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ABSTRACT

This study aimed to characterize the behavior of the Paraty shoreline, in the south of the state of Rio de
Janeiro, and identify the areas which are most susceptible to erosion and flooding. This region is
characterized by a presence the Serra do Mar, marked by a succession of small embayments and narrow
coastal plains. The methodology consisted of using a UAV (Unmanned Aerial Vehicle) for the production of
orthoimage mosaics (2019) and digital surface models (DSM); shoreline mapping between 2005 and 2019;
identification of areas susceptible to erosion and flooding; and flood simulation performed on the Simulate
Water Level Rise/Flooding package, from Global Mapper software. The results show that the southern
sector of Jabaquara Beach, the beaches of Pontal and Terra Nova (in the center of Paraty - Centro) in the
sheltered portion of the coast of Paraty, in addition to Cepilho and Fora (in Trindade), showed erosive
behavior over the 14 years analyzed. Ranchos Beach (Trindade) and the northern sector of Jabaquara
showed stable behavior and the central sector of Jabaquara showed an accretion during the same period.
The coast of Jabaquara, the central area of Paraty, and the southwest sector of Trindade were considered
the most vulnerable to flooding due to their susceptibility and the high concentration of the urban and tourist
infrastructure of the municipality, where the problems caused by erosion and flooding have been frequently
reported by residents and visitors.
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RESUMEN

Este estudio tuvo como objetivo caracterizar el comportamiento del litoral e identificar las areas de mayor
susceptibilidad a la erosion e inundaciones en la costa de Paraty, en el sur del Estado de Rio de Janeiro.
Esta region se caracteriza por una presencia de la Serra do Mar, marcado por una sucesion de ensenadas
y llanuras costeras estrechas. La metodologia adoptada consistié en: utilizar el UAV para generar
ortofotomosaicos (2019) y Modelos Digitales de Superficie (MDS); cartografia del litoral, entre 2005 y 2019;
identificacion de areas susceptibles de erosion e inundaciones; y simulacién de inundaciones realizada en
el programa Simulate Water Level Rise / Flooding, desde el software Global Mapper. Los resultados
muestran que el sector sur de la playa de Jabaquara, las playas de Pontal, Terra Nova en el centro de
Paraty, en la porcién abrigada de la costa estudiada, asi como Cepilho y Fora (en Trindade), presentaron
un comportamiento erosivo sobre los Ultimos 14 afios. La playa Rancho (Trindade) y el sector norte de
Jabaquara mostraron un comportamiento estable y el extremo norte y centro de Jabaquara mostraron una
acrecion en los Ultimos 14 afios analizados. La costa de Jabaquara, el area central de Paraty y el sector
suroeste de Trindade fueron consideradas las mas vulnerables a las inundaciones debido a su
susceptibilidad y la alta concentracion de la infraestructura urbana y turistica de la ciudad, que puede
generar dafios aun mayores durante las inundaciones.
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INTRODUCTION

Coastal environments are extremely dynamic and
continuously receive flows of energy and matter
as they are subjected to a variety of natural
processes and are also influenced by human
activities. The evolution of coastlines around the
world, due to both natural and human-induced
factors, can vary on different temporal and spatial
scales (Stive et al., 2002). The shoreline is the
position of the land-water interface at a given time
and, due to its dynamic nature, an analysis of its
behavior must consider the temporal and spatial
scale of investigation (Boak and Turner, 2005).
Coastlines are vulnerable to the effects of global-
scale climate change, due torising sea levels and,
on a regional scale, changes in the wave regime
(storms) and sediment dynamics. The impacts of
these changes tend to generate problems related
to the occurrence of flooding and coastal erosion.
Erosion occurs when there is a deficit of sediment
in the environment, caused by the removal of
materials without subsequent replacement
(Carter, 1988; Davis JR and Fitzgerald, 2004;
Bird, 2008). This scenario is worrying, especially
when considering the increase in mean sea level
(IPCC, 2014) and the number and intensity of the
most intense global storms in recent decades
(Webster et al., 2005; Holland and Bruyeére,
2014). Through analysis of the behavior of sandy
coastlines, based on satellite images, among
other methods, Luijendijk et al. (2018) point out
that among these sandy environments, about
24% of the world's sandy beaches are suffering
erosion at rates above 0.5 m/year. As sea levels
rise, the coast tends to retreat, and the biggest
threat to the continued existence of beaches is
engineering structures built that limit their ability
to migrate (Cooper et al., 2020). Therefore, the
management and monitoring of coastal areas has
become increasingly necessary to the
understanding of coastline behavior and for the
proposal of solutions to such problems.

The concept of susceptibility reflects the coastal
system's potential to be affected by a disturbance,
for example sea-level rise (Klein and Nicholls,
1999). The analysis of coastal vulnerability
always starts with the knowledge of the natural
system's susceptibility and of its natural capacity
to cope with these effects (resilience and
resistance) (Klein and Nicholls, 1999).
Vulnerability in this work is directly linked to the
capacity of a given system, population, or
individual to respond to a threat, considering
physical, economic, and social aspects. This will
depend on the relationship between the degree of
exposure to a physical impact and the ability of

populations to absorb and recover from the
damage caused by that impact (Adger et al.,
2004).

The changes in the coast can be analyzed based
on several methodologies, such as through
images acquired with LIDAR (Sallenger et al.,
2001; Revell et al., 2002; Stockdont et al., 2002;
Sallenger et al.,, 2003; Mitasova et al., 2009;
Klemas, 2011; Pe’eri and Long, 2011; Vianna and
Calliari, 2015; Tak et al., 2020), from aerial
photographs, and satellite images (Souza and
Luna, 2010; Macedo et al.,, 2012; Santos and
Bonetti, 2018; Silva et al., 2019; Castillo et al.,
2020; Moreira et al., 2020; Castro et al., 2021;
Novak and Lamour, 2021), among other methods.
In recent years, the use of unmanned aerial
vehicles (UAVs), popularly known as drones,
represents a potential new tool for data
acquisition in several areas of geomorphology
(Tonkin et al., 2014; Viles, 2016). UAVs provide a
solution for high-resolution mapping of small
areas and are also a low-cost alternative to
classical aerial photogrammetry (Remondino et
al., 2011; Gongalves and Henriques, 2015). This
methodology has been useful and accessible for
monitoring studies of coastal dynamics, in
addition to assisting in the management of these
environments (Gongalves et al., 2010; Gongalves
and Henriques, 2015). In Brazil, studies carried
out on the southern coast stand out (Scarelli et al.,
2016; Albuquerque et al., 2018; Oliveira and
Simoes, 2018; Simdes et al., 2019; Oliveira et al.,
2020; Simdes and Oliveira, 2020). There are
many advantages to using this tool, especially the
high-precision data acquisition at a low operating
cost; the high level of automation; photograph
visualization during field work, enabling repetition
in the case of failure; and fast flight planning
(Gongalves and Henriques, 2015).

Studies aimed at understanding the dynamics
and behavior of the coast of Paraty are scarce.
The occurrence of impacts arising from storm
events, such as frequent flooding, damage to
structures, and erosion in certain places are
records of the susceptibility of the Paraty coast to
storm waves (Pinheiro et al., 2021). Studies on
erosion and flooding susceptibility are
fundamental for the knowledge of the several
variables related to the dynamics and behavior of
the coastline, which can help in decision-making
and in the adoption of measures related to local
coastal management. In this sense, the present
study aimed to characterize the behavior of the
shoreline and the susceptibility to erosion and
flooding on the Paraty coast, in the south of the
state of Rio de Janeiro (Figure 1).
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STUDY AREA

The municipality of Paraty (Figure 1) was the seat
of the most important gold exporting port in Brazil
in the 18th century. In 2019, it was recognized as
cultural and natural heritage of humanity by the
United Nations Educational, Scientific, and
Cultural Organization (UNESCO). Tourism is the
main economic activity of the city, which attracts
many visitors from various parts of Brazil and the
world, due to the great cultural festivals and the
beautiful beaches, islands, waterfalls, and trails
surrounded by Atlantic Forest (Benchimol, 2007;
Padilha, 2016). Despite this rich biodiversity and
geodiversity, the studies carried out on this part of
the Rio de Janeiro coast are still not very
representative when compared to other areas in
the state of Rio de Janeiro.

The Paraty coast exhibits a diversity of
environments, such as coastal plains, beaches,
rocky shores, slopes, and mangrove areas, in

addition to a large number of conservation units
to protect these environments (Figure 2). Its rocky
coast is dominated by mountains (Serra do Mar)
(Figure 2), composed of granites and gneisses
(Faria, 2018). This region, known as Costa Verde,
or Green Coast, is characterized by a coast with
numerous islands and a jagged coastline, with a
succession of small inlets and narrow coastal
plains (Muehe, 2001; Medeiros, 2006; Muehe,
2018). The coastal plain appears discontinuously
in the study area. Beach ridges are common on
the sandy plain and appear parallel to the
shoreline, with a north-south orientation (Figure 2)
and represent former positions of the shoreline
(Otvos, 2000, Davis JR. and Fitzgerald, 2004;
Tamura, 2012). There are also many pocket
beaches on this coast, which are characterized by
the reduced extension of the sand strip and are
separated by crystalline basement headlands
(Muehe, 2001). The mangroves are located in the
interior of the bay, in areas with lower
hydrodynamics (Figure 2).
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Figure 1. Location map of the studied areas. Self-elaborated.
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Figure 2. Geomorphological map and conservation units on the coast of Paraty. PARNA - National Park; EPA -
Environmental Protection Area; ESEC - Ecological Station; JER - Juatinga Ecological Reserve. Self elaborated.

In the state of Rio de Janeiro, the tide does not
exceed 1.5 meters (DHN, 1980) and the waves
are, therefore, the main process responsible for
the dynamics of this coast. The beaches located
in the extreme south of Paraty are directly
exposed to the direct incidence of waves, while
those located in the western sector of Ilha Grande
Bay are partially sheltered in relation to wave
dynamics. The waves arriving at llha Grande Bay
can be intercepted due to the bay's
geomorphology, and those from the south and
southeast are easier to enter, which makes Ilha
Grande Bay sensitive to storms in the southeast
and tend to reach normally protected regions,
potentially causing impacts on the coastal
structures, especially when they occur associated
with the spring tide (Godoi et al., 2011).

The southern coast of Rio de Janeiro has small
rivers and channels that bring sediment from the
slopes and deposit it on the beaches (Carvalho et
al., 2011; Silva et al., 2020; Pinheiro et al., 2021).
These rivers and channels are fed by a regime of
tropical rains, concentrated in the summer
months, with annual rainfall exceeding 2,000 mm
(Salgado et al., 2007). The sedimentation in llha
Grande Bay is mainly composed of very fine sand
in the western portion and adjacent continental
shelf, medium to coarse sand in the eastern
portion, and silt in the central channel and

sheltered areas (Mahiques, 1987). The transport
of sediments from the inner continental shelf
towards the beaches in the interior of the bay is
influenced by the presence of the island of Ilha
Grande, which acts as a barrier to these
sediments reaching the continent and also to
wave propagation, with greater energy going to
the interior of the bay due to the configuration of
this coastline (Muehe et al., 2006; Muehe, 2018).

For this study, three areas with distinct
geographic and geomorphological characteristics
were chosen (Figure 1). Jabaquara and the center
of Paraty (Centro) are located in the interior of Ilha
Grande Bay and, therefore, are partially sheltered
in relation to the direct incidence of waves. The
beaches of Paraty have distinct morphological
and sedimentary dynamics in response to
different levels of exposure to storm events, which
depend on the direction of wave incidence, the
location of the beaches in relation to the opening
of the bay and the presence of islands (Andrade,
2012; Pinheiro, 2021). Despite being sheltered,
these beaches have been affected by storm
waves that damage urban structures (Pinheiro et
al., 2021) and present problems due to recurrent
flooding during the spring tide (Benchimol, 2007).
On the other hand, the beaches located in Vila de
Trindade comprise the oceanic part of this coast,
exposed to the direct incidence of waves. All the
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studied areas have some type of urban
infrastructure, such as kiosks, restaurants,
residences, and bicycle paths, among others,
almost always very close to or even within the
limits of the beach.

METHODOLOGY

Three areas were selected to characterize the
behavior of the shoreline over a period of 14 years
and for the identification of sites susceptible to
erosion and flooding on the coast of Paraty. Two
of the chosen sectors are located in the sheltered
part of the studied coast (Jabaquara and the
Centro) and the other is located in the area facing
the ocean (Trindade).

For shoreline mapping, the methodology used
was based on orthophotos from the IBGE (2005)
database; satellite images (2008, 2011, 2016,
and 2017) made available on Google Earth Pro
and properly georeferenced from the IBGE
orthophotos; and orthomosaics acquired using
UAV (2019). These were initially vectored and
later plotted on the 2019 orthophotomosaic for
shoreline comparison. A total of 27 support points
obtained by geodetic tracking were distributed
along the areas mapped with the UAV, to ensure
the precision in the coordinates and accuracy of
the generated products.

In the present study, the wet/dry contact of the
beach sand was chosen as an indicator of the

position of the shoreline (Boak and Turner, 2005).
Shoreline behavior analysis was performed
based on the classification proposed by Luijendijk
et al. (2018) for sandy beaches, which establishes
the following categories: accretion (> 0.5 m/year);
stable (-0.5 to 0.5 m/year); erosion (-1 to -0.5
m/year); intense erosion (-3 to -1 m/year); severe
erosion (-5 to -3 m/year); and extreme erosion (<
-5 mlyear). For this, the interval between the
oldest and the most recent shoreline was
calculated and divided by the period of time
analyzed, thereby generating an average of the
annual movement of the shoreline (mlyear).
Geoindicators, adapted from Bush et al. (1999),
were also used to indicate areas susceptible to
coastal erosion. Geoindicators have their
applications aimed at coastal management,
where risk/hazard assessment and damage
mitigation are the main concern (Bush et al.,
1999). This methodology is used to assess
predisposition factors to coastal erosion, based
on evaluation parameters such as: degree of
exposure to storm  events, vegetation
characteristics, site elevation, absence of dunes,
wave transposition, engineering structures and
the beach characteristics. Geoindicators are
organized into seven categories and classified
into three levels of susceptibility (low, medium,
and high). Values (Table 1) and classes for
susceptibility mapping were assigned to each
category: low (7 to 11), medium (12 to 16), and
high (17 to 21).

Geoindicator High (Weight 3)

Susceptibility Category
Medium (Weight 2)

Low (Weight 1)

1. Degree of Exposed
exposure

2. Vegetation Sterile, scarce, fallen

Semi-exposed

Well-established shrubs

Protected

Well-developed vegetation; no

trees and grasses; no fallen evidence of erosion on vegetation
trees

3. Elevation <3m 3-6m >6m

4. Dunes Absent or artificially Low or discontinuous Tall and vegetated dunes
removed dunes; destroyed dunes

5. Overwash Frequent Occasional Absent

6. Engineering Numerous structures Few structures close to Absent

structures (walls, breakwater) the beach

7. Beach Features
supply of sand

Narrow and steep; poor Moderate to narrow
width; potential for

Wide and flat; with a well-
developed berm; good supply of

disruption of sand supply  sand

Table 1. Geoindicators of susceptibility to coastal erosion. Source: Bush et al. (1999).

To identify areas susceptible to flooding,
photographs of extreme events that occurred
between August and October 2016 were used.
The coordinates of locations with recurrent floods

were represented on Google Earth Pro and DSM,
to correlate with the corresponding altimetric
level. The flooded altitude was inserted in the
Simulate Water Level Rise/Flooding package of
the Global Mapper V.22 software, to reconstitute
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the event and identify the most susceptible areas,
as per Vianna et al. (2020). This tool enables the
simulation of flooded areas, based on the
knowledge of the increase in mean sea level or
the maximum altitude flooded during a given
event (Vianna et al., 2020). From the simulation,
the flooded area was vectored on ArcGis 10.7 and
placed on the orthomosaic corresponding to the
year 2019, for better identification of places
susceptible to flooding.

The 2019 orthomosaics and digital surface
models (DSM) were obtained from a UAV, a DJI
Phantom 4 Advanced model, equipped with a 20
megapixels camera with a focal length of 24mm.
The flights were carried out in ideal weather
conditions, with wind speeds below 5 m/s, at an
altitude of between 102 and 110 m, in the three

areas selected for this study (Table 2). As such,
flight plans were previously made and executed
on MAPPILOT software. The size of the area of
interest, the degree of vegetation cover, the flight
height, and the representation of the pixel of the
image on the ground (Ground Sample Distance)
and the distribution of support points (Table 2)
were analyzed. The support points were
distributed across the flyover area and
georeferenced with a DGPS (Differential Global
Positioning System) model GTR-G2 by TechGeo
to ensure precision in the coordinates and
accuracy of the generated products. The aerial
photographs were processed on Agisoft
Photoscan Professional software, using structure
from motion techniques (Cook, 2017) on the
images obtained, with the aim of generating the
final cartographic products.

. Soil sample Root mean
Local Date and time ,(A\r:%tude '(Al‘(rr?% L'Egﬁ: d Sgﬁ)gt distance - GSD square error
P (cm/pix) -RMS (pix)
Jabaquara  12/09/19 1 p.m. 110 0.36 285 9 2.7 0.38
Centro 12/10/19 10 a.m. 102 0.17 219 8 2.6 0.37
Trindade 12/10/19 2 p.m. 109 0.18 379 10 2.9 0.69

Table 2 - Data obtained with the UAV. Self elaborated.

RESULTS AND DISCUSSION

Erosion susceptibility and shoreline behavior over
14 years

Paraty's sheltered shoreline (Jabaquara and
Central Area)

The Jabaquara Beach arc (Figure 3) is 1,230
meters long, of NW-SE orientation, and is limited
by the mangrove vegetation to the northwest and
by the narrow channel of the Perequé-Acu River
at the southeastern limit. It is the biggest and most
important beach in the central area of the city of
Paraty. It has many inns and restaurants along
the shore and receives a large number of visitors.
The waves arriving at the beach are low energy,
with heights of less than 40 cm under good
weather conditions and not exceeding 1 meter
during storm conditions (Pinheiro et al., 2021).
The shoreline of the Jabaquara Beach arc
showed significant changes over the observed
time series (Figure 3A). In the northern sector of
Jabaquara, the shoreline advanced 8 m towards
the sea between 2005 and 2016. However, in the
period between 2016 and 2019, it can be noted
that it retreated about 6 m towards the mainland,
to a position very similar to the position mapped

for the year 2005 (Figure 3B). Moments of
advance and retreat are part of the natural
dynamics of this environment. In the analyzed
period (14 years), the shoreline in this sector
showed stable behavior, with a rate of change of
0.2 m/year. Between 2005 and 2019, the center
of the Jabaquara Beach arc presented an
advance of about 17 m towards the sea, (Figure
3C) which indicates accretion behavior of the
shoreline over the 14 year period, with a variation
rate of 1.2 mlyear. The southern sector of
Jabaquara (Figure 3D) presented an advance of
about 5 m towards the sea between 2005 and
2011. However, between 2011 and 2016 there
was a retreat of approximately 13 m, followed by
a rapid advance of 8.5 m between 2016 to 2017,
when the shoreline presents a position similar to
that observed in 2005. A strong retrogradation of
the shoreline, of about 12 m, marks the period
between 2017 and 2019. When analyzing the
behavior of the shoreline for the entire period of
14 vyears (2005 to 2019), there was a
predominance of a retreat in towards the
continent of approximately 11 m, despite the
observed variability (Figure 3D), indicating
erosive behavior, with a variation rate of -0.7
m/year. The extreme south of Jabaquara was the
stretch that presented the most accentuated
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retreat (Figure 3E). Between 2005 and 2011, this
sector showed a retreat of 6 m towards the
continent, and between 2011 and 2016, there was
a significant reduction of about 14 m, without
further recovery (Figure 3E). When comparing the
initial (2005) and final (2019) positions of the
shoreline, a total retreat of around 32 m towards
the continent can be observed (Figure 3E), which
is the result of intense erosive behavior, with a
rate of change of -2.2m/year.

Based on the observed geoindicators, Jabaquara
Beach exhibits a susceptibility to erosion ranging
from medium to high (Figure 3A), which
corroborates the data presented here in relation
to the behavior of the shoreline. The northern

sector does not have frontal dunes, has low
elevation and a narrow profile. However, the
medium susceptibility of this sector to erosion is
due to the absence of constructions on the beach
boundary and its greater protection from the
incidence of waves (Figure 3A). The southern
sector was classified as highly susceptible to
erosion (Figure 3A). It is the most worrying sector,
as it is a low-elevation area with a narrow profile;
shows evidence of erosion on the vegetation,
such as root exposure and fallen trees (Figure 4A
and B); has numerous buildings located on the
sand strip;retreat of the shoreline; and there is
evidence of wave transposition during storm
events, causing recurrent flooding in the streets
near the beach (Figure 4C and F).
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the extreme events that occurred in 2016.

Pinheiro et al. (2021), based on topographic
profiles and analysis of the beach sediment
volume between 2016 and 2018, showed that the
northern sector of Jabaquara presented slight
changes, with sediment gain in the summer
(22%), followed by smaller losses in winter (18%),
showing very similar profiles between seasons,
which points to the same stability observed in this
study. The southern sector of Jabaquara Beach is
the most worrying. Urban structures and trees that
were once outside the beach boundary, due to the
retreat of the shoreline, are being hit and knocked
down by wave action (Figure 4A, B and C). In this
sector, the beach showed a marked reduction of
70% in the sediment volume over two years (2016
to 2018) and a 7 m retreat from the storm scarp,
showing a marked retreat of the shoreline
(Pinheiro et al., 2021). To minimize the impact of

storm waves on this stretch, the city built a
retaining wall in 2018, which was later destroyed
by these waves. The erosive process was
accentuated by successive storm events that
occurred in 2016, especially that of October 2016,
when a strong extratropical cyclone hit the
southeast and south coasts of Brazil
(CPTECI/INPE, 2016). This event was considered
one of the largest recorded in the last 40 years on
the coast of Rio Grande do Sul (Oliveira et al.,
2019).

Since then, further evidence of erosion has been
observed in this sector of Jabaquara Beach, as
per the criteria of Bird (2008) and Souza (2009),
these being fallen trees (Figure 4A), root
exposure (Figure 4B), the destruction of
structures built on the back beach (Figure 4C), a
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high concentration of heavy minerals in the
narrow backshore (Figure 4A and B), and flooding
during the most intense events (Figure 4F to H).
During the studied period of 14 years, this coastal
sector lost approximately 5,927 m? of beach area
(Figure 3F). Much of the eroded sediments in the
southern sector of this beach arc may have been
transported through currents towards the
northwest (center and north end of the beach arc)
(Figure 3F), where there was a gain of around
6,010 m? of beach area. Tidal currents can be an
important process in restricted environments such
as estuaries and bays (Nordstrom, 1989; Vila-
Concejo et al.,, 2020). In these areas, tidal
currents can contribute to the erosion and
deposition process, through the redistribution of
sediments along the coast, in addition to exporting
sediments to depths where they can no longer be
remobilized by low energy waves (Vila-Concejo et
al., 2020).

The central area of Paraty, close to the Historic
Center, is one of the most urbanized places and,
consequently, the most modified in the city. North
of the Perequé-Acu river, at Pontal Beach, the

Thiago Goncalves Pereira, José Antdnio Baptista Neto

position of the shoreline changed significantly
over the 14 years from 2005 to 2019, especially in
the vicinity of the rock jetty (Figure 5), where there
was a retreat towards the continent of
approximately 35 m (Figure 5), despite being a
sector subject to low dynamics. This scenario
points to intense erosion behavior, with a rate of
change of -2.5 ml/year. To the south of the
Perequé-Acu river, in the area called Terra Nova,
there were changes in the position of the
shoreline, especially in the northern sector, which
presented a retreat of about 49 m between 2005
and 2019 (Figure 5), indicative of severe erosion,
with a rate of change of -3.5 m/year. The southern
sector, close to the pier, showed a retreat of
approximately 18 m over the same period,
showing intense erosive behavior, with a rate of
change of -1.3 m/year. The center of Paraty was
classified as an area of high susceptibility to
erosion, based on geoindicators (Figure 5), being
an area with numerous constructions near the
beach that is flooding during storm events, and
has a narrow beach profile and low elevation in
relation to sea level.
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Figure 5. Shoreline variation map in the Center of Paraty area. Self elaborated.

The central areas of Paraty (Jabaquara and

throughout the process of urban expansion

Centro) underwent

repeated

modifications

(Benchimol, 2007; Villena et al., 2013), which may
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have modified the local hydrodynamics,
interrupting the transport of sediments from the
river to the coast and contributing to the erosion
process. Changes in the courses of the city's
rivers and the construction of a jetty between the
1970s and 1980s on the margins of the Perequé-
Acu river, meant that Pontal Beach, which
previously received an expressive sedimentary
contribution (Benchimol, 2007), began to
experience severe erosion problems. As a result,
an accumulation of sediments began on the
opposite margin, in front of the Historic Center, in
the area called Terra Nova (Benchimol, 2007).
The construction of rigid structures such as jetties
or breakwaters can interrupt the exchange of
sediments along the coast for the longshore
current, causing an accumulation of sand on one
side of the structure and, at the same time, a
deficit on the opposite side (Davis JR and
Fitzgerald, 2004; Bird, 2008). Several studies
have shown the negative effects of the
introduction of rigid structures on beaches, which
generally result in changes in sedimentary
dynamics, as observed in Barra do Furado (Rio
de Janeiro) by Dias and Kjerfve (2009); on
beaches in Greece and Cyprus (Tsoukala et al.,
2015); on the coast of Africa (Boer et al., 2019);
and on the beach of Cieneguita (Costa Rica) by
Castillo et al. (2021). In addition, the sheltered
beaches have characteristics that may also have
contributed to this process, such as the low
exchange of sediments with adjacent beaches,
slow post-storm recovery and the low energy of
prevailing waves (Nordstrom, 1989; Jackson et
al., 2002). The erosive process, especially on
Jabaquara Beach, was accentuated by
successive storm events that occurred in 2016, as
also verified by Pinheiro et al. (2021). This is even
more worrying when considering the increase in
the number and intensity of the most intense
storms around the world in recent decades
(Webster et al.,, 2005; Holland and Bruyére,
2013). Even with new interventions carried out by
the city in order to contain the problem of erosion
on Pontal Beach (Benchimol, 2007), it was
possible to note with this study that the erosion
process continues and seems to extend to Terra
Nova (Figure 5).

PARATY OCEAN SECTOR (TRINDADE)

The coast of Vila de Trindade has a NE-SW
orientation and is limited by rocky shores (Figure
6A). Cepilho Beach, in the northeastern sector, is
a pocket beach, approximately 340 m long,
separated from the others by outcrops of the
crystalline basement. Fora Beach and Ranchos
Beach (Figure 6A) are located towards the

southwest (in the central area of the village) in a
1.5 km long beach arc. Between 2005 and 2017,
Ranchos Beach presented an advance towards
the sea of about 12 m. However, in just two years,
from 2017 to 2019, there was a retreat of 9 m, to
a position similar to the initial position (year 2005)
(Figure 6B). This indicates stable behavior for this
beach sector in the period analyzed, with a rate of
change of 0.3 m/year. However, this coastal
sector is commonly hit by large storm waves,
which have caused damage to buildings located
close or inside to the beach, in addition to felling
trees and flooding, as occurred in August 2016.
Between 2005 and 2019, Fora Beach (middle of
the beach arc) showed a retreat towards the
continent of about 32 m (Figure 6C), which
suggests intense erosive behavior of the
shoreline, with a rate of change of -2.2 m/year. At
Cepilho Beach, from 2005 to 2019, there was a
retreat towards the continent of 35 m, being more
intense in the period between 2017 and 2019 (22
m — Figure 6D). Such changes point to an intense
erosion process, with a rate of change of -2.5
m/year. The geoindicators showed a susceptibility
to erosion ranging from high (Ranchos) to
medium (other beaches) (Figure 6A). Fora Beach
and Cepilho Beach are in locations exposed to
direct waves, with no frontal dunes, elevation of
less than 3 m, and moderate to narrow width of
the beach profile. However, the low presence of
constructions at the back beach and the absence
of evidence of erosion on the vegetation, points to
a medium susceptibility of these beaches to
erosion (Figure 6A). Ranchos Beach is the most
worrying, as it has numerous constructions close
or inside to the beach and because of its history
of destruction and flooding (Figure 4D and E)
during storms, which makes this stretch of the
beach arc more susceptible to erosion.

The comparison between the results obtained in
this study with those of Luijendijk et al. (2018), for
the Trindade region, enables the observation of
certain divergences. In this study, Fora Beach
showed erosive behavior with a rate of change of
-2.2 m/year, being classified as intense erosive
behavior during the analyzed period of 14 years
(Figure 6). Luijendijk et al. (2018), on the other
hand, suggest a rate of change of 0.1 m/year,
classifying Fora Beach as stable during a 32-year
period (1984-2016). Based on the data presented
here, Ranchos Beach showed stable behavior
over the last 14 years, with a rate of change of 0.3
m / year (Figure 6), corroborating the results
presented by Luijendijk et al. (2018), which
indicate stability over a 32-year period, with a rate
of change of 0.1 m / year, for the same location.
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Figure 6. Shoreline variation map and erosion susceptibility in the Trindade area. Self elaborated.

SUSCEPTIBILITY TO FLOODING

From the Digital Surface Model (DSM) and
historical images, it was possible to identify areas
of greater susceptibility to flooding. Jabaquara
Beach and the central area of Paraty (Figure 7A
and B) were the places with the lowest altitude in
relation to mean sea level. The DSM of Jabaquara
Beach shows a shoreline with a low topography,
with an average altimetry around 1.2 m in relation
to mean sea level, with the exception of the rocky
areas to the south, which reach 20 m (Figure 7A).
The city center region was the area with the
lowest topography, which is predominantly flat,
with an altimetry between 0.5 and 1 m in relation
to mean sea level, reaching 30 m only at the

crystalline basement (Figure 7B). The DSM in
Trindade showed a higher topography compared
to the other areas, with an altitude between 2 and
to mean sea level, reaching 41 m in the areas
over the crystalline basement (Figure 7C).3 m in
relation

The knowledge of the maximum altitude flooded
during an extreme event (according to each
mapped area), when superimposed on the digital
surface model, enables the identification of areas
potentially susceptible to flooding, based on
simulations (Vianna et al, 2020). The areas
identified here as more susceptible to flood events
(Jabaquara and Centro, with emphasis on Terra
Nova) are frequently flooded during periods of
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high syzygy, combined with storm waves. A
momentary rise of about 8 cm from mean sea
level can cause frequent flooding in these
topographically lower areas (Figure 8 A and B).
On Jabaquara Beach, during the extreme events
that occurred between August and October 2016,
the flooded altitude was about 1.3 m in relation to

mean sea level (Figure 4H). At that time,
approximately 43,289 m? of area was flooded
(Figure 8A), causing damage to the entire edge
and to some streets parallel to the beach (Figure
4F to H).
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In the central area of Paraty, during the same
events, the flooded altitude was 0.8 m in relation
to mean sea level (Figure 4l), flooding an area of
approximately 26,742 m? (Figure 8B). The area
south of the Perequé-Acu river is the most
susceptible to flooding. Areas close to the mouth,

inside estuaries and at low altitudes areas not
protected by frontal dunes, are generally
susceptible to flooding (Vianna et al., 2020). Even
though they are sheltered areas with low energy
waves (not exceeding 1 m in height), during
extreme events, the water level covers the entire
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beach and invades sidewalks and streets parallel
to the beach (Figure 4F to K; Figure 8 A and B).
This scenario is even more worrying when
considering the increase in the number and
intensity of the most intense storms around the
world in recent decades (Webster et al., 2005;
Holland and Bruyeére, 2014) and the increase in
mean sea level, which, in the worst-case

scenario, could reach a maximum of 0.82 m by
2100 (IPCC, 2014). In addition to being low and
narrow areas, sheltered coast and low
hydrodynamic energy generally have a denser
urban occupation (Nordstrom, 1989; Vila-Concejo
et al.,, 2020), which can generate even greater
damage during flood events.
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The Trindade coast proved to be less susceptible
to flooding, compared to the other areas, due to
the higher altitude of the beach and nearby areas
(Figure 7C). A momentary rise in mean sea level,
occurring during storm events, would have to be
greater than 2 m (Figure 8C and Figure 4L) to
cover the beach and reach buildings located in the
area of the back beach, as occurred in August
2016 (Figure 4D, E, and L). However, Trindade is
located on the oceanic part of the coast of Paraty
and, consequently, is subject to rapid changes in
sea conditions, when storm waves can reach
heights of over 3 m in the surf and eventually
reach buildings located within the back beach. In
2016, around 49,610 m? of area were flooded
(Figure 8C) during the storm, causing damage to
the entire beach arc. In Trindade, the area most
impacted by storm and flood events was Ranchos
Beach (Figure 4D, E, and L), where there is also
the highest density of buildings, many of them
located inside the beach area, such as kiosks and
restaurants. Many of these buildings were
destroyed or damaged during the extreme events
that took place in 2016 (Figure 4D, E, and L). The
greatest damage caused by coastal flooding
generally occurs in areas with the highest
concentration of buildings, as observed by Vianna
et al. (2020) and Maia et al. (2016) on the Rio
Grande do Sul coast and by Hoffken, et al. (2020)
on the German coast. Among the areas studied in
Paraty, Jabaquara Beach, the central area of
Paraty, and Ranchos Beach (Trindade) were
considered the most vulnerable, due to their
greater susceptibility to flooding and the high
concentration of urban structures at risk of
damage.

FINAL CONSIDERATIONS

The beaches of Jabaquara and the Central Area
of Paraty, which are sheltered regions along the
studied coast, presented erosive behavior with
retreat of the shoreline over the 14 years
analyzed. The central sector of the Jabaquara
Beach arc was the only area that showed
accretion behavior with an advance of the
shoreline. The erosion process in the central
areas of Paraty (Jabaquara and Centro) may be
associated with certain factors, such as
susceptibility to the action of storm waves; low
exchange of sediments with adjacent beaches
due to low wave energy; and, mainly, the
interventions carried out in this region, which may
have altered the hydrodynamics and the
contribution of sediments to the beaches. The
beaches located in Trindade also showed erosive
behavior, with retreat of the shoreline during the
analyzed period, except for Ranchos Beach,

which showed stable behavior over the same
period, albeit with high susceptibility to erosion. In
Trindade, the sea conditions change rapidly, with
a predominance of the direct incidence of high
energy waves during storm events, which can
reach more than 3 m in height in the breaker zone.
During such storm events, waves hit buildings
located near the sandy beach and cause flooding.

Jabaquara Beach and the central Area of Paraty
(Centro) were considered the most susceptible to
flooding, mainly due to the low altitude of the
coastal plain. A momentary rise of a few
centimeters in mean sea level during storm
events associated with the spring tide tends to
cause frequent flooding in these areas. Among
the areas studied in Paraty, Jabaquara Beach, the
central area of Paraty, and Ranchos Beach
(Trindade) were considered the most vulnerable,
due to their greater susceptibility to flooding and
the greater density of buildings near and within
the limits of the beach, such as kiosks,
restaurants, and residences, which could be
directly affected, causing widespread damage,
with a strong impact on economic activities such
as tourism.

Coastal erosion and flooding events may become
more frequent, due to the likely scenario of an
increase in mean sea level, along with ongoing
climate change. Therefore, studies on the
management of coastal areas are increasingly
necessary. Studies of this nature on the coast of
Paraty are scarce, although they are fundamental
for the knowledge of the several variables related
to the dynamics and behavior of the shoreline,
which can help in decision-making and measures
related to local coastal management.
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