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Abstract: The Brazilian coast is over 7000 kilometers long with many different ecosystems. Among these, are the
beaches, dominated by the high dynamism caused by the action of oceanographic agents (tides, waves and currents).
Human occupation of the coast for living, and the economic use of the coast (ports, tourism, fishing), increase the
possibility of damaging this ecosystem. Coastal vulnerability studies are an important tool for the management of
these areas, predicting how an environment can cope or recover from extreme events, for example, the rising sea level.
This study aims to improve vulnerability evaluation of coastal areas, contributing to a more efficient, accountable and
sustainable coastal management. To test the concept, an area at coastal Marica, a municipality in Rio de Janeiro State,
Brazil, was used. This coastline is comprised of a long sandy beach limited by rocky coastal shores. A vulnerability
index was calculated from GIS data analysis of geomorphology, coastal slope, shoreline migration, tidal range,
maximum height of the waves, sea level change scenario evaluation, dune height, and urban density variables for the
various coastline sectors. About a third (34.69%) of the coasts have very high vulnerability, while have 34.03% high
vulnerability, 25.33% have moderate and 5.95% have low vulnerability. Results obtained contribute to the planning
and management of the study area, providing a tool for local environmental analysis, and establish a ranking of
priorities for public action, based on different levels of vulnerability found to shoreline of Marica.

Keywords: Coastal geomorphology. Coastal management. Geotechnology.

Resumo: A costa brasileira tem mais de 7000 quildmetros de extensdo com muitos ecossistemas diferentes. Entre
eles, estdo as praias, dominadas pelo alto dinamismo causado pela acdo dos agentes oceanograficos (marés, ondas e
correntes). A ocupagdo humana do litoral para moradia e 0 uso econémico (portos, turismo, pesca), aumentam a
possibilidade de danificar esse ecossistema. Os estudos de vulnerabilidade costeira sdo uma ferramenta importante
para o gerenciamento dessas areas, prevendo como um ambiente pode lidar ou se recuperar de eventos extremos, por
exemplo, o aumento do nivel do mar. Este estudo visa melhorar a avaliacdo da vulnerabilidade das areas costeiras,
contribuindo para uma gestdo costeira mais eficiente, responsavel e sustentavel. Para testar o conceito, foi utilizada
uma area no litoral de Marica, municipio do Estado do Rio de Janeiro, Brasil. Este litoral € composto por uma longa
praia arenosa limitada por costdes rochosos. Um indice de vulnerabilidade foi calculado a partir da andlise dentro de
um SIG dos dados de geomorfologia, declividade costeira, migracdo da linha de costa, amplitude das marés, altura
méxima das ondas, avalia¢do do cendrio de mudanca do nivel do mar, altura das dunas e varidveis de densidade urbana
para 0s Varios setores costeiros. Foi constatado que 34,69% do litoral possui vulnerabilidade muito alta, 34,03% alta,
25,33% moderada e 5,95% baixa. Os resultados obtidos contribuem para o planejamento e gestdo da area de estudo,
fornecendo uma ferramenta para a analise ambiental local, e estabelece um ranking de prioridades para a agdo publica,
baseado nos diferentes niveis de vulnerabilidade encontrados no litoral de Marica.

Palavras-chave: Geomorfologia costeira. Gerenciamento costeiro. Geotecnologia.
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1 INTRODUCTION

The Brazilian coastal zone is very extensive and heterogeneous, with many different ecosystems.
Among these, are the beaches, dominated by the high dynamism caused by the action of oceanographic agents
(tides, waves and currents). Human occupation of the coast for living, and the economic use of the coast (ports,
tourism, fishing), increase the possibility of damaging this ecosystem.

Coastal vulnerability studies are an important tool for the management of these areas, predicting how
an environment can cope or recover from extreme events, for example, the rising sea level. The concept of
vulnerability addresses possible impacts and consequences that a particular environment would suffer under
an extreme event, and involves an integrated analysis of social, economic and natural factors (ZOU,;
THOMALLA, 2008; IPCC, 2007; DOLAN; WALKER, 2003; FRAZIER et al., 2010). However, there are
studies that concentrate on estimating vulnerability through a more physical bias, using geological,
geomorphological and oceanographic parameters (ABUODHA; WOODROFFE, 2006; MUSEKIWA et al.,
2015; SZLAFSZTEIN; STERR, 2007, PALMER et al., 2011; TRAN et al., 2010; DEVOY, 2008). This
dichotomy between physical and human aspects hinders the definition of a standard methodology, and an
individual approach of each study area should be designed, trying to prioritize the main demands of each
environment: in a coastline that has high populational density, human aspects should have a greater relevance,
whereas in a sparsely populated coast, an analysis that prioritizes the physical aspects is preferable.

This study aims to improve vulnerability evaluation of coastal areas, contributing to a more efficient,
accountable and sustainable coastal management, by providing such information for planning and improving
the maintenance of the coastal zone. To test the concept, an area at coastal Maricd, a municipality in Rio de
Janeiro State, Brazil, was used. This coastline is comprised of a long sandy beach limited by rocky coastal
shores.

2 STUDY AREA

Maric& municipality (Figure 1) is located in the state of Rio de Janeiro and is part of the Greater Rio
de Janeiro metropolitan region, with an area of about 360,000 km2. The coastline of the city goes from the
western ltaipuagu beach to the eastern Jaconé beach, having an east-west orientation and two rocky
promontories: the Elephant Rock to the west and Ponta Negra to the east. In this study, the coast was limited
only between two rocky headlands, or the beach Itaipuagu to Ponta Negra.

The geology of Marica has great chronological variation because of the Proterozoic ages of Ponta
Negra and Elephant rocks, compared with the coastal Quaternary deposits.

Silva and Dehler (2001) described the Ponta Negra geology as composed of Blzios Complex
paragneiss, dating from the Neoproterozoic / Cambrian, associated with the final Brasiliano collage in the
region, related to the Buzios orogeny. According to Silva et al. (2001), Elephant Rock is part of the Cassorotiba
Granite, formed during the Cambrian associated with the post-tectonic magmatism period of the Brasiliano
Orogen. Over the coastal arc of the municipality are Quaternary deposits of Pleistocene and Holocene age.
Caruso Jr., Cunha and Dias (2001) characterize them as marine beach and / or lagoon deposits, aeolian deposits,
tidal lagoon deposits and colluvial-alluvial deposits.

Geomorphologicaly, Maricé is part of the South Coast of the state of Rio de Janeiro, or of the Beach
Ridge compartment corresponding to Regido dos Lagos of Muehe and Valentini (1998).

3 MATERIALS AND METHODS

Coastal vulnerability encompasses the identification, correlation and analysis of diverse data of
physical and human variables. All this is expressed as a Coastal Vulnerability Index (CVI), which represents
a mathematical relationship. As a basis for this study we used the index proposed by Thieller and Hamar-Klose
(1999), which calculates the coastal vulnerability through six physical variables: tidal range, significant wave
height, shore slope, coastal geomorphology, line variation coast and sea level change rate. This calculation
was modified to better suit the study area and its characteristics (Table 1). Each variable used is described in
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detail below.

Figure 1 — Map of the location of the city of Maric4, RJ, Brazil. Landsat 8 imagery.
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Source: The authors (2020).

Table 1 - Comparison of the present work method to that of Thieller and Hamar-Klose (1999).
Thieller and Hamar-Klose (1999) Proposed method
Geomorphology Geomorphology

Coastal slope

Coastal slope

Mean tide range

Mean tide range

Sea-level change

Sea-level change

Shoreline erosion/accretion

Shoreline erosion/accretion

Maximum wave height

Maximum wave height

Dune height

Urban Density

Source: The authors (2020).

3.1 Geomorphology

This takes into account the possibility of a given site being eroded and / or impacted by rising sea

levels. This variable is taken from literature already published for the study area (such as SILVA; SILVA,;
SANTOS, 2008; SILVA; ABREU; SILVESTRE, 2012; LINS-DE-BARROS, 2005), as well as from visual
analysis of features during fieldwork, satellite image and aerial photograph photointerpretation, and finally
from the correlation with altimetry data from a digital terrain model generated from Project RJ - 25 data (IBGE,
2005, in 1:25,000 scale). Geomorphological classes were defined based on the work of Thieller and Hamar-
Klose (1999).
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3.2 Coastal slope

Coastal slope is used to model the space and the time of flooding. The lower the slope the faster the
retreat of the coastline in relation to the rising sea level (PILKEY; DAVIS, 1987). The value of this variable
is calculated from the slope obtained from the slope tool, available in ArcGIS 10.1 software, using data from
the same digital terrain model mentioned above (IBGE, 2005), fused to Nautical Chart 1506, scale 1: 75,000,
available from the website of the Directorate of Hydrography and Navigation of the Brazilian Navy (DHN).
Despite the difference in scale, the nautical chart in question was used as it is the only publicly available
bathymetric data. An average slope of the coastal stretches is calculated, from the statistics generated for each
sector, which are based on the topographic ridges that divide the basins.

The numerical values for each slope class were reclassified in order to better understand the local
geomorphology. Thus, the slope classification proposed by EMBRAPA (1999) was used, adapted to five
vulnerability classes (Table 2).

Table 2 - Coastal slope steepness classes used for the coastal vulnerability index. Source: adapted from Embrapa

(1999).
Coastal slope (%) Terrain type Coastal vulnerability
0-3 Flat Very high
3-8 Mildly Undulating High
8-20 Undulating Moderate
20-45 Strongly Undulating Low
45 -75 Mountainous Very low

Source: Adapted from Embrapa (1999).

The difference between the reduction level of the Navy (RL, bathymetry) and the Sea Level of IBGE
maps (SL, altimetry) were corrected in order to minimize errors at the ever important coastline. The result is
68.8 cm, which is added to the bathymetry data (Figure 2).

Figure 2 - Difference between RL (Navy of Brazil) and SL (IBGE).
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Source: Adapted from tide station 50140 of Navy of Brazil (2010).

3.3 Sea - level change

Relates to the power of permanent inundation of the coastal system. IPCC (2007) data were used (Table
3) for the quantification of vulnerability, based on the classification of Thieller and Hamar-Klose (1999). The
choice of IPCC data is due to its official status as the UN study on global climate change.

3.4 Shoreline change

Concerns the shortest time necessary to identify geological / geomorphological changes on the coast.
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Coastline was interpreted for two moments, based on two mosaics of aerial photographs. The first group of
photos consists of images from the Brazilian Air Force (FAB) and date from July 1976, at 1: 20,000 scale. The
second group comprises images from the Brazilian Institute of Geography and Statistics (IBGE) from July
2005, at 1: 25,000 scale. The photographs were georeferenced in a Geographic Information System (GIS) for
manual vectorization of the beach lines needed for comparison. Control points were collected using geodetic
receptors in each coastal compartment to validate the georeferencing. The criterion used to delimit the beach
line was the presence of erosion escarpments, which is easily identifiable both at the images and during
fieldwork.

Table 3 - Average heating projection surface and the global rise in sea level at the end of the XXI century.

Scenario Temperature change (°C) Sea-level rise (m)
Best estimate Likely range Likely range
B1 1.8 11-29 0.18-0.38
AlT 24 1.4-38 0.20-0.45
B2 2.4 14-38 0.20-043
AlB 2.8 1.7-44 0.21-0.48
A2 3.4 20-54 0.23-051
ALFI 4.0 24-64 0.26 - 0.59

Source: Adapted from IPCC (2007).
3.5 Mean tide range

Used for identifying a coastal strip that will not be permanently flooded, but that will adapt to the
eventual contact with the sea at certain times of day. The data is obtained from coastal tide charts of the Port
of Rio de Janeiro (20 km west of the area) and of Forno Port (located in the city of Arraial do Cabo, 70 km to
the east), which are the closest to the study area. These are available on the DHN (Diretoria de Hidrografia e
Navegacdo — Marinha do Brasil) website, and the maximum tide variation from both tide gauges is used as the
parameter for calculating CVI.

3.6 Maximum wave height

Relates to the power of erosion of the coastal system, since the Maricé coastline is characterized as
dominated by waves, thus being the main oceanographic agent of landscape transformation. To accomplish
the wave height calculation, data were collected from CPTEC / INPE, based on the global wave model
WAVEWATCH Il (TOLMAN, 2009) for a period of one year during 2014. Results are presented as graphics
of wave height / direction and frequency. Maximum wave height is the variable considered for CVI calculation.

3.7 Dune height

Evaluates coastal protection against oceanographic events (abrasion, erosion, overwash) provided by
the dune field. Through field observations, altitude collected with GNSS receivers establishes the height of the
dunes in the study area and rank them based on the work of Abuodha and Woodroffe (2006), shown in Table
8. A geodetic GPS collects elevation points in different parts of the dune field to quantify the height of aeolian
features. The geodetic GPS provides the ellipsoidal height (h), and a calculation is necessary to find the
orthometric height (H) by the mathematical relationship shown in Figure 3.

3.8 Urban Density

Provides a socio-environmental analysis of space, relating the amount of buildings with the space of
the coastal zone, indicating how much each part of the coast has been modified by construction. Private and
collective household data is consulted to evaluate this variable. The greater the presence of buildings along the
coastline, the higher the vulnerability, since the setting was further modified by changing the ability to protect
the coastal front and of recovery from extreme events. Census tracts of the city, from IBGE Digital Municipal
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Mesh Census (2011), imagery, and field observations are the main sources. Satellite imagery (Landsat 8) was
acquired free of charge on the website of the USGS (United States Geological Survey).

Figure 3 - Mathematical relationship to obtain the orthometric height.

Terrain

h=H+N

—— Ellipsoid

—— Geoid

h =Ellipsoid height H zorthometric height N = Geoid height

Source: Adapted from IBGE (2015).

The difficulty of establishing a range of values to define the number of buildings for each class makes
it necessary to interpret the data qualitatively through photo interpretation and field work. Thus, the classes
have been separated in accordance with the interpretation described below (Table 4).

Table 4 - Description of coastal vulnerability classes associated with urban density.

Coastal vulnerability Urban density
Very low No construction
Low Small number of buildings in only part of the coastal profile.
Moderate Small number of buildings distributed throughout the coastal profile.
High Large number of buildings around the transverse profile of the coast, also presenting
empty spaces between buildings in a significant area to enable urban sprawl.
Very high Large number of buildings around the transverse profile of the coast, without space

between buildings for urban sprawl.

Source: The authors (2020).

3.9 Classification of variables

The variables were classified and quantified into a vulnerability index based on table 5.

Table 5 - Classification of variables for the coastal vulnerability index.
Variable Very low Low Moderate High Very high
1 2 3 4 5
Rocky, cliffed Medium cliffs Low cliffs, Cobble Barrier beaches, sand beaches,
Geomorphology | coasts, fiords, indented coast&’; glacial drift, beaches, salt marsh, mud flats, delta,
fiards alluvial plains estuary, lagoon mangrove, coral reefs
Coastal slope 45-75 20-45 8-20 3-8 0-3
(%)
Sea-level
change <18 1.8-25 25-2.95 2.95-3.16 >3.16
(mml/year)
Shoreline
change (m/year) >2.0 1.0-2.0 -1.0 - (+1.0) -1.1-(-2.0) < (-2.0)
Mean E'r‘;? range >6.0 41-6.0 2.0-4.0 1.0-1.9 <1.0
Maximum <055 0.55 - 0.85 0.85 - 1.05 1.05-1.25 >1.25
height wave (m)
Dune height(m) > 30 20.1-30.0 10.1-20.0 5.1-10.0 0-5.0
Urban density Very low Low Moderate High Very high
Source: The authors (2020).
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3.10 Integration of variables into an index

After choosing and quantification, variables must be arranged in a mathematical relationship for the
CVI. This procedure is quite relative and complicated to carry out, as a quantification of coastal vulnerability
is only possible through the interpretation of natural and human constraints of the coastal zone, which does not
always have regular behavior over historical and geological time. Therefore, there is no standard and precise
formula for determining the CVI. Each study should propose its own index taking into account the
particularities of each study area.

In this work we used the equation of the root mean square of the products, as recommended by Gornitz
and White (1992).

The Coastal Vulnerability Index (CVI) uses the following equation:

X1 * X, * X ¥ Xy * Xo * Xp ¥ X7 ¥ X 1
CVI:\/123485678 1)

The variables for the equation are:
X1 = Geomorphology

X2 = Coastal slope

x3= Sea-level change

X4 = Shoreline change

Xs = Mean tide range

Xe = Maximum height wave

X7 = Dunes height

xs = Urban density

After calculating the CVI along the coast, basic statistics like average, median and mode are generated
for the data. The result is presented as 25, 50 and 75 percentiles, as shown in Table 6.

Table 6 - Distribution of coastal vulnerability results from percentiles.

Coastal vulnerability Percentile
Low <25
Moderate 25-50
High 50-75
Very high >75

Source: The authors (2020).
4 RESULTS AND DISCUSSIONS
4.1 Geomorphology

The following geomorphological classes were established for the city of Marica, based on field
observations and altimetry data: coastal plain, fluvial-marine plain, island, lagoon, hills, rocky cliff, and fluvial
channel (Figure 4).

Thus, for calculating the coastal vulnerability associated with geomorphological criteria, two indices
are identified: 1 - Very Low and 5 - Very High. The very low rate is associated with the topographic relief of
rocky shores, as this feature is more durable and of greater height, able to withstand extreme events and a
possible rise in sea level. The very high index is associated to the sandy beaches and barrier beaches that are
located throughout the shoreline studied, as the unconsolidated sediments present greater erodibility.
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Figure 4 - Geomorphological classes identified in Marica.
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4.2 Coastal slope

For the analysis of the coast slope, a map was generated through the slope tool, in ArcGIS 10.1
software. Quantification of slope (Table 5) along the coast is based on the average slope of each defined sector
(Figure 5). The sectors are not homogeneous, since they are conditioned by local relief features (Figure 6).

Table 5 — Average declivity of sectors to Maricé shoreline.

Sectors Coastal slope (%) Coastal Vulnerability
Itaipuagu 1 18.20 Moderate (CVI 3)
Itaipuagu 2 16.04 Moderate (CVI 3)

Francés 4.62 High (CV1 4)

APA de Marica 5.87 High (CV1 4)
Barra 9.54 Moderate (CVI 3)

Guaratiba 5.93 High (CV1 4)
Ponta Negra 12.93 Moderate (CVI 3)

Source: The authors (2020).
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Figure 5 — Marica county declivity map.

Slope of Marica, RJ, Brazil.
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Figure 6 — Delimited sectors for calculating the coastal slope.
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The steepness obtained along the coast falls into a moderate to high vulnerability profile. The
mountainous geomorphology of the municipality, in a relatively short distance from the sea, reduces the values
of vulnerability, since the higher the less land will be the impacted by extreme events, such as rising sea levels.
On the contrary, land portions that have lower altitudes, or where mountainous terrain is farther away, are set
as the most vulnerable areas, as they will be more easily affected by changes in climate and oceanographic
dynamics.

Thus, the Maricé coast was rated two levels of vulnerability: CVI 3 — Moderate (8 — 20%) and CVI 4
— High (3 — 8%).

4.3 Sea-level change

The classification of the coast by potential sea-level variation indicated by IPCC data (2007) yields a
very high vulnerability to the coast (CVI 5). However, it is worth noting that such projections are not
unanimous in science and that the models used do not necessarily correspond exactly to the future of the planet.
Several published papers question the data, interpretations and methods of the IPCC for this theme
(PATERSON, 2011; MOLION, 2008). It is also pointed out that the data refers to sea level changes on a global
scale, making no distinction of different scenarios along the coastal areas around the world. Based on this
interpretation, the rising sea level in the coastal area of Marica could cause the destruction of houses, streets
and other buildings due to flooding. Furthermore, physical structures not affected by extreme events, such as
storm waves, would be impacted once the sea would have advanced inward towards the shore; increased salt
water intrusion would impact the underground aquifers; beach ridges would tend to migrate landward; marshes
would be drowned; and low lands near the beach and on the edge of the lagoon system would be flooded.

In order to refine this analysis it is necessary to use data on a larger scale for the study of the relative
sea level.

4.4 Shoreline change

Throughout most of the shoreline studied, the rates of change of the coastline indicate a behavior of
some stability with alternating positive and negative variations, but with low absolute values, which makes the
coast to be rated as vulnerability 3 (Moderate). However, few of the coastal sites showed varying rates slightly
more distinct and have been detailed.

The Francés beach sector presents a retreat of over 29 meters, at its western limits with Itaipuacu, and
ranks a high vulnerability index, with an average coastline retreat of over 1 meter per year (Figure 7).

Figure 7: Variation of coastline between 1976 and 2005 of the Francés beach sector.
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The Itaipuagu sector has part of its coastline presenting an accretion over 40 meters, being rated as low
vulnerability, with an average of progradation above 1.7 meters per year (Figure 8). In this sector in particular,
Silva, Silva and Santos (2008) state that despite having geological / geomorphological indicators of erosion,
the coast is not being eroded. This statement is consistent with the data presented here since, on the coast line
analysis, the coastline as a whole was characterized as stable.

Figure 8 — Shoreline variation on a stretch of Itaipuagu beach.
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Such methodology, however, is not enough, by itself, to establish the erosive pattern of a beach. Aerial
photographs of only two dates can hide the behavior of the coastline during the time interval and, depending
on the date of acquisition of the photos, they may have been acquired in moments of climatic instability,
showing in greater emphasis the loss of land in towards the continent.

It is necessary to use images from different dates together, in addition to monitoring with transversal
profiles for the quantification and confirmation of beach erosion.

4.5 Mean tide range

The tidal range of the analyzed data showed a maximum variation of 1.4 meters which sets up a system
of micro tides. This range to be applied to the Coastal Vulnerability Index is ranked as index 4 — High (1.0 —
1.9m).

There are two possible interpretations to analyze the tidal data. The first relates to its low amplitude,
which can be used as a low vulnerability 91ater following the logic that ocean water reach would be low, due
to the momentary advance of sea 9laters occurring in a restricted horizontal space. However, a second
reasoning can be used, where the coastal environments that are exposed to micro tides are more vulnerable on
the ground that they are not as adapted to flooding, resulting in more serious physical changes. In the analysis
of this study, we used the latter interpretation, and considered the Maricé coastline influenced by a micro tide
regime has a lower possibility of adaptation to extreme events and rising sea level. Its ecosystem does not have
enough adaptations to resist new environmental conditions.

4.6 Maximum wave height
The direction and height of waves were analyzed, as well as its frequency (Figure 9). Data refer to the

entire city of Marica, it is not possible to divide them by sector, so that the value found will be applied to all
the coast in question.
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Figure 9 — Height and direction and frequency distribution of waves for Marica.
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The wave data analyzed corroborate the information from Silva, Silva and Santos (2008), especially
as southeast waves relate to good weather and south and southwest waves relate to the weather conditions of
cold fronts. The minimum value was 0.6m and the maximum value was 3.1m.

Waves between 1.0 m and 2.0 m high predominate, confirming the high energy of the coast. The study
of wave pattern in the region is critical to the vulnerability classification, since Marica coastline is characterized
by being dominated by waves, which are the main oceanographic agent of environmental change in the study
area.

Thus, the coast vulnerability is rated index 5 — Very high (over 1.25 m).

4.7 Dune height

The city of Marica has only one dune field that is located in its environmental protection area, the APA
de Marica. This dune field is a fundamental protection for the coastline, setting up a natural barrier against sea
water invasion, flooding, wind stress, sediment transport and ocean spray during minor storms, which helps
maintain the integrity of the inner part of the coastal system habitat (NORDSTROM, 2008). However, the
protective function of this dune The city of Marica has only one dune field that is located in its environmental
protection area, the APA de Marica. This dune field is a fundamental protection for the coastline, setting up a
natural barrier against sea water invasion, flooding, wind stress, sediment transport and ocean spray during
minor storms, which helps maintain the integrity of the inner part of the coastal field is threatened due to
various environmental impacts caused by human activity: Illegal sand mining, road construction, off-road
vehicles travelling over the dunes, irregular dumping of garbage and construction debris (SILVA; ABREU,
SILVESTRE, 2012).

The geodetic GPS data collected show a maximum altitude of 10.147 meters in the area close to Barra
de Maricé (Figure 10). However, all other points throughout the dune field have elevations below 10 meters.
These data differ from that of Silva, Abreu and Silvestre (2012), who identified a maximum height of 12
meters. The dynamics of the wind system allows for periods of greater and lesser amount of sediments
depending on the weather, and possible anthropogenic interference with the location could be another cause
for such differences.

Therefore, the Maricd dune compartment was rated at two coastal vulnerability indices: CVI 3 -
Moderate (10 - 20m), next to the urban area of Barra de Maric4, and CVI 4 - High (5 - 10m) for the remaining
dune field. The other sectors that do not have dunes were classified with the index 5 - Very High (0 —5m). The
lack of protection in most places causes the coastal system to be quite vulnerable to extreme events, as shown
by the final map proposed for this variable.
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Figure 10 - Location of points higher than 10 meters.
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4.8 Urban density

To establish the coastal vulnerability related to urban occupation, the criterion used was the amount of
private and collective households in the city of Marica (Figure 11), taken from building density, the analysis
of census tracts, satellite images and field observations. This criterion links the physical vulnerability to the
potential impacts on heavily disturbed areas, indicating a greater or lesser recoverability.

Determining classes with exact figures for the number of households in each index is not simple, since
there is no standard number of buildings in a given location to designate a coastline as more or less vulnerable.
The best way to score this criterion is to establish classes for each study area, according to quantitative
construction data and visual analysis of aerial images in order to establish the building density along the coast.
Building numbers are based on census tracts of various sizes, which prevent the determination of numerical
classes, once a census tract may have a higher concentration of buildings in a single place, thus influencing
other low occupation areas within the tract. Each census sector is represented by an average of constructions
on the map of private and collective households, and within this sector there may be areas of higher and lower
density. Thus, instead of quantification, a qualitative approach is used for urban area classification, based on
available literature.

By analyzing the information obtained, it is clear that theMaricé coastline is already heavily modified,
except for one sector: APA de Marica. By virtue of better preservation, the APA has a lower vulnerability,
since the environment has somewhat greater ability to absorb extreme impacts that might occur, besides being
subject to potentially lower social and economic losses. Also noteworthy are two small stretches of low
vulnerability in Itaipuacu and Barra de Marica, due to the proximity of the rocky headlands and the lagoon
which hamper urban occupation. Sectors cited above were classified as having a very low vulnerability (CVI
1).

A fisherman’s community occupies a small strip of coast near the lagoon at the boundary between the
sectors of Barra de Marica and APA de Marica. Due to the low amount of constructions, this sector was rated
with a low vulnerability (CVI 2). This stretch was not rated as a moderate vulnerability, because the houses do
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not take up the entire cross-section of the sand ridge between the beach and the lagoon, as sectors classified
elsewhere, and the buildings present an irregular spacing pattern, ensuring a lower density.

Figure 11 - Map of private and collective households in Marica, RJ.
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The stretch of coastline referring to the Francés sector was rated a high vulnerability (CVI 4). This
interpretation was based on the large number of buildings, although with a lower density than other parts
classified as very high vulnerability. This difference can be noticed by the amount of unoccupied spaces
between several houses of the place. The possibility of urban expansion in this sector is higher than in other
very highly vulnerable sectors because of these still empty spaces.

Finally, the remaining stretches of coastline were classified as with very high vulnerability (CVI 5).
Itaipuagu, Barra de Marica, Guaratiba and Ponta Negra have a very high urban density, with buildings along
the entire cross-section of the coast. In Barra de Marica, Guaratiba and Ponta Negra, constructions are limited
by increased physical barriers, such as a steep topography and / or a lagoon. There are stretches of Itaipuacu
and Francés with more buildings, but with greater spacing between them by virtue of being in a wider area
than in Barra de Maric4, Guaratiba and Ponta Negra. The Itaipuacu sector does not have a lagoon limiting
urban sprawl. These are some of the reasons that make it difficult to quantify urban density vulnerability classes
based on the number of households in a census tract.

4.9 Coastal vulnerability

From the results obtained, we calculated the vulnerability classes for the coast. These classes are based
on 25, 50 and 75 percentiles. This approach is used to give a relative value to the equation’s absolute numbers,
as it is not possible to use numerical vulnerability values to directly compare to other locations. Each
vulnerability study that follows this methodology will achieve unique results for each study area. Numerical
values obtained for each class may be completely different in other coastal zones. The map below illustrates
the spatial distribution of coastal vulnerability along the Marica shoreline (Figure 12), followed by the
occurring percentages of each class (Figure 13), and statistical parameters (Table 6).

Table 6 - Statistical parameters associated with the final results of coastal vulnerability for Marica.

Statistical Parameters Value
Minimum-Maximum 4.22 - 84.51
Mean 39.22
Median 31.05
Standart Deviation 25.09
Percentile 25 24.29
Percentile 50 44,37
Percentile 75 64.44

Source: The authors (2020).
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Figure 12 - Map of the coastal vulnerability classification for Marica.
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Figure 13 -Maricé coastline percentage for each coastal vulnerability class.
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By analyzing the results it is seen that about 69% of the coast has high or very high vulnerability. This
result is consistent with previous interpretation of the study area based on field work and in the literature,
demonstrating the great energy of the Marica coastal system, in addition to geological and geomorphological
features of the coastline including the low-lying areas of the coastal plain, extremely urbanized at various
points; besides being composed mainly of sandy beaches that are easier to be modified by the action of coastal
agents.

The numbers show that the square root of the product (calculation used to quantify the CV1) has high
values, which are explained by the high vulnerability that some variables provided. The variation in sea level,
maximum wave height, geomorphology, urban density and the presence of dunes were classified with the
highest vulnerability index for different sectors of the coast, and consequently leveraged the values for each
defined class.

The values allow us to conclude that the coast in question, in general, presents a very high vulnerability
because the higher the numerical values found, the greater the difficulty of the area to deal with and recover
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with the occurrence of extreme events.

Regarding the spatial distribution of the vulnerability indices, the rocky cliffs of Pedra do Elefante and
Ponta Negra are classified as the lowest vulnerability, due to the small likelihood of changes to influence these
places, even with the occurrence of extreme events, since they are composed of rocks more resistant to erosion.
The Guaratiba and Frances sectors were classified with the highest vulnerability due to the difference in slope
values of the coast, which for these sectors are the lowest on the coast. Thus, Itaipuacu and Ponta Negra, which
have higher slope values than the sectors mentioned above, are classified with a high vulnerability index. The
APA of Maricd is classified with a moderate index due to the protection of the dunes, which is a variable that
no other sector has.

Finally, there are two small stretches of the beach for which the index varies, one in Itaipuacu and the
other between Barra and APA de Marica. In the first stretch, the variation in the vulnerability index between
low and very low refers to the variation of the coastline, as in the part classified as of low vulnerability, a
progradation of the coastline was identified, thus decreasing its index. In the second section, the small portion
of the coast classified with the low vulnerability index is explained by the presence of dunes over 10 meters
high, increasing the protection of the coast and making the section less vulnerable. In the west direction, the
stretch of the APA of Marica continues with a moderate index, since the dunes decrease in height and,
consequently, reduce the protection of the coast. In the eastern direction, the Barra de Marica section presents
greater vulnerability, as there are no dunes and the urban density is very high, increasing the index value for
the location. Continuing in an easterly direction, still in Barra de Maric4, a small section was classified with
moderate vulnerability due to the absence of constructions, as it concerns a space in which the lagoon almost
comes into contact with the ocean, being separated by a small beach ridge, which can be opened in the event
of an increase in the level of the lagoon so that the transport of this volume of water towards the ocean occurs,
avoiding possible flooding in urbanized stretches.

5 CONCLUSION

The coastal vulnerability mapping of Marica is an important tool for urban planning and coastal
management in the region. However, this study does not represent, in essence, the solution to the various
situations found throughout the region. Therefore, other actions to increase the quality of coastal management
are recommended: the use of data on the largest possible scale; additional biological, economic and social
studies; environmental monitoring programs; preservation of protected areas; monitoring of urban expansion;
integration between the university and the government to increase the number of studies; environmental
education programs for public awareness.

The areas of the Marica coastline most vulnerable to extreme events and rising sea level have been
identified from the mapping carried out. An order of priorities, identifying critical sectors along the coastline
that deserve concentrated action is easily identified. Urban occupation is one of the most critical factors for the
high vulnerability index of the Marica municipality. The profound modification of the natural environment by
man hinders coastal system recoverability and the increases the potential for economic damage.
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