
Ocean and Coastal Research 2022, v70:e22027 1

Wave climate trends and breakpoints during the Atlantic 
Multidecadal Oscillation (AMO) in southern Brazil

Natan Zambroni Maia1,* , Luis Pedro Almeida1,2 , Leonardo Emmendorfer3 , João Luiz Nicolodi1 , 
Lauro Calliari1

1 Universidade Federal do Rio Grande- Instituto de Oceanografia - Laboratório de Oceanografia Geológica - Campus Carreiros 
(Av. Itália - Carreiros, Rio Grande - 96201-900 - RS - Brazil)
2 CoLAB +Atlantic - LACS Building (Estrada da Malveira da Serra, 920 - 2750-834 - Cascais Portugal)
3 Universidade Federal do Rio Grande - Centro de Ciências Computacionais (Rodovia, RS-734, s/n - Carreiros, Rio Grande 
- 96203-900 - RS - Brazil)

* Corresponding author: natanzambroni@gmail.com

Submitted: 17-Sept-2021
Approved: 12-July-2022

Associate Editor: Piero Mazzini

INTRODUCTION
Climate changes, including modifications in 

wind patterns, will lead to changes in the wave cli-
mate that could affect coastal erosion and flood-
ing processes (Mentaschi et al. 2017; Garner et 
al. 2017; Rasmussen et al. 2018; Vousdoukas et 
al. 2018; Oliveira et al. 2019a). Understanding 
how wave characteristics (e.g., the wave height, 
period, direction and energy) change over time 

and their long-term trends is crucially required 
to mitigate potential hazards and allow low-lying 
coastal areas to adapt to such threats. Therefore, 
the evaluation of trends in future wave climates is 
fundamental for the development of efficient poli-
cies within the framework of climate change ad-
aptation and mitigation measures (De Leo et al. 
2021). Previous studies in the Atlantic Ocean have 
shown a consensus that the northern part of the 
North Atlantic Ocean has presented a trend of in-
creasing storminess and mean significant wave 
height (Kushnir et al. 1997; Wang and Swail 2000; 
Swail et al. 2000; Wang et al. 2003; Dodet et al. 
2010; Mentaschi et al. 2017). Further north, in the 
Arctic Ocean, Waseda et al. (2018) also found a © 2022 The authors. This is an open access article distributed under 

the terms of the Creative Commons license.
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Understanding how wave climate variability and its trends change over time are crucial analyses required to mitigate 
potential wave-induced impacts and adapt coastal areas to such effects. The long-term trends and breakpoints 
of the wave energy flux (WEF) and its relationship with teleconnection patterns in southern Brazil were studied 
using ERA-5 wave reanalysis with validation using a waverider. We determined that the interannual mean WEF 
(WEFm) and extreme WEF (WEF98) that reaches the southern Brazil have increased over the past four decades, 
with a increment of 0.063 and 0.17 kW/m/year, respectively 0.63 and 0.29% per year. By the Muggeo method we 
determined that subperiods with increasing WEFm trends are related to the SSE and SSW quadrants and that 
these are also the most energetic ones and with the highest annual increment rates of WEFm and WEF98. Our 
results also suggest that the positive trends observed in interannual WEF values are likely related to the long term 
transition of cold to warm Atlantic Multidecadal Oscillation (AMO) phase in the western South Atlantic Ocean.  
From a coastal risk perspective, it is important to understand the relationship between climatic indices and the 
wave climate to support long-term coastal management policies.
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trend of increasing wave heights over the past four 
decades. Recent studies based on global climate 
change projections indicate that in the mid-latitude 
oceans, the wave height and period will increase 
and the mean wave direction will shift from 5–15° 
to the north due to changing patterns of storm 
wind speeds (Hemer et al. 2006; Mori et al. 2010; 
Semedo et al. 2011; Morim et al. 2019).

Wave measurements in the South Atlantic 
Ocean are very scarce and, in most cases, con-
sist of occasional short-term observations. For this 
reason, most previous studies that have investigat-
ed trends in the wave climate in the South Atlantic 
were performed based on hindcast or forecast 
datasets. According to Reguero et al. (2013) and 
Oliveira et al. (2019a), increasing trends in sig-
nificant wave heights were identified in the west-
ern South Atlantic over the past 60 and 32 years, 
respectively. By investigating wave energy flux 
(WEF) projections using global-scale modeling, 
the study performed by Mentaschi et al. (2017) 
found that by the end of this century, there will be 
a significant increase (up to 30%) in the 100-year 
return level of the WEF in the majority of coastal 
areas in the southern temperate zone, including 
the Southwest Atlantic Ocean. Using in-situ buoy 
data and model data Pegorelli et al. (2018)  identi-
fied that the Atlantic coast of Brazil has a moderate 
wave power, once during all the months of the year, 
the WEF was consistently estimated within the 10 
to 30 kW/m range, with the majors WEF values un-
der influence of the passage of cold front systems, 
with strong winds from the SSW (Rodrigues et al., 
2004; Dominguez, 2006).

According to Silva et al. 2020, wave direction 
oscillations coexist with long-term variations in 
interhemispheric surface temperature anomalies, 
which indicates the influence of temperature-
driven atmospheric teleconnections on wave 
generation cycles. For instance, Reguero et al. 
(2019) found inter-regional correlation of 0.54 be-
tween sea surface temperature (SST) variations 
in North and tropical Atlantic and WEF variations 
in extratropical South Atlantic. The global cli-
mate has preferred patterns of variability, called 
climate modes. Climate modes, such as the 
Southern Annular Mode (SAM), El Niño–Southern 
Oscillation (ENSO) and the Atlantic Multidecadal 

Oscillation (AMO), are widely considered to be as-
sociated with typical natural climate variability at 
interannual to multidecadal scales, which is mainly 
reflected in variations in the patterns and distribu-
tions of the sea level pressure (SLP), wind and 
SST (Thompson and Wallace 1998; Kerr 2000; 
Trenberth et al. 2002; Hurrell et al. 2003; Hemer 
et al. 2010; Silva et al. 2020). The wave climate 
variability in different parts of the globe is modu-
lated by one or a combination of several climate 
modes; thus, reliable projections of wave char-
acteristics require an in-depth understanding of 
the relationships between climate modes and the 
wave climate.

Described by Kerr (2000), the AMO is seen 
as an indicator of global overturning circulation 
changes (Biastoch et al. 2015), particularly those 
related to thermohaline circulation variations. The 
AMO has been identified as a coherent mode of 
natural variability occurring in the Atlantic Ocean 
based upon the average anomalies of SST in the 
North Atlantic basin, typically over 0-70N and is 
dominated by multidecadal variations with lest 
than 0.4 °C  of magnitude range alternating be-
tween warm (positive) and cold (negative) phases 
with a periodicity of approximately 70 years and 
and  0.4 °C of anomaly to global SST (Wang et 
al. 2009; Frajka-Williams et al. 2017; Kayano et 
al. 2019; Trenberth & Shea 2006; Trenberth et al. 
2021). Warm AMO phases occurred during 1870–
1900 and 1925–1963, and cold phases occurred 
during 1900–1925 and 1963–1995. Since 1995, 
the AMO has been positive in a new warm phase 
(Ortega et al. 2013; Alexander et al. 2014).

The imprints of the AMO on the SST and SLP 
fields, although centered in the North Atlantic, ex-
tend well beyond this area and have pronounced 
influences on weather and climates throughout 
the world. The AMO largely affects global climate 
change (Yang et al. 2020), and different effects 
observed across the globe, such as temperature 
and pressure variations in the South Atlantic and 
Pacific, which is a zonally elongated band in the 
Southern Ocean and in the tropical Pacific, as well 
as warming in the north and southwest Pacific (Lyu 
and Yu 2017; Odériz et al. 2020), could be pace-
makers of the global air temperature (Kravtsov and 
Spannagle, 2008). As one of the most important 
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climate modes, the AMO has been widely linked 
to prominent regional climate anomalies that can 
have tremendous worldwide socioeconomic con-
sequences, as in the Asian, Indian and South 
American monsoons (Zhang and Delworth, 2005; 
Chiessi et al. 2009), summer drought pattern in 
China (Qian et al. 2014), Siberian rainfall (Sun 
et al. 2015), low-frequency El Niño–Southern 
Oscillation modulations (Timmermann et al. 
2007), and changes in rainfall and temperatures 
over the United States, Australia, Europe and 
northeast Brazil (Knight et al. 2006; O’Reilly et 
al. 2017), in addition to modulating Atlantic hur-
ricane and tropical cyclone activity (Goldenberg et 
al., 2001; McCabe et al., 2004; Wang et al. 2008), 
wave power in the Southern Ocean (Reguero et 
al. 2019) and affecting the abundance of fish pop-
ulations in the Mediterranean and North Atlantic 
(Alheit et al. 2014).

By concentrating the analyses on the Atlantic, 
we observe that the AMO effects are felt through-
out the ocean, imparting dipole behavior, wherein 
the warm AMO phase features anomalously warm 
the North Atlantic and anomalously cool the South 
Atlantic and Southern Oceans, with strong meridi-
onal gradients in the 40°-70°S band, while the cold 
AMO phase shows an almost reversed-sign SST 
anomaly pattern (Timmermann et al. 2007; Wang 
et al. 2008; Latif 2013; Lyu and Yu 2017; Kayano et 
al. 2019; Reguero et al. 2019). This behavior sup-
ports the hypothesis that the driving mechanism of 
the AMO involves fluctuations of the Atlantic me-
ridional overturning circulation (AMOC) (Delworth 
and Mann, 2000; Knight et al., 2005; Dijkstra et 
al., 2006). As the AMOC is enhanced, warming 
and cooling occur in the North and South Atlantic, 
respectively, and the opposite is observed with a 
reduction in the AMOC. According to Crowley and 
Kim (1993), decadal to multidecadal changes in 
the thermohaline circulation should primarily af-
fect temperatures in the Atlantic and Southern 
Ocean, with a clear signature in the SST field in 
the Weddell Sea and Drake Passage, in addition 
to changes that are almost out-of-phase between 
the Northern and Southern Hemispheres.

In the South Atlantic Ocean, previous studies 
based on wave and SST reanalysis data (Ortega 
et al. 2013; Alexander et al. 2014; Biastoch et al. 

2015; Kayano et al. 2019) have revealed strong 
relationships between changes in ocean–atmo-
sphere interactions and the AMO index. Studies 
developed by Biastoch et al. 2015 in the Southeast 
Atlantic determined that Agulhas leakage and the 
AMO are correlated and covary on multidecadal 
timescales. Kayano et al. (2019) demonstrated 
that in general, the SST anomaly patterns fea-
ture nearly zonal structures along the southern 
midlatitudes, with strong meridional gradients in 
the South Atlantic. According to these authors, 
AMO-related large-scale SST anomaly patterns 
play an important role in cyclone trajectories and 
the Lorenz energy cycle; thus, low-level cyclones 
in the South Atlantic are clearly modulated by the 
AMO, becoming even more energetic in the warm 
AMO phase than in the cold AMO phase.

Therefore, it is possible to infer that SST me-
ridional gradients alter the longwave baroclinicity, 
which in turn takes part in the energy cycle in the 
South Atlantic. During the negative and positive 
AMO phases, heat flows in ocean–atmosphere 
interactions induce changes in available potential 
and kinetic energies, low-level extratropical cy-
clones, wind patterns and, consequently, the wave 
climate in the western South Atlantic (Escobar et 
al. 2004; Ortega et al. 2013; Kayano et al. 2019).

Although general linear trends are known, little 
is known about the temporal variability in the WEF 
and its relationship with the AMO in the Southwest 
Atlantic. As previously demonstrated, the wave 
climate in this region is under the strong influ-
ence of teleconnection patterns. Therefore, WEF 
trend analyses associated with climate indices, 
not only linear analyses but also analyses con-
sidering breakpoints, provide relevant to contri-
butions to the understanding of WEF behavior in 
the Southwest Atlantic Ocean, including possible 
oscillatory behavior. Based on the aforementioned 
theoretical background, the present study aims to 
investigate the long-term trends and breakpoints 
of the WEF in the western South Atlantic using 
41 years (from 1979 to 2019) of reanalysis data 
(ERA-5). The work was divided into two sections: 
1) validation of the ERA-5 dataset, wherein wave 
parameters from ERA-5 reanalysis were com-
pared with those of waverider observations, and 
2) historical WEF analysis considering trends and 
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breakpoints, with an investigation of the relation-
ship between WEF temporal variability and the 
AMO index. To the best of our knowledge, the 
Southwest Atlantic WEF variability and its relation-
ship with the AMO documented herein have not 
been described previously.

METHODS

Study area
The present study focuses on the wave cli-

mate in the southwestern Atlantic Ocean, specifi-
cally on the extreme southern coast of Brazil (Rio 
Grande do Sul). Southern Brazil is under the in-
fluence of two main systems: the South Atlantic 
Semifixed Tropical Anticyclone (ATAS) and the 
Migratory Polar Anticyclone (APM). The swell gen-
erally comes from the S/SW (longer waves) and 
wind-sea varies from NE (shorter waves) under 
the influence of extratropical cyclones ATAS and 
from S/SE to S/SW in the presence of extratropi-
cal cyclones (Pereira et al. 2017). The seasonaly 
alternation between these two systems favors the 
predominance of winds from the northeast (NE) 
during September through March (ATAS) and 
the southwest (SW) during April through August 
(APM) (Godolphin 1976). In addition, it is impor-
tant to note that the region between the Antarctic 
Peninsula and southern Brazil has the highest rate 
of cyclone formation in the Southern Hemisphere 
(Hoskins and Hodges 2005; Pezzi et al. 2016).

According to the global dynamic classification 
of coasts proposed by Davies (1964) and King 
(1972), the Rio Grande do Sul coast is character-
ized as exhibiting “east coast swell” (Calliari and 
Klein 1993). Long-period waves with high sediment 
transport capacity, which are usually formed in the 
subpolar stormy belt and over the Drake Passage, 
occur predominantly from the southeast (SE) 
and less frequently from the south (S) due to the 
more frequent and strong cyclones in the former 
direction (Tomazelli and Villwock 1992; Gonzales 
et al. 2016). Sea waves, which are generated by 
local winds, come mainly from the east (E) and 
northeast (NE) and are related to the prevailing 
winds in the region. Storm waves have a lower fre-
quency of occurrence and are formed by strong 
winds from southern quadrants during extreme 

meteo-oceanographic events (Motta 1969; Maia 
et al. 2016).

On the Rio Grande do Sul coast, waves ex-
hibit a directional bimodality distribution (Pereira 
et al. 2017).. According to Pianca et al. (2010), 
during the summer, the predominant wave direc-
tions are from the NE (28.4%) and S (26.7%), with 
NE waves presenting heights between 1 and 2 m, 
with periods between 6 and 8 s, and S waves pre-
senting heights between 1 and 3 m, with periods 
from 8 to 12 s. In autumn and winter, the dominant 
wave direction is from the S (36.7%), with heights 
between 2 and 3 m and periods between 10 and 
12 s. In the spring, NE waves are dominant, with 
heights between 1 and 3 m and periods from 6 
to 8 s, although an important contribution from S 
waves with heights between 1 and 3 m and peri-
ods from 8 to 10 s still occurs.

ERA-5 wave data
Wave data were obtained from the ERA-5 re-

analysis dataset (Hersbach et al. 2020; Copernicus 
Climate Change Service (C3S) 2017) covering 41 
years (from 1979 to 2019) and we used a 3-h tem-
poral resolution to calculate annual averages for 
an Eulerian analysis from a single point located at 
the coordinates 32°30’S/50°W at a 1000 m depth 
(deep waters) (Figure 1).

The ERA-5 reanalysis is a global atmospher-
ic, wave and ice data assimilation system that 
provides free products ranging from 1979 to the 
present in a near real-time scheme and is main-
tained by the European Centre for Medium-Range 
Weather Forecasts – ECMWF. ERA-5 wave data 
are generated by the WAM, which is a 3rd-gen-
eration model that integrates the basic transport 
equation describing the evolution of a two-dimen-
sional ocean wave spectrum without additional 
unplanned assumptions regarding the spectral 
shape. The WAM uses altimeter wave height and 
advanced SAR observations as the source in the 
model assimilation and ETOPO2 as a bathyme-
try database from the National Geophysical Data 
Center (NGDC/NOAA). 

There are three explicit source functions that 
describe the wind input, nonlinear transfer and 
whitecapping dissipation. There is an additional 
bottom dissipation source function, and refraction 



Wave climate trends in Southern Brazil

Ocean and Coastal Research 2022, v70:e22027 5

Maia et al.

Figure 1. Locations of the Rede Ondas waverider, ERA-5 validation point and ERA-5 analyzed point.

terms are included in the finite-depth version of 
the model, so it takes in account for basic shallow 
water physics, namely the maximum wave energy 
and the frequency down shifting are controlled by 
the water depth. The model runs on a spherical lat-
itude-longitude grid and can be used in any ocean 
region. The WAM predicts directional spectra 
along with wave properties such as the significant 
wave height, mean wave direction and frequency, 
swell wave height and mean direction, and wind 
stress fields corrected by including the wave-in-
duced stress and the drag coefficient at each grid 
point at chosen output times (The Wamdi Group 
1988; Dee et al. 2011). The slow attenuation of 
long-period swells and the impact of shallow wa-
ter on the wind input are introduced with the over-
all return of the level of dissipation due to white 
capping. Taking into account that the model uses 
data assimilation in intermediate waters, its prod-
ucts consider the wave transformations induced 
by the variation of depth and interaction with the 
bottom. However, it is worth mentioning that due 
to the 0.5° grid resolution of the model, bathymet-
ric variations smaller than this scale may not be 
well represented and cause uncertainties in some 

results, such as the wave direction. A detailed de-
scription of ERA-5 may be found in Hersbach et al. 
(2020). ERA-ECMWF reanalysis data have been 
extensively used in other studies to provide rel-
evant results (Hoskins and Hodges 2005; Harley 
et al. 2010; Semedo et al. 2011; Vousdoukas et al. 
2018; Waseda et al. 2018; Wan et al. 2018).

Comparison between ERA-5 and in situ 
observations from a waverider

To validate the ERA-5 data base for our region 
of interest, wave observations from a local wa-
verider (model Mark III -Datawell) from the Rede 
Ondas Project (www.redeondas.furg.br), which is 
part of the Global Ocean Observation Program 
(GOOS-UNESCO), were used. The waverider is 
located at coordinates 32°20’23’’S/51°53’53’’W 
and we compared it with another ERA-5 point at 
coordinates 32°30’S/52°W. These points are 20 
km apart and are 25 m of deep (Figure 1). Both 
ERA-5 and waverider data comprise measure-
ments of significant wave height (Hs), mean period 
(T), and mean wave direction (θ). After validation 
of the ERA-5 the WEF was computed for our point 
of interest at 1000m depth following Equation 1:
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where ρ is the water density (kg/m3), g is the 
gravitational acceleration (m/s2), Hs is the signifi-
cant wave height (m), and Te is the energy period 
(s). The energy period (Te or T−10) can be esti-
mated from the spectral shape and other param-
eters. The mean period (T or T01) and the energy 
period can be related through the Equation 2:

Te m
m T

o

1 a= =-                            Equation 2

where α depends on the spectral shape. Here, 
α is assumed to be 0.538 (Reguero et al. 2015; 
Antolínez et al. 2016; Reguero et al. 2019). The 
WEF provides an indication of the potential wave 
energy (combining both the wave period and 
height) that can reach the coast and has been 
widely used in wave climate studies (Antolínez 
et al. 2016, Mentaschi et al. 2017, Marshall et al. 
2018, Reguero et al. 2019, Odériz et al. 2020). To 
compare both datasets, continuous hourly records 
covering nine months of 2016 (excluding March, 
November and December) were used. To evalu-
ate the quality of the comparisons, three statistical 
parameters were calculated: Pearson’s correla-
tion coefficient (R; at a 95% confidence interval), 
the root mean square error (RMSE) and the bias 
of the fit. The “R” parameter measures the pos-
sible degree of relation between two variables, the 
RMSE determines the average magnitude of the 
difference between an estimated and true value, 
and bias evaluates the differences between mea-
sured and simulated data (zero bias means that 
the predictor parameter is unbiased).

Wave climate trends
For the analysis of 41 years of ERA-5 wave 

climate data (from 1979 to 2019), the data were 
separated into four directional sectors containing 
only the waves that affect the coastal zone, con-
sidering the distinct wave climate forcing sources 
that affect this region and the coastline orientation 
(NE-SW) (Tomazelli and Villwock 1992; Gonzales 
et al. 2016; Motta 1969; Maia et al. 2016; Pianca 
et al., 2010). The annual mean and 98th percen-
tile of the WEF were computed for the 41-year 

ERA-5 data, and long-term linear trends were cal-
culated using a linear regression model at a 95% 
confidence level. The statistical significance of 
long-term trends was verified through an analysis 
of variance (ANOVA) at a 95% confidence level. 
ANOVA is a statistical tool that defines whether the 
mean values of any variable are significantly differ-
ent from each other (critical F < F; P < 0.05).

Segmented linear regression and 
breakpoint detection

In this paper, to identify changing trends in 
WEF time series, we used a method proposed by 
Muggeo (2003) to fit segmented relationships in 
regression models. Thus, it was possible to identi-
fy breakpoints indicating that there were statistical-
ly significant changes in the behavioral trends of 
the WEF time series analyzed. Segmented linear 
regression represents a dependent variable Y as 
a piecewise linear function of an independent vari-
able X. The values of X that determine changes 
in the linear models are called breakpoints, which 
can be determined by the iterative Muggeo meth-
od. For each breakpoint BPk detected, two linear 
models consistent with the input data are inferred 
(Eq. 3 and Eq. 4):

. for X BPkYr X c1 1 <b= +   Equation 3

. for X BPkYr X C2 2 >b= +   Equation 4

where Yr is the piecewise linear estimation of 
variable Y, β1 and β2 are the slopes of the linear 
models, and c1 and c2 are the constant coeffi-
cients of the linear models.

The detection of breakpoints occurs as 
follows. For a single variable, the residuals 
resulting from the linear model are normal-
ized by dividing them by their corresponding 
standard deviation. The normalized residuals 
are represented by a segmented linear model, 
giving rise to subperiods, wherein breakpoints 
are detected using the Muggeo (2003) method. 
Each segmented linear model is submitted to 
a F-Test to compare variances, and its p-value 
at a 95% confidence level indicates whether 
there is any significant trend in each analyzed 
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subperiod. The number of breakpoints is in-
creased iteratively while the method converg-
es, and the final number of breakpoints is re-
ported as the result. For a pair of variables 
or even a larger group, the procedure is the 
same, except that the normalized residuals 
from all variables considered are aggregated 
under the same series.

AMO index
Based on its influence across the Atlantic 

Ocean, the AMO index was used to represent 
large-scale processes that may influence climatic 
conditions in the South Atlantic and was obtained 
from the National Oceanic and Atmospheric 
Administration (NOAA). The AMO dataset con-
sists of gridded average anomalies of the Kaplan 
SST in the North Atlantic basin over 0–70N from 
1856 to the present derived from UK Met Office 
SST data subjected to sophisticated statistical 
techniques to fill gaps (NOAA; Enfield et al. 2001). 
To investigate the relationship between the WEF 
temporal variability and the AMO, a time-window 
filter of 10 years (Enfield et al. 2001; Lyu and Yu 
2017) was applied to both the WEF and AMO da-
tasets. Following this filter, the linear correlation 
between the WEF annual mean (WEFm), 98th 
percentile (WEF98) and the AMO index were cal-
culated according to Oderiz et al. (2020), where 
the range of values for the correlation coefficient 
was denoted as follows: 0 indicates no relationship 
between the variables; values between 0 and 0.25 
(− 0.25 and 0) indicate a weak positive (negative) 
correlation; values between 0.25 and 0.5 (− 0.5 
and − 0.25) have a moderate positive (negative) 
correlation; values between 0.5 and 0.75 (− 0.75 
and − 0.5) show a strong positive (negative) cor-
relation; and values be- tween 0.75 and 1.0 (− 1.0 
and − 0.75) indicate a very strong positive (nega-
tive) correlation.

Table 1. Statistical results of the comparison between ERA-5 reanalysis data and Rede Ondas waverider data 
using nine months of records from 2016 (n=5575 for each parameter). Hs= significant wave height; Tp= peak 
period; θ= mean wave direction; R= Pearson’s correlation coeffcient; RMSE= root mean square error.

Parameter R RMSE BIAS
Hs (m) 0.82 0.41 +0.22
Tp (s) 0.55 2.79 -0.71
θ (°) 0.6 39.49 -

RESULTS

ERA-5 wave data validation
The correlation between ERA-5 wave data and 

waverider measurements indicates good agree-
ment between the majority of compared data 
(Table 1). Of all compared wave parameters, Hs 
showed the highest correlation (R = 0.82) and low-
er RMSE value (0.41), with ERA-5 showing a great 
ability to capture extreme events (as observed in 
October 2016) and mean wave heights with similar 
quality (Table 1 and Figure 2). The bias value indi-
cated that ERA-5 tends to overestimate Hs values 
by 0.22 m.

The T results showed a value of RMSE=2.79 
and a correlation value of R = 0.55, which was 
considered statistically moderate. The T bias 
value showed that, on average, ERA-5 underesti-
mated the waverider observations by 0.71 s. The 
θ showed a slightly higher R value of 0.6, also in-
dicating a moderate agreement between both da-
tasets (Table 1) and the highest value of RMSE, 
39.49.

A statistical comparison between the mean 
and standard deviation (stdv) values computed 
for the entire validation dataset showed that 
ERA-5 presented an average Hs value of 1.44 
m (stdv=0.54) and T of 8.79 s (stdv=2.34), 
which were close to the mean values comput-
ed based on waverider observations, at 1.22 
m (stdv=0.57) and 9.5 s (stdv=3.16), respec-
tively. For the wave direction, the mean val-
ues were similar under the predominant wave 
direction as the SE quadrant (147.2° for the 
waverider (stdv=23.49) and 137.6° for ERA-5 
(stdv=47.44)), which was an expected result, 
considering that the time series used for this 
comparison does not include summer months 
(March, November and December), when 
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Figure 2. Time series of overlapping Hs (A), T (B) and θ (C) from ERA-5 and Rede Ondas waverider 
data during 2016.

waves from northern directions are more fre-
quent (Pianca et al. 2010). In addition to this 
fact and as already pointed out, it is important 
to consider that some bathymetric features and 
consequently the refraction processes may not 
be well represented by the model and thus, 
the validation process between waverider and 
ERA-5 may contain inaccuracies. Since refrac-
tion reduces the variability of direction towards 
the coast and tends to keep them in an align-
ment perpendicular to it, waves registered by 
waverider seems to be more affected by refrac-
tion than waves in the ERA-5 node. This fact 
can be observed in the higher values of stdv 
associated with the model data than those as-
sociated with that observed by the buoy (47.44 
x 23.49) and may also explain the lower cor-
relation value associated with the two databas-
es (R=0.6) as well as its highest RMSE value 
(39.49). 

Despite these potential inaccuracies, in gener-
al, the ERA-5 data well represented the values of 
Hs, T and θ recorded by the Rede Ondas waverid-
er. The high resolution of the hindcast, as well as 
its validation against in-situ measurements, brings 
confidence to the data base, particularly for its use 
in long term and average conditions analysis, as is 
the case here.

ERA 5 comparisons for Southern 
Brazil

The ERA-5 wave data effectively represented 
the Hs, T and θ values recorded by the Rede 
Ondas waverider. The comparison with other stud-
ies that performed validation tests between reanal-
ysis data and in situ measurements is shown in 
Table 2. As already pointed out by Almeida et al. 
(2011), these results sometimes differ from other 
previous studies, probably due to factors such as 
the different modeling strategies used (e.g., the 
resolutions of wind fields and model grids) and 
varying dataset lengths, areas and time periods 
but, in general, they present similarities between 
the correlation values of the analyzed variables. 
The results presented herein, as quantified by the 
different statistical analyses performed, are similar 
to comparisons performed in previous studies in 
different oceans around the globe (Table 2). The 
statistical evaluation of ERA-5 wave reanalysis 
performed in the present work provides a high 
level of confidence that this dataset can be used 
in this region of the South Atlantic to analyze wave 
climate variability and trends.

According to Waseda et al. 2018 and Oliveira 
et al. 2019a, the validation analysis showed 
that the model skill in hindcasting Hs is higher 
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Table 2. Statistical validation parameters found in the current work and by other authors, including the database 
and locations of each study. Hs= significant wave height; T= mean period; θ= mean wave direction; R= Pearson’s 
correlation coeffcient; RMSE= root mean square error.

Present 
work, ERA-
5, Southern 

Brazilian coast

Almeida et al. 
(2011) Wave 

Watch III, 
Portuguese 

coast

Wan et al. 
(2018)

ERA-Interim, 
China sea

Waseda et al. 
(2018)

ERA-Interim,
Artic sea

Oliveira et 
al. (2019a) 

Wave Watch 
III, Southern 

Brazilian coast

Odériz et al.
(2020)

ERA-5, Pacific 
Ocean

Parameter R RMSE R RMSE R RMSE R RMSE R RMSE R RMSE
Hs (m) 0.82 0.41 0.86 0.36 0.95 0.36 0.91 0.78 0.86 0.34 0.8 0.5
T (s) 0.55 2.79 - - 0.78 0.76 - - 0.69 1.4 - -
θ (°) 0.6 39.49 - - - - - - 0.69 38 - -

than its ability to reproduce T and θ, as noted 
in the “R values” in Table 2. According to these 
authors, this result may be related to the fact 
that the wind resolution used to force the model 
might not have accurately represented the bi-
modal condition of the sea in the region since it 
is influenced by local winds.

In this validation process, it is worth mentioning 
that in both the ERA-5 and Rede Ondas waverider 
data recorded on October 28 and 29, 2016, the Hs 
was larger than 5 m, which was the result of the 
strongest coastal storm in the last 40 years in the 
region, and the waves were responsible for a large 
amount of beach erosion (Oliveira et al. 2019b).

Wave climate trends
To analyze the WEF behavior between 1979 and 

2019, we calculated the long-term linear trends using 
linear regression models. In an analysis considering 
all incident wave directions (ENE-SSW), the results 
from the regression analysis using 41 years of wave 
data indicated that the linear trends observed in 
WEFm and WEF98 records were statistically sig-
nificant (p-value < 0.05) (Table 3). Over the analyzed 
periods, the general WEFm and WEF98 presented 
an ascending trends (Figure 3), with an increment 
rate of 0.063  and 0.17 kW/m/year respectively. 

Table 3. P-values from regression analyses of WEFm 
and WEF98 from the ERA-5 database tendency 
analysis. WEFm=mean wave energy flux; WEF98= 
extreme wave energy flux (98th percentile).

Parameter p-value Linear Trend
WEFm 1.2x10-7 +0.063 kW/m/year (0.63% /year)
WEF98 1.24x10-2 +0.17 kW/m/year (0.29% /year)

In addition to the analysis covering all quad-
rants in the same series, the WEFm and WEF98 
were calculated separately for each quadrant. As 
shown in Table 4, the SSW quadrant presented 
the most energetic waves under both mean and 
extreme conditions (17.21 and 83.53 kW/m, re-
spectively), in contrast to ENE waves, which were 
less energetic (7.37 and 40.33 kW/m, respective-
ly). As waves begin to come more from the south, 
the WEFm and WEF98 associated with the waves 
become greater.

We also performed an ANOVA for WEFm and 
WEF98, referring to all directional occurrences 
of incident waves: the ENE, ESE, SSE and SSW 
quadrants. According to Table 5, we observed that 
there were relevant variations in the WEFm asso-
ciated with waves coming all quadrants (F>critical 
F and p-value <0.05) and that they presented in-
crease rates close to those of the general WEFm, 
at 0.054, 0.059, 0.073 and 0,094 kW/m/year, re-
spectively. As the waves come more from the 
south, the greater is the annual WEFm increment 
associated with them.  When isolated, all quad-
rants under extreme conditions (WEF98) showed 
no significant linear trend  (F<critical F and p-val-
ue> 0.05). 

Linear trends and breakpoints
Based on variations over the 41 analyzed 

years, we applied the Muggeo (2003) method for 
the normalized residual from the linear WEFm 
and WEF98 models. The breakpoints indicated 
that the surrounding subperiods presented dif-
ferent trends. Subperiods with continuous lines 
showed significant variations within the subperiod 
itself (with trend; p-value<0.05), and subperiods 
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Figure 3. WEF variation between 1979–2019. The black and red lines indicate WEFm and WEF98 variations 
during all analyzed periods, respectively. The blue continuous lines indicates the significant growth trend of 
the WEFm and WEF98. WEFm=mean wave energy flux; WEF98= extreme wave energy flux (98th percentile).

Table 4. WEFm and WEF98 associated with each quadrant. WEFm=mean wave energy flux; WEF98= extreme 
wave energy flux (98th percentile).

ENE (45–90°) ESE (90–135°) SSE (135–180°) SSW (180–225°)
WEFm (kW/m) 7.37 8.51 10.6 17.21
WEF98 (kW/m) 40.33 44.15 47.31 83.53

Table 5. ANOVA for the WEFm and WEF98 of all wave incidence quadrants. WEFm=mean wave energy flux; 
WEF98= extreme wave energy flux (98th percentile); F= F-statistics.
Parameter F critical F p-value Linear Trend
WEFmENE 13.07 2.84 4.3x10-6 +0.054 kW/m/year
WEFmESE 9.42 2.83 7.76x10-5 +0.059 kW/m/year
WEFmSSE 18.44 3.23 2.11x10-6 +0.073 kW/m/year
WEFmSSW 11.33 2.84 1,63x10-5 +0.094 kW/m/year
WEF98ENE 2.63 4.08 1.1x10-1 -

WEF98ESE 2.34 4.08 1.34x10-1 -
WEF98SSE 0.38 4.08 5.44x10-1 -
WEF98SSW 7.89x10-3 2.84 9.99x10-1 -

with segmented lines did not present significant 
variations within the subperiod (without trend; p-
value>0.05) (Figures 4 and 5). We identified three 
and two breakpoints for the WEFm and WEF98, 
respectively, which indicated that there were sig-
nificant changes in the behavioral trends of both 
parameters. Figure 4 indicates the WEFm break-
points in 1989, 1997 and 2014 which are the 
boundaries of the 1979–1989 (I), 1989–1997 (II), 
1997–2014 (III) and 2014-2019 (IV)  subperiods 
that presented alternating behaviors regarding the 
decreasing and increasing trends of the WEFm. 
Subperiod (I) was characterized by a decreasing 

trend, followed by subperiod (II) with an increasing 
trend lasting 10 years. The following subperiod (III) 
of 18 years showed a downward trend between 
1997 and 2014 and the last subperiod (IV) showed 
upward trend for the last 5 years of the time se-
rie. The first three subperiods showed statistically 
significant variations in their trends with (continu-
ous line), with p-values=0.04, 0.01 and 0.0001 
while the last subperiod didn’t show statistically 
significant trend (segmented line; p-value=0.26)
Regarding the WEF98 trends, we identified two 
inflection points, 2008 and 2012, which delimit the 
following subperiods: 1979–2008 (I), 2008–2012 
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Figure 4. Segmented linear model of the normalized residuals from WEFm linear models. Continuous 
lines indicate subperiods with significant variations and segmented lines indicate subperiod without 
significant variations. WEFm=mean wave energy flux.

(II), and 2012–2019 (III) (Figure 5). Similar to the 
WEFm, the WEF98 presented alternating oscil-
lations between positive and negative trends,but  
all subperiods, (I), (II) and (III), did not present 
statistically significant trends (segmented line; p-
values=0.32, 0.11 and 0.26, respectively). 

Although the WEFm presents oscillatory be-
havior (Figure 4), there was a statistically sig-
nificant and generally positive trend between 
1979 and 2019 (Table 3, Figure 3), and Table 6 
indicates that the mean WEFm in each subpe-
riod identified by the Muggeo method increased 
over the 41 years. Subperiod (I) presented 8.71 
kW/m as the mean WEFm, subperiod (II) pre-
sented a value of 9.98 kW/m, while subperiod 
(III) presented a higher value at 10.71 kW/m and 
subperiod (IV) had the largest WEFm overall, at 
10.95 kW/m. Thus, by presenting the 4 subpe-
riods with mean values of WEFm in a gradually 

increasing way, Muggeo analysis reinforces the 
result found of the increasing tendency of gen-
eral WEFm indicated in Figure 3. The mean 
values of each WEF98 subperiod identified by 
the Muggeo method (Figure 5) are adjusted in 
Table 7 and also present average values in an 
increasing manner for each sub-period, then 
56.3 (I), 57. 86 (II) and 60.1 (III), reinforcing the 
positive trend found in the general behavior of 
WEF98 over the 41 analyzed years (Figure 3). 
We decomposed WEFm and WEF98 into four 
different quadrants, and through Figs. 6 and 7, 
it is possible to observe that all quadrants pre-
sented breakpoints throughout their time evolu-
tion, indicating that there were subperiods with 
different behavioral tendencies regarding varia-
tions in wave energy. For the WEFm (Figure 
6), only the ENE quadrant didn’t show at least 
one subperiod with a significant negative or 
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Figure 5. Segmented linear model of the normalized residuals from WEF98 linear models. The segmented 
lines indicate subperiods without significant variations. WEF98= extreme wave energy flux (98th percentile).

Table 6. WEFm values for the subperiods defined by the breakpoints identified using the Muggeo method. 
WEFm=mean wave energy flux.

Period 1979–1989 (I) 1989–1997 (II) 1997–2014 (III) 2014-2019 (IV)
WEFm (kW/m) 8.71 9.98 10.71 10.95

Table 7. WEF98 means for the subperiods defined by the breakpoints identified using the Muggeo method. 
WEF98= extreme wave energy flux (98th percentile).

Period 1979–2008 (I) 2008-2012 (II) 2012–2019 (III)
WEF98 (kW/m) 56.3 57.86 60.1

positive trend (continuous line). Negative sub-
periods were associated with the ESE quadrant 
between 1997–2013,SSE quadrant between 
1999–2019 and SSW quadrant between 1992-
2013 Positive trends were associated with the 
ESE quadrant between 2013–2019, SSE quad-
rant between 1989-1999 and the SSW quadrant 
between 1986–1992.

Regarding WEF98 (Figure 7), all subperiods 
of all quadrants showed growth and decreasing 
trends without statistical significance (segmented 
line).

WEF variability and the AMO index
In Figure 8, it is possible to observe that since 

the 1970s, the AMO index has been increasing, 
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Figure 6. WEFm variation per quadrant. Continuous lines indicate subperiods with significant variations, 
and segmented lines indicate subperiods without significant variations. WEFm=mean wave energy flux.

shifting to a warm phase in the late 1990s. For 
the WEFm (Figure 8A), the results show that the 
10-year running mean was very well synchronized 
with this AMO transition, as expressed by the very 
strong correlation coefficient obtained between 
the variables (R = 0.92, 95% significance level). 
For extreme energy conditions, the correlation 
between the 10-year running mean WEF98 and 
AMO was also very strong, at R= 0.89. As demon-
strated by Odériz et al. (2020), R values between 
0.75 and 1 indicate a very strong positive corre-
lation between the WEF and AMO. Both curves 
have good synchrony with the AMO curve, show-
ing similar behavioral trends, but in 2002, while the 
AMO stabilized with a small increasing trend, the 
WEF98 showed a decreasing trend, returning to 
follow the AMO trend in 2011 (Figure 8B).

We decomposed the average incident ener-
gy flux on the coast into the four main quadrants 

and related them to the AMO index variation 
from 1979 to 2019 (Figure 9). All quadrants fol-
lowed the general trend of AMO variation, with 
a correlation coefficient (95% significance lev-
el) for the ENE of R = 0.89; for the ESE of R = 
0.91; for the SSE of R = 0.97; and for the SSW 
of R = 0.86. According to Odériz et al. (2020), 
the correlation values between the WEF and 
AMO are considered very strong (R> 0.75). 
The largest range of WEFm variation was as-
sociated with the SSW quadrant, as shown in 
Figure 9D.

DISCUSSION

WEF trends and breakpoints
As shown in Table 3 and Figure 3, the general 

WEFm presented a significantly positive linear 
trend over the entire analyzed period (between 
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Figure 7. WEF98 variation per quadrant. Segmented lines indicate subperiods without significant 
variations. WEF98= extreme wave energy flux (98th percentile).

Figure 8. Comparison between the AMO index (red line), 10-year running mean WEFm (blue line, A) 
and 10-year running mean WEF98 (blue line, B). AMO= Atlantic Multidecadal Oscillation; WEFm = 
mean wave energy flux; WEF98= extreme wave energy flux (98th percentile).

1979 and 2019) at an increase rate of 0.063 kW/m/
year, which was equivalent to an annual increase 
of 0.63% and indicates more energy transference 

from the atmosphere to the ocean surface motion-
This value is similar to the 0.58% found by Reguero 
et al. (2019) as a mean of annual increase rate 
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Figure 9. Comparison between the AMO index (red line) and 10-year running mean WEFm values per 
quadrant (blue lines). AMO= Atlantic Multidecadal Oscillation; WEF = mean wave energy flux.

between 1948 and 2008 to the Southern Ocean 
(between 40 and 80°S), which besides being that 
is the most energetic oceanic basin and domi-
nates the other oceans in terms of wave power 
has a great influence as a generation area on 
the wave characteristics of our analyzed region. 
To the same period, according to these authors 
the global mean WEFm has increased 0,47% per 
year. The general extreme condition (WEF98) also 
presented a significantly positive linear trend over 
the entire analyzed period, with an increase rate 
of 0.17 kW/m/year, that corresponds to an an-
nual increase of 0.29%. (Table 3 and Figure 3). 
The results found related with WEFm and WEF98 
are in line with global tendencies. According to 
Mentaschi et al. (2017), the WEF along coasts 
worldwide is projected to increase significantly 
by the end of the century, mainly in the Southern 
Hemisphere. Semedo et al. (2013) found that 
changes in the wave climate toward the end of the 
twenty-first century are small to moderate, with the 
largest signals being a poleward shift in the annual 
mean significant wave heights in the midlatitudes 
of both hemispheres, which is more pronounced 
in the Southern Hemisphere and most likely as-
sociated with a corresponding shift in midlatitude 
storm tracks.

The studies by Reguero et al. (2013) and 
Alonso and Solari (2021) indicated that the WEF 
on the West Atlantic coast is undergoing a clock-
wise rotational trend. These changes are probably 
related to the trend of rotating toward the poles 
detected in extratropical storm activity (Meehl et 

al., 2007), which indicates more storm activity 
at high latitudes that is more pronounced in the 
Southern Hemisphere (Bengtsson et al., 2006). 
In fact, by applying the Muggeo method, we ob-
served in Figure. 6 that the swell coming from the 
southernmost quadrants (SSW and SSE) were the 
first to show a significant upward trend in WEFm 
between 1986-1992 and 1989-1999 respectively, 
while the ESE swell showed between 1997-2013 
the longest range of a subperiod with a significant 
negative trend.

Rotating southward in the clockwise direction, we 
observed that waves coming from the ESE (2013-
2019), SSE (1989-1999) and  SSW (1986-1992) 
quadrants showed an increasing range scale in 
significant positive trends associated with general 
WEFm (Fig. 6) and that only the southern quadrants 
(SSE and SSW) were responsible for inducing sig-
nificant positive trends in WEFm (Fig. 4, subperiod 
II). A relevant factor is associated with the fact that, 
by decomposing Figure 4 into 4 quadrants of wave 
incidence we observed that the segmented WEFm 
trends (Fig. 4) are primarily driven by the swell com-
ing from SSW and secondarily by waves from SSE 
(Fig. 6).This trends coupled with the fact that the 
swell from southern quadrants are the most energet-
ic (Table 4) suggests that these waves are probably 
mainly responsible for the increasing trend of thegen-
eral WEFm (Figure 3), since as can be seen in Table 
5 the SSE and SSW quadrants have the highest an-
nual increment rates associated with WEFm, 0.073 
kW/m/year and 0.094 kW/m/year respectively. This 
scenario is of considerable relevance since swells 
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generated in the Southern Ocean are projected to 
be more energetic in the coming years (Young et al. 
2011; Babanin et al. 2019) and, in the western South 
Atlantic Ocean, SW swells are strongly influenced by 
winds from low latitudes generated by the Migratory 
Polar Anticyclone (APM), which is responsible for the 
generation of storms that can suddenly impact the 
coastline when they reach the continent (Calliari et 
al. 1998; Parise et al. 2009; Machado et al. 2010). 

Although the subperiods associated with 
WEF98 show no significant trend (Fig. 5), their 
inflection points and subperiods also resemble 
the behavior of the WEF98 subperiods associ-
ated with the SSE and SSW quadrants. However, 
it is worth noting that in a linear analysis as evi-
denced in Figure 3, WEF98 shows a significant 
growth trend at a rate of 0.17 kW/m/year equaling 
0.29% per year (Table 3). These results are rel-
evant since, according to some authors, this trend 
in extreme wave conditions may intensify in the 
coming years. Mentaschi et al. (2017) conducted 
a comprehensive modeling analysis to identify 
future global trends in extreme wave energy flux 
along coastlines in the 21st century under a high 
emission pathway (RCP 8.5 - IPCC) and identified 
that the WEF increment translates into consider-
able changes in the recurrence frequency of ex-
treme events, which is projected double in many 
areas, especially in the Southern Hemisphere 
where an increase in the extreme WEF is project-
ed until 2100 implying an intensification of coastal 
erosion and wave-induced impacts. Corroborating 
these results and also under the RCP 8.5 scenar-
io, Meucci et al. (2020) project an increase by up 
to 20% in the 100-year significant wave height of 
the Southern and South Atlantic Oceans by 2100, 
which would have the potential to increase the ex-
treme conditions of WEF of these regions.

WEF variations and the AMO index
Wave conditions are expected to respond 

to climatic variations. In recent decades, for ex-
ample, positive correlations were obtained be-
tween sea surface temperatures in the Tropical 
and North Atlantic and wave power in the south-
ern extratropics, suggesting an intensification of 
energy transfer from wind fields into wave gen-
eration in these regions as a result of warming 

trends (Reguero et al. 2019; Silva et al. 2020). 
Consequently, the WEF variability reflects changes 
in the predominant wave-generating atmospheric 
systems, which are normally caused by large-
scale climatic drivers (Hemer et al. 2010, Reguero 
et al. 2019, Silva et al. 2020). Globally, Mentaschi 
et al. (2017) and Odériz et al. (2020) showed that 
the most significant long-term WEF trends can be 
explained by the intensification of teleconnection 
patterns such as the Antarctic Oscillation, El Niño–
Southern Oscillation, North Atlantic Oscillation 
and Atlantic Multidecadal Oscillation.

As demonstrated by Young et al. (2011) and 
Yang et al. (2020), it is highly likely that long-term 
oscillations, such as the AMO, significantly influ-
ence the global ocean wind and wave climate 
since global-scale multidecadal SST variability 
could be driven by the AMO through atmospheric 
teleconnections and atmosphere–ocean coupling 
processes. According to Alexander et al. (2014) 
and Odériz et al. (2020), the Atlantic Ocean ex-
hibits variability over a wide range of temporal and 
spatial scales but has pronounced variability at 
decadal and multidecadal timescales, playing a 
key role in the multidecadal oscillation of global 
SST (Yang et al. 2020).

Through calculation of correlation between 
WEF and climate indices Odériz et al. (2020) in-
dicated that the WEF that reaches both Mexican 
coasts is influenced by the AMO on multidecadal 
timescales, once the AMO shows a regionally 
consistent wave climate response of moderate 
positive correlation on the Yucatan Peninsula and 
entire Pacific coast for WEF. Thus, according with 
these authors not only the Atlantic but also the 
Pacific Ocean may have the long-term variability 
of WEF driven by AMO, wich positive (negative) 
phases drives an increase (decrease) in wave 
power. Kayano et al. (2019) show that low-level 
extratropical cyclones in the South Atlantic are 
modulated by AMO-related SST anomalies, with 
positive anomalies affecting the cyclone trajecto-
ries and meridional SST gradients that influence 
the baroclinicity of long waves, which in turn en-
ters the energy Lorenz cycle. This fact is of great 
importance for the region, once extratropical cy-
clones are known to generate extreme significant 
wave height values and consequentely improving 
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WEF at the ocean surface in the western South 
Atlantic (Sasaki et al. 2021). At atmospheric levels 
in both AMO phases, the highest baroclinic and 
barotropic energy conversion values occur along 
the 30°–50° and 20°–50°S bands, with the largest 
cyclone local counts in the southwestern Atlantic, 
specifically on the Argentina, Uruguay and south-
ern Brazil coasts (Sinclair 1995, 1997; Kayano et 
al. 2019). According to Kayano et al. (op. cit.), the 
kinetic energy in warm AMO phases surpasses 
that in cold AMO phases; thus, the considerably 
more energetic low-level cyclones lead to higher 
energy conversion terms in warm phases than in 
cold phases, inducing more energetic cyclones 
with high potential to transfer energy from the at-
mosphere to the ocean and increase the WEF dur-
ing warm phases.

As documented by Escobar et al. (2004), 
Bischoff (2005) and Ortega et al. (2013), SE storms 
were at a minimum during the downward phase 
of the AMO curve and increased thereafter, espe-
cially at the beginning of the warm AMO phase. 
Corroborating these results, we observed that the 
WEFm curves associated with SE quadrants pres-
ent, in addition to the larger ones, a very strong 
correlation with the AMO curve (SSE, R = 0.97, 
Figure 9C and ESE, R = 0.91, Figure 9B), where 
such curves develop covariant behavior from the 
cold until warm phases of AMO.. In this sense, in 
the western South Atlantic Ocean and along the 
rising phase of the AMO curve, D’Onofrio et al. 
(2008) showed that the decadal average frequen-
cy and duration of positive surges have increased, 
and Codignotto et al. (2012) described an incre-
ment in the frequency and height of wind waves 
propagating from the south. Additionally, related 
to variations in AMO phases, Wang et al. (2008) 
described that between 1854–2006, Atlantic hur-
ricanes presented major and minor activities dur-
ing the warm and cold AMO phases, respectively, 
suggesting that multidecadal variability in oceanic 
temperatures may be responsible for multidecadal 
variation in Atlantic hurricane activity. These au-
thors also showed that Atlantic tropical cyclone 
activities have largely increased in frequency and 
intensity since the late 1980s. Reinforcing these 
results, we observed that during the transition pe-
riod from the cold to warm AMO phase between 

the late 1980s and 1990s, the WEF98 and main-
ly the WEFm curve covary with the AMO curve 
(Figure 8A and B), exhibiting a growing trend. In 
the same period, the WEFm associated with the 
SSE and SSW quadrants also showed a signifi-
cant growth trends (Figure 6) and similar behav-
ior to that of the AMO curve (Figure 9C and D). 
Since that the driving mechanism of the AMO is 
related to variability in the oceanic thermohaline 
circulation (Knight et al., 2005) involving fluctua-
tions of the Atlantic meridional overturning circu-
lation (AMOC) (Delworth and Mann, 2000; Knight 
et al., 2005; Dijkstra et al., 2006) and on a multi-
decadal scale the Southern Ocean is first to show 
changes in this circulation patters (Crowley and 
Kim 1993), Kayano et al. 2019 demonstrated that 
during the AMO warm phase the region between 
40°-70°S latitudes, which is exactly where the 
most energetic waves (SSE and SSW) come from, 
presented strong SST anomalies and inverse tem-
perature patterns in relation to the cold phase. 
On the whole, spatiotemporal SST gradients are 
known to be a critical driver in ocean-atmosphere 
teleconnections and influence wind patterns and 
consequently WEF along the oceans (Reguero et 
al. 2019). Thus, it is to be expected that eventual 
changes in SST patterns in the Southern Ocean 
eventually induced by AMO influence the variabil-
ity of the WEF in our study area. As can be seen 
in Figure 6 the SSW quadrant swell was the first 
to show a significant trend of increasing WEFm 
(late 1980s) and subsequently the SSE swell also 
started a significant growth phase. Such swells 
have their origin related to the higher latitudes, 
reflecting primarily the changes in the Southern 
Ocean eventually induced by the AMO during its 
transition from the cold phase to the warm phase 
(Fig. 8, late 1980s and 1990s; Fig.4, subperiod II). 
This kind of behavior is in agreement with other 
studies in the western South Atlantic Ocean, which 
also found a link between the recent warm phase 
of the AMO and physical environmental changes 
(Bischoff 2005 and Ortega et al. 2013), reinforcing 
the evidence of a correlation between the warm 
AMO phases and the energy intensification asso-
ciated with meteo-oceanographic elements.

Increases in wave height primarily occur from 
increased surface wind energy, but the global wind 



Wave climate trends in Southern Brazil

Ocean and Coastal Research 2022, v70:e22027 18

Maia et al.

patterns change in response to spatiotemporal 
SST variations (Inatsu et al. 2002; Bengtsson et al. 
2006). For this reason, to understand WEF trend 
changes in the southern Brazil we studied their 
correlations with the long-term tendencies of the 
AMO index, a SST-based climate index Although 
we focused on this singular mode (AMO), wave 
generation and the wave climate in the South 
Atlantic Ocean results from variability in a number 
of atmospheric patterns, large-scale drivers and 
teleconnections, many of which remain understud-
ied compared with those in other global regions 
(Reguero et al. 2013; Reguero et al. 2019; Silva 
et al. 2020). Although the relationship between the 
AMO and WEF does not explain the interannual 
variability, it seems to have a profound effect on 
long-term WEF variations and trends. As evidence 
for this statement, the long-term trend computed 
with the 10-year filtered WEFm and WEF98 re-
sulted in very strong correlations with the AMO 
curve. These results suggest that the trends ob-
served in WEFm and WEF98 curves presented in 
this study likely represent the result of a long-term 
transition from a cold (negative) to warm (positive) 
AMO phase, which could modulate the long-term 
component of the interannual WEF98 and mainly 
the WEFm in the western South Atlantic. This rela-
tionship between the AMO and the western South 
Atlantic Ocean WEF has not been previously de-
scribed. Since the AMO is still in its warm phase, 
it is expected that the WEF in coastal regions ad-
jacent to the western South Atlantic Ocean will re-
main high in the next few years. This requires plan-
ning regarding the coastal management of these 
areas to avoid and mitigate potential wave-induced 
impacts attributed to the high flux of energy from 
the adjacent ocean. Further research should be 
performed, preferably using longer wave time se-
ries to identify WEF breakpoints and to investigate 
the effect of a full cycle of the AMO index on the 
wave characteristics.

CONCLUSION
This study investigated historical breakpoints 

and trends in wave energy flux (WEF) over 41 
years in southern Brazil. The comparison between 
ERA-5 data and measurements from a waverider 

showed overall high agreement for wave param-
eters, proving ERA-5 to be a very useful database 
for long-term analyses. The WEFm and WEF98 
presented a significantly positive linear trends be-
tween 1979 and 2019, with an increasing rates of 
0.063 and 0.17 kW/m/year corresponding to 0.63 
and 0.29% per year respectively.. Among all quad-
rants, the incident waves of the SSE and SSW 
quadrants presented the highest values of both the 
WEFm and WEF98, and by the Muggeo method, 
it was possible to identify that the WEFm associ-
ated with these quadrants seems to be related to 
subperiods that present positive advancing trends 
in the incremental general WEFm. The present 
results highlight that the general long-term WEFm 
and WEF98 signals are very strongly correlated 
with the AMO index (correlation coefficient = 0.92 
and 0.89, respectively) and, consequently, suggest 
that the identified positive trends in the WEFm and 
WEF98 are likely related to the transition of cold 
to warm AMO phase in the western South Atlantic 
Ocean. We also determined that the WEFm curves 
of all quadrants follow the general trend of the AMO 
curve variation; however, the WEFm curve from 
the SSE quadrant has a greater correlation. Given 
that the AMO is still in its warm phase and that we 
have observed a very strong correlation between 
it and the WEF behavior, high WEF values are still 
expected in the western South Atlantic Ocean in the 
coming years. These incremental trends reinforce 
the need to develop efficient coastal management 
policies to adapt mainly regions with low declivity 
and chiefly mitigate potential impacts related to ero-
sion and flooding processes. Along with coastal 
planning, further investigation should be performed 
to explore the relationship between WEF character-
istics and full cycles of the AMO, as well as other 
climatic indices with different periodicities.
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