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ABSTRACT

The storm risks in coastal regions have drawn attention worldwide in recent decades. Understanding the
characteristics and behavior of these events and their potential damage to coasts has become essential for
decision-making and coastal management. This study aimed to identify and examine the climatology of coastal
storms on the central coast of the state of Rio de Janeiro, proposing a classification and a coastal impact
evaluation that applies Dolan and Davis’ (1992) storm index. For this, 34 years of NOAA/NCEP/NCAR hindcast
wave database were used (1979 - 2013). Secondarily, this study aimed to compare wave data at two locations
(the south-orientated west and the east-northeast-orientated east coasts) to verify the influence of coastal
orientation against storm events. This research found 231 storm events on the west coast and 44 on the east
coast. While mean durations resembled each other (at around 27 hours), the east coast had a 9% lower mean
storm wave height. The storm peak direction from the south predominated on the west coast (52%), whereas a
south-southeast direction dominated the east coast (50%). Storm classification showed 3.4 and 9% of storms
considered Extreme in the west and east, respectively. Extreme storms include those in September 1983, May
1997, May 2001, and April 2010. Coastal storms on the west and east represented 2.39 and 0.57% of all
cyclones identified in the southwestern Atlantic. In shallow waters, the highest amount of energy dissipation
occurred on the east coast, which is sheltered from storms from the south-southwest but is exposed to those
from the south-southeast. Extreme and Severe events greatly impacted the coast, including beach and dune
erosion, overwash, and property damage. However, even coastal storms considered Weak caused considerable
coastal damage.
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INTRODUCTION wave patterns (Shepard, 1950; Bruun, 1962).
Eventually, meteorologically induced higher energy
waves can trigger long-term beach erosion and
severely damage coastal urban structures. These
storm events can be defined as coastal storms
(Harley, 2017), and they can cause prolonged
high energy influx in the coastal environment,
leading to cumulative damage. Damage recovery
costs have totaled millions of dollars per storm
worldwide (Mitchell, 1974).

Extratropical cyclones are one of the primary
© 2024 The authors. This is an open access article distributed under . .
ET the terms of the Creative Commons license. meteorological sources of energy from the wind to

Surface waves are the primary energy source
for coastal environments, especially in regions
subject to microtidal regimes. Seasonal variations
of wave energy are recurring on the coast when
beaches adapt their morphology to the prevailing
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the sea surface, resulting in high-energy sea states
along its position and displacement. The Western
South Atlantic Ocean is a well-known cyclogenetic
region, especially southern Brazil, the southeastern
coast of Argentina, and the southeastern coast
of Uruguay (Gan and Rao, 1991; Reboita et al.,
2010). Once generated, these cyclones tend to
follow an east, southeast, or northeast trajectory
over the Atlantic Ocean (Gan and Rao, 1991;
Innocentini and Prado, 2003; Parise et al.,2009),
with an average life cycle of 72 hours (Reboita et
al., 2009) that may span up to 240 hours (Abreu
et al., 2018). These cyclones frequently generate
high-energy waves in deep water that propagate
across the ocean and reach shallow areas of
coastal regions (Rocha et al., 2004).

As the storm waves reach the coastal waters,
their speed and wavelength decrease, and part of
their energy is dissipated by bottom friction and
depth-induced breaking. Non-dissipative forces
such as wave refraction also occur, changing
coastal storm wave behavior (Collings, 1970;
Battjes and Groenendijk, 2000). Thus, coastline
orientation, degree of exposure to storm waves,
and inner shelf morphology play an essential
role in predicting shoreline changes and coastal
vulnerability (Dolan and Hayden, 1983).

The nearshore impact on natural and urban
areas of coastal storms is featured in the literature
on the southern and southeastern Brazilian coast.
Beach erosion, foredune overwash, inundation,
and destruction of local infrastructure were
observed after coastal storms on the coast of
Rio Grande do Sul (Parise et al., 2009; Barletta
and Calliari, 2002), Santa Catarina (Rudorff et al.,
2014), Sao Paulo (Sondermann et al., 2023), and
Rio de Janeiro (Lins-de-Barros, 2005; Muehe,
2011; Muehe et al., 2015; Bulhdes et al., 2016;
Carvalho et al., 2020). Thus, understanding the
dynamics and storm climatology is relevant for
preventing and mitigating coastal natural threats.

Since the 1980s, several studies have
examined coastal storms (especially on the North
Atlantic coast), considering different variables
such as wind speed, sea level, wave energy, storm
duration, and coastal impacts (Allen, 1981; Dolan
and Davis, 1992; Zhang et al., 2000; Ojeda et
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al., 2017; Kutupoglu et al., 2023). Regarding the
South Atlantic, the availability of data measured in
situ is scarce.

Paula et al. (2015) identified the lack of historical
observational data on waves as the primary
limitation for a better understanding of nearshore
storm impacts. To address this issue, hindcast
wave data have emerged as an alternative.
These data enable climatological analysis by
providing globally covered spatially and temporally
gridded data over a long period. The possibility of
reconstructing past climatological scenarios made
the hindcast capable of being applied in the most
diverse regions and with multiple application areas
(Poli, 2011).

In the central coast of Rio de Janeiro State,
Brazil, the coastline shifts its orientation at the
municipalities of Arraial do Cabo and Cabo Frio
(approximately at 22.99°S/41.99°W) and thus
divides this part of the coast into two orientated
shorelines: the western coast, approximately
west-east (W-E) orientated, and the eastern coast,
southwest-northeast (SW-NE) orientated, from the
north of Cabo Frio to the Cape Sao Tomé. This
study aims to identify and examine the climatology
of coastal storms on the central coast of the state of
Rio de Janeiro, evaluating coastal storms and their
impacts on the coast. Additionally, it will compare
the wave climatology of the two coastal sectors
to understand the role of coastal orientation in
natural storm protection.

METHODS

STUuDY AREA

The study area is located on the central
coast of the state of Rio de Janeiro, Brazil. This
study follows a regional approach on a scale
of approximately 1:50.000. It covers the wave
climate that extends from the continental shelf
up to the limits of the shoreface, corresponding
to the coastal zone of the municipalities between
Saquarema and Arraial do Cabo, in the coastal
segment here called the Western Coastal Sector
(WCS), and between Cabo Frio and Cape Séao
Tomé, in the so-called East Coastal Sector (ECS)
(Figure 1).
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Figure 1. Map of the study area, showing the position of wave databases and the mentioned municipalities. Bathymetry

data is available at https://geosgb.sgb.gov.br/downloads/.

According to Figueredo Jr. et al. (2016), the
Campos Basin continental shelf has a maximum
width of 120 km in its southern portion, between
Cabo Frio and Macaé. The Santos Basin continental
shelf, close to Cabo Frio, shows narrowing, reaching
widths close to 75 km (Figueiredo et al.,2023).

The ECS coastal plain has features such as
the cliffs of the Barreiras Formation, with exposed
beach rocks and coral reefs. Its fluvial drainage
contribution is significant, and the sedimentary
inner shelf predominantly consists of coarse sand
superimposed by a layer of very thin sand (Muehe
and Valentini, 1998), with high levels of bioclasts
(~50%) (Figueredo Jr. and Tessler, 2004). The
Brazilian Hydrographic Navy Center bathymetric
data compiled by Reis et al. (2013) indicated an
average gradient of 0.1° in its inner shelf.

The WCS is characterized by double beach-
barrier ridges that confine coastal lagoons in
a typical lagoon-barrier (beach barrier) system
named the strand plain of Massambaba. Its inner
shelf is composed of coarse sand with a low

presence of bioclasts (< 30%) and an average
gradient of 0.5° (Figueredo Jr. and Tessler, 2004).

The wave climate of the coast of Rio de Janeiro
State is predominantly influenced by large-scale
meteorological systems, such as the South Atlantic
Subtropical High (SASH), and extratropical lows
(cyclones), as stated by Campos et al. (2013) and
Parente et al. (201). SASH is responsible for the
predominantly trade winds along the Brazilian
coast, generating waves with northeastern, eastern,
and eastern-southeastern peak directions (Dp).
In the fall, winter, and early spring, extratropical
cyclones become more frequent, resulting in
higher energy wave formation and drawing nearer
to the coastline from its South quadrants.

STORM CLIMATOLOGY AND CLASSIFICATION

The climatology of the storm events was
developed using a 34-year (1979-2013) wave
data hindcast, available from the National Oceanic
and Atmospheric Administration/National Centers
for Environmental Prediction (NOAA/NCEP),
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which was derived from the third-generation
wind-wave model WAVEWATCH Ill® (Tolman,
2009), phase 1 and 2. The model was forced with
winds from the NCEP-Climate Forecast System
Reanalysis (CFSR) (Saha et al., 2010), hereafter
called NCEP/WW3. These wave data were
available eight times daily (00:00, 03:00, 06:00,
09:00, 12:00, 15:00, 18:00, and 21:00 UTC) at a
global 0.5° x 0.5° Lat/Long-grid points. Overall,
three variables were used to develop the storm
climatology: Hs (Significant Height, meters), Tp
(Peak period, seconds), and Dp (Peak Direction,
degrees). In total, two grid points were chosen to
represent different coastal orientations: WCS and
ECS (Table 1, Figure 1)

Table 1. Grid points and their respective coordinates and
mean depth

Grid Coordinate Mean Coastal
Point Depth (m) Orientation
WCS 23°S - 42.5°W 50 west-east
ECS 225°S-415°W 45 southwest-
-northeast

Storm events were identified using two
parameters: significant wave height (Hs) and time
duration (td, measured in hours). An automated
routine was used to find the starting date and time
on the time series when the minimum Hs and td
thresholds were identified, and it ended when
the Hs value decreased below the threshold.
The threshold values were chosen based on the
average value of 5% of the largest waves in the
database (Hs 5%), as suggested by Duran et al.
(2016) and Earlie et al. (2018). A time duration
value of 12 hours was selected as it represented the
value of a semi-diurnal tidal cycle (You and Lord,
2008). In this study, a 5% Hs value represented
three meters, considering the WCS dataset. For
a fair comparison, this value was used to identify
storm events at both wave data points. Therefore,
this study considers a storm event as one with a
Hs of at least three meters for at least 12 hours.

The storm classification was based on the
Storm Power Index (SPI) proposed by Dolan and
Davis (1992):

| Hs? « td(1)
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In which Sh (m) is the maximum wave height
and td, the time of duration (hours) of the storm.
The identified storm events were then grouped
into five classes, according to the Jenks Natural
Breaks Classification Method (Jenks, 1967).
The method is widely used for several grouping
purposes (Naigiang and Guiyang, 2020). It aims
to maximize the variance between classes as it
seeks to reduce the variance within each class.
This method was also used by Rangel-Buitrago
and Anfuso (2011) for group coastal storm classes
on the coast of Spain.

As suggested by Dolan and Davis (1992), from
the smallest to the largest values of equation 1,
the identified storms were classified into five storm
classes: Class | (Weak), Class Il (Moderate), Class
[l (Significant), Class IV (Severe), and Class V
(Extreme). Each class represents progressively
increasing coastal impact, according to the
authors. Class Weak causes small beach erosion,
with full and immediate recovery. Class Moderate
shows modest beach erosion, but may damage
local property. Class Ill provokes moderate
beach and dune erosion and more extensive
property damage. Class Severe shows severe
beach erosion with rare recovery, dune erosion,
overwash, and intense property damage. Class
Extreme causes extreme beach erosion, long-term
erosive trends, extreme dune erosion, overwash,
and property damage on a regional scale.

The returning period was calculated in terms
of annual maximum storm power, using the
probability distribution analysis approach and
extreme values following the Gumbel distribution.

SHALLOW WATER WAVE PROPAGATION

To propagate storm waves to shallow areas,
the Mild Slope Parabolic Model for Monochromatic
Wave Propagation (OLUCA-MC) was used. The
OLUCA-MC is part of the Integral Model of Wave
Propagation, Currents, and Morphodynamics in
Beaches from IH Cantabria (IH CANTABRIA -
MMA, 2017). The model solves the equations of
refraction, diffraction, and energy dissipation by
the finite difference method on a rectangular grid.
As initial conditions, four storms in the Extreme
and Severe Classes were chosen to represent
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the most different peak directions, e.g., east-
southeast, south-southeast, south, and south-
southwest. This enabled the evaluation of the
effect of refraction between the sectors of the
coast. The mean significant height, peak period,
and angle of direction associated with the chosen
storm event were set.

For each propagation scenario, a specific mesh
was created to adjust to different propagation
angles. In all cases, wave dispersion was set up
using the Stokes-Hedges non-linear model, using
the turbulent boundary layer for dissipation and
open lateral boundaries as boundary conditions.

CoaAsTAL IMPACTS

The assessment of coastal impacts was carried
out by reviewing publications that described the
effects of storms on both coastal sectors. The
impacts observed in the literature were correlated
with the classes of storms identified in this study
and were then compared with the impacts predicted
for each class, according to those observed by
Dolan and Davis (1992). The assessed variables
were based on the occurrence of beach erosion
(which was divided into weak, moderate, or severe
categories), dune erosion (including dune base
escarpment and crest retreat), property damage
(the destruction of rigid structures along the coast),
and overwash (a flow of water and sediment over a
coastal dune or beach crest).

RESULTS

NCEP/WW3 HINDCAST DATA VALIDATION

Klumb-Qliveira et al. (2015) compared the Hs,
Dp, and Tp of the same grid point (WCS) in this
study with a stationary oceanographic buoy near
the study area (22.99S; 42.18W, depth, 50 m).
The authors found a Pearson’s correlation of 0.79
for Hs, 0.53 for Dp, and 0.75 for Tp. Hs showed
the highest hindcast overestimation: 0.47 m. For
Dp, the hindcast data overestimated the buoy data
by 0.16 s. Peak direction data showed a lower
correlation due to the differences between local
average conditions and peak directions. According
to their results, the authors considered that
validation authenticates the use of NCEP/WW3
hindcast data as a wave parameter for coastal
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studies in Rio de Janeiro. Furthermore, Carvalho
et al. (2020) compared an NCEP/WWS3 grid point
at the west coast of Rio de Janeiro with a buoy
anchored off the Rio de Janeiro coast. The authors
found a ‘moderate’ to ‘strong’ correlation between
field and hindcast data, which also validates the
data for climatological analysis.

STORM CLIMATOLOGY

Following the criteria above (Hs 3 m and Td
12 h), 231 storm events were identified in the WCS
and 44 in the ECS, averaging 6.8 and 1.2 events
yr', respectively. In the WCS, mean Hs totaled
3.5 m+ 0.35; mean Tp 12s+1.7; and mean Dp,
187+13. Peak direction predominantly stemmed
from the south (52.6 %) and south-southwest
(39%), with a lower frequency of waves coming
from the south-southeast (7.2 %). The south
and south-southwest directions also showed the
highest waves (2 4 m), with the prevalence of wave
height from three to four meters. The peak period
from 8 to 10 s showed the lowest frequencies in
all directions. South and south-southwest showed
a similar distribution of periods from 10 to 14s.
Periods above 14s predominantly stemmed from
the south (Figure 2).

The ECS showed mean Hs values of 3.3 m+
0.28, mean Tp of 12.5 s+ 2.2, and mean Dp of
161+ 15. ECS storms predominantly came from
the south-southeast (50 %) and south (36 %), with
a lower frequency coming from the southeast (9
%) and east-southeast (4 %). Although with lower
frequency, the east-southeast direction showed
high waves above 4 m (Figure 2). A comparison
between the two grid points shows similar values of
mean significant wave height and peak period that
considerably differ in peak direction. A remarkable
observation is the absence of storms coming from
the east-southeast at the WCS and the absence
of storm waves from the south-southwest at ECS.

The mean storm duration for both coastal
sectors was similar to each other, with WCS and
ECS experiencing durations of 27.8 and 27.0 h that
ranged from 12 h to 90 h, respectively. However,
regarding storm direction, WCS showed longer
storms from the south and south-southwest,
whereas ECS, longer storms from the south-
southeast and east-southeast. In both coastal
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sectors, the prevailing time duration ranged from different episodes: in August 2011 (predominantly
12 to 27 hours. WCS and ECS showed the same from the south) and September 1983 (predominantly
value regarding the longest storm, 90 h, although in from the east-southeast), respectively.

Figure 2. Wave roses represent Hs, Tp, and storm duration at WCS and ECS. Storm duration is given in hours.
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Applying the Dolan and Davis (1992) SPI and
the clustering method, the distribution of storms in
Classes showed a log-normal pattern for both grid
points (Figure 3). According to the methodology,
five Classes of storms were identified within
the respective range, as shown in Table 2. The
analysis showed that the most frequent storm
events occurred at the WCS for both Weak (Class

Influence of coastal storms climatology and classification

[) and Moderate (Class Il) classes. Extreme storms
represented 3.4 % of occurrences. No Weak
storms were identified at the ECS, with Moderate
and Significant (Class Ill) storms being the most
frequent, representing 31.8 % of occurrences.
Severe (Class IV) and Extreme (Class V) storms
represented 27 and 9 % of the occurrences at the
ECS, respectively (Table 3).

Figure 3. Storm classes obtained for WCS and ECS using Jenks’ (1967) Natural Breaks function.

Table 2. Storm Power Index (SPI) classes and magnitude range of WCS and ECS

Storm Class WCS SPI Range (m2 h'") ECS SPI Range (m? h'')
| Weak 111 -197 5-75
I Moderate 198 - 310 76 - 152
I} Significant 311 -484 153 -300
\% Severe 485 - 741 301 -610
Vv Extreme 742 - 1244 611 - 1059

Table 3. Characteristics of the five storm classes applying the Dolan and Davis methodology for WCS and ECS.

Storm Class % of each Class Hs (m) Tp (s) Duration (h)
WCS ECS WCS ECS WCS ECS WCS ECS

| Weak 30 0 3.0t03.5 3.0t035 810 16 94t016.5 12t018 1210 21

Il Moderate 3.6 31.8 30t04.0 3.1t035 9to 16 8.7t0 15.1 18to0 30 1810 27

11l Significant 21.6 31.8 30t04.0 3.2t03.7 10to 16 10to 14 27 to 45 30 to 39

IV Severe 12.9 27.2 3.3t04.7 3.5t04.1 10to 15 10to0 13 36 to 66 39 to 60

V Extreme 3.4 9 3.5t04.8 3.9t04.0 12to17 10to 12 54 to 90 66 to 90

At the WCS, storms of all classes came from
the south and south-southeast directions but the
latter occurred with lower frequency. Extreme
storms from the south-southwest direction
were absent. In contrast, at the ECS, only the
south-southeast direction showed storms of
all classes. Extreme storms emerged from the
east-southeast direction but no such storms

were observed from the south and southeast
directions. The high frequency of storms from
the south is common between the two locations.
However, the frequency of south-southeast
events shows a noticeable difference, which
is significantly higher in ECS. Furthermore, no
storm was observed from the south-southwest
at ECS (Figure 4).
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Figure 4. The wave rose represents the storm classes and their corresponding direction. The values are in percentages.

In total, 12 storms were classified as Extreme,
with 8 identified at WCS and 4 at ECS. The
characteristics of these storms are shown in Table
4. Among these, the most intense storm was the
one that occurred in May 1997 at WCS, with a
Storm Power of 1244 m? h''. The maximum wave
height was recorded in July 2006, 4.7 m, whereas
the longest storm lasted for 90 hours in September
1983 at ECS and August 2011 at WCS (as shown
in Table 4). Regarding month distribution, Weak

and Moderate storms were observed in the WCS
every month of the year, whereas Significant and
Severe storms occurred from March to November.
Extreme storms were observed from April to
September. Conversely, the ECS had an irregular
distribution of storm events. No storm events
occurred in January and February, whereas
September showed all classes of events except
class Weak. Extreme storms occurred in April,
May, and September (Figure 5).

Table 4. Characteristics of the 12 Extreme storms (Class V) identified in the studied coastal sectors

Start Date End Date Grid Point Mean Hs MaxHs MeanTp  Mean Dp SPI Duration
Sep 25,1983 Sep 29, 1983 ECS 3.4 4.1 10 105 1059 90
Aug 8, 1988 Aug 13, 1988 WCS 3.8 4.5 12.8 172 1035 69
July 22,1996  July 24, 1996 WCS 3.9 4.7 12,9 190 839 54
May 30, 1997 Jun 02, 1997 WCS 3.8 4.4 12 162 1244 84
May 31,1997 Jun 02, 1997 ECS 3.5 3.9 12 152 852 66
Sep 23, 1999 Sep 26, 1999 WCS 3.6 4.1 12 156 880 66
Sep 24, 1999 Sep 26, 1999 ECS 3.4 3.8 12 150 714 60
May 05, 2001 May 08, 2001 WCS 3.2 4.1 11 191 929 75
Jun 28, 2006 Jun 30, 2006 WCS 3.8 4.3 12.6 184 799 54
April 08,2010  April 10, 2010 WCS 3.9 4.8 11.8 155 1142 72
April 08,2010  April 10, 2010 ECS 3.6 4.1 12.3 151 756 57
Aug 21, 2011 Aug 25, 2011 WCS 3.3 3.5 14 186 996 90

Ocean and Coastal Research 2024, v72:24061
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Figure 5. Monthly distribution of storms by Class regarding WCS and ECS areas.

Figure 6 displays the historical record of the
maximum annual value of Storm Power and their
relative moving averages. The time series analysis
shows no statistically significant trends but an
approximately cyclical behavior. The moving
average illustrates similar troughs for both grid

points in 1987, 1991-1994, 2000-2005, and 2008.
Conversely, crests occurred in 1983, 1988-1990,
1995-1999, 2006-2007, and 2009-2012. The
highest average annual Storm Power occurred
at WCS in 1997 (848 m? h'), followed by 2011
(824 m2 h).

Figure 6. Time series of the annual maximum Storm Power and the 3-year moving average for WCS and ECS.

Regarding the return time of the maximum
annual storm power, values below 550 m2? h'
correspond to storms between the classes Weak
and Severe, with a return time of one year,
indicating an annual probability of occurrence.
For values up to 760 m2 h', which are associated
with the class Severe, the return period is five
years. The most significant return period is

associated with the values of the May 1997
event. The storm class Extreme with the shortest
return period, seven years, occurred in June
1996 (839 m? h'). Regarding the ECS point,
storms of the class Moderate have a return period
of one year. Extreme events have return periods
between 23 (Sep 1999) and 100 years (Sep 1983)
(Figure 7).

Ocean and Coastal Research 2024, v72:24061 9
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Figure 7. The storm returning period regarding the different storm classes at WCS and ECS. Red dots show the position

of the greatest values of Extreme storms.

WAVE PROPAGATION

According to the predominant direction of the
storm, four events were chosen to be propagated
to shallow waters, as shown in Table 5: the
different impacts of the storm waves caused by
the headlands of Cabo Frio and Cabo Buzios can
be seen on a regional level, as shown in Figure 8.
During the storms of 2001 (S) and 2007 (SSW),
the wave energy failed to significantly decrease as
it reached the WCS, whereas, in the ECS, energy

attenuation was considerably more significant.
A strong wave energy gradient was observed at
the Cabo Frio embayment. In the 1983 (ESE)
event, the Western sector experienced a more
significant shadowing effect. The wave energy
attenuation totaled about 50% during this event
when compared to its initial conditions. The 2010
(SSE) event showed similarities between the two
sectors, except for the more significant attenuation
at the Cabo Frio embayment (Figure 8).

Table 5. Characteristics of the 4 storm events chosen as initial scenarios for wave propagation. The scenarios were propagated
simultaneously at the same regional mesh, covering both coastal sectors.

Date Hs (m) Tp (s) Dp (°) Direction
September 1983 3.4 10 105 ESE
May 2001 3.2 11 191 S
May 2007 3.5 10 205 SSW
April 2010 3.9 11.8 151 SSE

Ocean and Coastal Research 2024, v72:24061 10
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Figure 8. Propagated scenarios of storm waves according to Table 5.

CoASTAL IMPACT

Figure 9 summarizes the relation between
storm classes and coastal impact. This study has
found that the best correlation between storm
classes and coastal impacts on the coast of Rio
de Janeiro occurred in the Class Extreme for
both WCS and ECS, resulting in severe beach
and dune erosion, overwash, and property

damage. Severe beach and dune erosion were
also recorded as related to events classified as
Severe, which also agrees with other authors.
This study also found good agreement for
the Weak Class. However, dune erosion was
observed in WCS for the Weak and Moderate
classes, a prediction absent from Dolan and
Davis (1992).

Figure 9. The relation between storm classes and coastal impact observed at WCS and ECS.

Ocean and Coastal Research 2024, v72:24061 11
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DISCUSSION

STORM CLIMATOLOGY

The storm climatology in this study is
consistent with previous research conducted on
the coast of Rio de Janeiro, which utilized the
NCEP/WW3 hindcast database. These studies
include Bulhdes et al. (2010), Fernandez et al.
(2011), Klumb-Qliveira et al. (2015), Muehe et al.
(2015), Souza et al. (2015), Amorim and Bulhdes
(2016), Bulhdes et al. (2016), Lins-de-Barros et al.
(2018), and Carvalho et al. (2020). The findings
of this study are also coherent with data collected
in situ and those from regional and local runs of
numerical models based on wind forcing (Rocha
et al., 2004). Analysis indicates that higher energy
waves are more frequent and stronger from April
to September, coming predominantly from the
south-southwest, south, and south-southeast, with
wave heights up to 5 m. This study also found high
wave heights from the eastern quadrants (east-
southeast), which will be discussed later.

Regarding the number of storm events,
Gramicianov et al. (2020) reported 87 high-energy
wave events related to extratropical cyclones
between 1999 and 2004 in the western portion
of the South Atlantic, finding a similar average
number of events per year (6.5) when compared to
those in this study for the WCS, that is, 6.8 events
per year. On the coast of Rio de Janeiro, Bulhdes
et al. (2014) found an average of 6.8 events per
year (2003-2014) and Carvalho et al. (2020), an
average of 5.1 events per year (1986 — 2018).

Regarding the relation between cyclogenesis
and coastal storms, Gan and Rao (1991) found
1091 cyclones over South America (15°-50°S to
30°-90°W) from 1979 to 1988, whereas Reboita et
al. (2010), 2760 cyclogenesis over the Southern
Atlantic Ocean (5°-60°S to 84°W-15°E) from 1990
to 1999.

During the same period as Reboita et al. (2010)
(1990-1999), 66 storm events were identified on
the coast of Rio de Janeiro at the WCS, of which
three were classified as Extreme. On the other
hand, 16 storm events were identified at the ECS,
of which two were classified as Extreme (as shown
in Table 4). These numbers represent 2.39 and
0.57% of all cyclones in the literature. In general, it
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seems that only a small number of cyclones in the
western South Atlantic have caused coastal storms
in the study locations. However, this conclusion
may be limited by the methodology used to identify
storms (only those with waves higher than 3 m and
lasting at least 12 hours were considered). It is
possible that storms with lower wave heights (as
low as 1.8 m, as suggested by Lins-de-Barros et
al., 2018) may still have damaged or eroded the
coast. Also, it should be noted that the NCEP/
WW3 hindcast may have limitations in its spatial
resolution and wind forcing, which could result
in weaker Hs values, although an overestimation
of the model has been found when compared to
a stationary buoy near the study area. However,
a research study conducted by Lins-de-Barros
et al. (2018) found 120 days of high-energy sea
states on newspapers regarding the beaches in
the state of Rio de Janeiro from 1979 to 2013.
This and the aforementioned studies support
previous observations that the number of coastal
storms is low compared to the total number of
cyclone events in the literature. Further analysis
can be conducted to more accurately evaluate
the impact of cyclone trajectory and speed along
the South Atlantic, which could damage the coast
of Rio de Janeiro. For instance, Gramicianov
et al. (2020) noted a correlation between the
speed of cyclone displacement and the duration
and formation of high-energy waves. A slower
displacement increases the likelihood of extreme
wave generation.

The results of this study show that the duration
of storm events is similar to that reported by
Carvalho et al. (2020), which was around 27 hours.
However, it differs from the observations made by
Bulhdes et al. (2014) and Souza et al. (2015) on
the Campos Basin coast, in which the duration
of storm events lasted approximately 36 hours.
Apart from the differences in shelf morphology
and coastal orientation between the Campos and
Santos Basins, the influence of SASH in the storm
duration is remarkable. It is worth noting that the
ECS has shown storm events lasting over 70 hours,
which originated from the east-southeast direction.
An event that lasted 90 hours, from September
25 to 29, 1983, had a maximum wave height of
4 meters and a mean direction of 108°. Amorim
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and Bulhdes (2015) found similar storm behavior
in the storm event on November 23, 2008, with
a wave height of up to 3.2 m and stemming from
the east-southeast. These characteristics may
be linked to the interaction between extratropical
cyclones and SASH, as discussed by Gramicianov
et al. (2020). That article explains that SASH could
obstruct the eastward movement of a cyclone,
resulting in a limited trajectory and slower speed.

Although not the primary focus of this study,
it is worth mentioning that the El Nino Southern
Oscillation (ENSO) can impact the wave climate
around the oceans by changing wind patterns,
pressure cells, and cyclone density (Reboita
et al.,2015; Godoi et al., 2020). Some studies,
such as Pereira and Klumb-Oliveira (2015) and
Carvalho et al. (2020), have linked the wave
climate of the Rio de Janeiro coast with the
phases of ENSO. Pereira and Klumb-Oliveira
(2015) found that years of negative ENSO (La
Nina) showed a gradual increase in wave height,
whereas, in years of positive ENSO (EI Nino), the
wave height decreased, with a four-month lag
response. Carvalho et al. (2020) found a slightly
higher frequency of storms during years of El Nino.

In this study, if considering the four-month lag
response — as per Pereira and Klumb-Oliveira
(2015) —, among the identified Extreme storm
events, it was observed that those in 1983 and
1997 occurred during a positive ENSO phase,
whereas those in 1988, 1999, and 2006, during
a negative phase. It was also observed that the
average Hs of the Extreme storms during El Nino
were slightly lower than those during La Nina, as
mentioned by the authors. Also, the frequency
of extreme storm events was found to be higher
during La Nina than EI Nino.

It is also important to mention that many other
climate variability modes, including a complex suit
of teleconnections alongside ENSO, could affect
wave climate and coastal storms. For instance, the
Southern Annular Mode is expected to influence
the trajectory and density of cyclones in the South
Atlantic and, thus, storm waves. Reboita et al.
(2015) found that the positive (negative) phase
of the Southern Annular Mode leads to a higher
(lower) density of cyclones in South Atlantic sub-
latitudes. This can directly affect the storm wave
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patterns and behavior on the South and Southeast
Brazil coast. In this study, the negative phase of
the Southern Annular Mode occurred during the
Extreme storms in September 1983 and May
1997, whereas those in 1988, 1999, and 2011
occurred during its positive phase. However,
further examination is necessary to best correlate
the ocean-atmosphere mode to coastal storms in
Rio de Janeiro.

STORM CLASSIFICATION

The range values of the storm classes in this
study significantly differed from those initially
found by Dolan and Davis (1992) for the north
easterlies extratropical cyclones of the North
Atlantic, which mainly concerned the Severe and
Extreme classes and showed values > 2322.5 m?
h' and > 929, respectively. This is related to the
higher Hs values (>7 m) and duration (>96 h)
found by those authors in the North Atlantic than
those found in this study. Rangel-Buitrago and
Anfuso (2011) applied the Dolan and Davis (1992)
methodology to the Atlantic side of the Andalusia
Region (Spain). The authors found even higher
values for Storm Power, such as > 4669 m? h-' for
the Extreme and > 2341 for the Severe Classes,
also due to Hs values above 6.6 m and storm
durations above 150 h.

After comparing the range of Storm Power
obtained for the West Coast of the state of Rio de
Janeiro by Carvalho et al. (2020) with the findings
of this study, similar values were observed for
all classes. However, the values obtained by the
authors were more significant for the Extreme class.
These differences are probably due to different
clustering methods and possible local variations in
wave field and shelf topography at the chosen grid
point. However, the events of May 2001 and April
2010 were identified in both works as Extreme
Class, which shows the ability of the method to
identify the most intense storm episodes, even
considering different grouping techniques or local
differences. Those Extreme storm events were
also found in Lins-de-Barros (2005), Fernandez et
al. (2011), and Muehe et al. (2015) for the coast
of Rio de Janeiro and in Rudorff et al. (2014)
for the coast of Santa Catarina. Additionally, the
cyclogenetic activity associated with the Extreme
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coastal storms in August 1988, May 2001, and
August 2011 (Table 4) are also featured in the
literature as in Innocentini and Caetano Neto
(1996), Innocentini and Prado (2003), and Abreu
et al. (2018), respectively.

Concerning return periods, the results in this
study are consistent with those in Carvalho et al.
(2020) regarding the Weak to Significant Classes
but differ from those for the Extreme class for May
2001 and April 2010. This could lead to further
analyses seeking patterns of return by comparing
methodologies. The differences between analyzed
grid points may represent different wave energy
patterns along the coast and a longitudinal gradient
of wave energy. This is because the Storm Power
value obtained by the authors above for the May
2011 event totaled 1522 m? h'', whereas the value
in this study, totaled only 929 m2 h-'. The difference
in values is due to the duration of the event, which
lasted for 93 hours when compared to the 75 hours
in this study.

STORM PROPAGATION AND COASTAL IMPACT

The effect of wave refraction and shadow
zones in controlling storm erosion on coastal
headlands is featured in the literature (Hsu and
Evans,1989). Fellowes et al. (2022) noted a 3.5
times greater loss of beach volume on exposed
than shaded beaches on the east coast of
Australia. At the coastline of Rio de Janeiro,
according to Muehe (2011), the retreat of the
crest of the foredune of Massambaba Beach,
in the Western sector, was approximately 50 %
greater in the Extreme storm of May 2001 (190°)
than the 2010 (160°) storm event and significantly
greater than May 1997 (168°) event. Aside from
the fact that sedimentary and morphodynamical
aspects and morphodynamical beach states prior
to the storm strongly control the local impact on
the coastline, the differences between the retreat
of the foredune draw attention to the attenuation
effect of the WCS to the storms coming from the
eastern octants. A similar shadowing effect was
observed by Souza et al. (2015) on the north coast
of the state of Rio de Janeiro, in which different
levels of coastal storm exposure were found due
to a change in the orientation of the coastline in
Cape Sao Tomé.

Influence of coastal storms climatology and classification

An aspect that affects the dissipation of waves
is the difference in morphology between the WCS
and the (ECS). The ECS has a smoother and
gentler slope, which causes most of its wave energy
to dissipate at its shoreface. This observation was
made by Guimaraes et al. (2014), who noticed that
the south of Patos lagoon, in Rio Grande do Sul
State, had greater wave energy dissipation due to
the smoother slope of its shoreface.

Another issue concerns the average depth of
the grid points in this study. Gramicianov et al.
(2020), using the NCEP/WW3 hindcast, point out
that the depth to be considered as deep water
for wave climate analysis should be deeper than
610 m. Thus, the average depths of the grid points
in this work already represent shallow water and,
therefore, reflect the effects of bottom dissipation
and refraction. On the other hand, Camus et al.
(2011) highlight that the physics of waves in
shallow waters, e.g., refraction, diffraction, energy
dissipation, and white-capping, are generally
excluded from global hindcast/reanalysis data
because, even if the physics of the computational
model considers such processes, the grid
associated with Global resolution bathymetry
makes it challenging to process them in shallow
areas, which leads to the need for downscaling
to better understand the wave climate in coastal
areas. Thus, the hindcast resolution is a limitation
that affects this and the previous study in the
region. Future research could apply better
resolution hindcasts, which are already available,
such as the Global Ocean Waves Reanalysis
(Law-Chune et al., 2021).

The correlation between storm classes and
their impacts on the coast is complex given the
multifactorial nature of the coastal process. The
orientation of the coast, its morphodynamical
stage, its frequency of storm events, and the
regional and local characteristics of the inner
shelf are aspects that act together to attenuate
or amplify storm events. In any case, the events
identified in this study as Extreme resulted in
impacts similar to those predicted in the model
proposed by Dolan and Davis, such as beach and
dune erosion, overwash, and property damage.
Conversely, foredune crest retreat occurred in
storms classified as Weak and Moderate. This
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reinforces the importance of other factors related
to the vulnerability of the coast to storm impacts,
including the method sensitivity to the minimum
threshold of Hs and td.

CONCLUSION

This study aimed to identify, classify, and
evaluate the impacts of storm events based on
an easy-to-apply methodology. The SPI index is
susceptible to the two chosen variables (Sh, td)
and the defined storm thresholds. Furthermore,
it fails to encompass the surge (the sea level
oscillations responsible for wave set-up) and,
thus, potential coastal inundation. However, the
wave energy is considered when evaluating the
square of the maximum wave height. Thus, even
the small differences between wave heights can
represent more significant differences in Storm
Power, which is pertinent regarding local variation
assessments. Still, it is featured in the literature
that the longer the storm, the greater the coastal
impact, which makes it a valuable methodology for
coastal vulnerability applications.

Classifying storms into five classes proved a
suitable methodology since it managed to hierarchize
and characterize each class, infer their return times,
and estimate the coastal risks associated with each
class. It is possible that storm events that significantly
damaged the coast had an Sh lower than 3 m, but
these are absent from this study. As discussed
earlier, future research could apply this methodology
to update storm data to the present day using higher
hindcast resolution data. Finally, the west and east
coasts show heterogeneous coastal geomorphology
and shelf geomorphic characteristics. Thus, the
coastal response will be different on each particular
coastal side. In any case, coastal orientation has
remarkably influenced coastal protection.
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