperature
gradients (Gramcianinov et al. 2019). Thus, the systems
originating at that location are commonly related to the gen-
eration of extreme waves in the domain (Gramcianinov et al.
2022). The activity of stronger extratropical cyclones agrees
with the increase in the intensity and lifetime of the wave
events in the southern portion of the domain (40◦ S–30◦ S)
and the W-E oriented coast at approximately 23◦ S.
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Changes in the winter also follow the southwards shift of
the storm track (Fig. 8c), which is shown by the decrease in
the cyclone centres between 27◦ S and 35◦ S and the increase
between 35◦ S and 40◦ S. With more cyclones developing
near the coast at approximately 35◦ S and eastwards dis-
placement, the increase in the directional spread between
south-southwest is expected. The maximumwind associated
with the cyclones shifts towards the coast (Fig. 8d), allow-
ing the development of a south-southwesterly fetch along the
shoreline. This local forcing is reflected in the smaller peri-
ods from the southwesterly waves in the southern portion
of the domain (31.5◦ S). Following the summer discussion,
the southwards shift of the storm track results in a higher
peak period and wave power from the wave systems from
the south, as also reported by Lobeto et al. (2021). However,
winter differs from summer, as it presents an increase in the
influence of waves from the southwest to the southeast.

5 Conclusion

Both the traditional percentile- and event-based wave meth-
ods reveal significant changes in the extreme wave climate in
some locations of the southwestern South Atlantic. Summer
and winter present statistically significant spatial changes in
the lifetimes, intensities, and mean directions of events. In
this study, we show that extreme events are being modified
by storm track changes, potentially as a consequence of the
Hadley cell expansion, as discussed in previous work. The
result of this shift is experienced differently in summer and
winter northwards of 23◦ due to the action of the SASH in
the former. Under the influence of a southwestwards-shifted
SASH, there is an increase in the easterly moderate wave
power events towards the coast segment at this latitude. In the
rest of the domain, longer periodwaves increase the southerly
wave power, with an increase in the directional spread of the
events from SW to SE due to the shift of the extratropical
cyclones fetches southwestwards.

Studying extreme wave climate conditions and storms in
the SWSA is critical and highly relevant for engineering
practices. Extreme waves are responsible for coastal flood-
ing and affect coastal erosion (e.g., Machado and Calliari
2016; Parise et al. 2009; Harley et al. 2017). Understand-
ing these processes is crucial for the design, maintenance,
and safety of ship vessels and offshore and coastal structures
(e.g., Bitner-Gregersen et al. 2018; Vettor and Guedes Soares
2020). Both climate natural variability and human-induced
shifts can result in long-term changes in the extreme wave
climate in the SWSA (Silva et al. 2020; Gramcianinov et al.
2022), which may require adaptation measures. Thus, the
outcomes of this work are relevant to the region since the
variety of shoreline orientations makes the Brazilian coast
susceptible to even small changes in the wave event charac-
teristics.

The estimated changes in the SWSA storm regime derived
in the present study are a valuable factor in identifying areas
that are most vulnerable to climate change hazards and are a
valuable tool for engineers and stakeholdersworking towards
the sustainable development of maritime activities. Despite
the dataset limitation, our results agree with the large-scale
atmospheric changes reported by previous studies. They can
be used as a reference considering the consequences of the
Hadley cell expansion, which is widely reported under cur-
rent climate conditions and future climate projections. Future
analyses should investigate more extended datasets and cli-
mate simulations to better understand the roles of natural
variability and climate change in the trends reported herein.
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