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Abstract: As several researches indicate, since the 1950s one observed unprecedented warming of
the atmosphere and oceans, resulting from greenhouse gas emissions and changes in land use and
occupation, leading to sea level rise and impacts on coastal areas. In the municipality of Niterói—Rio
de Janeiro, Brazil, where a large urban concentration in coastal areas is observed, a Climate Change
Adaptation System was developed, through which mitigation and adaptation strategies are combined,
in order to: reduce vulnerabilities; avoid losses and damages; build instruments to allow adaptation
of natural, human, productive and infrastructure systems. In this context, this paper aims to measure
possible impacts, in the biophysical and socioeconomic spheres, resulting from an eventual 0.50 m
rise in mean sea level, which represents an optimistic scenario according to the National Oceanic
and Atmospheric Administration. In contrast to similar studies, this work also considered daily and
occasional water level variations, represented by the highest astronomical tide and the highest storm
surge observed in the studied region. The following data were applied: digital elevation model,
2010 population census data, and real estate information. With the altimetry data, by means of GIS,
the census sectors inserted in the affected areas were selected, to obtain data regarding population,
number of households, and income. Specialized websites were applied to collect average property
values. The simulations revealed that approximately 2950 households and more than 9000 residents
could be directly affected, with losses that could exceed R$ 3.60 billion. The Oceanic Region is
configured as the most exposed region, susceptible to losses of several ecosystems, economic losses
in residential areas and possible destruction of urban infrastructure.

Keywords: coastal zone; vulnerability; flooding; adaptation

1. Introduction

The warming of the global climate system is unequivocal. Since the 1950s, notable
changes occurred in both the atmosphere and oceans: temperature shifts; increase in
greenhouse gas concentrations (GHGs); decrease in amounts of snow and ice; increase in
sea levels [1]. Several research works indicate that this warming occurred mainly due to
carbon dioxide (CO2) emissions, and also due to changes in land use and occupation [1–4].

Between 1750 and 2011 the release of CO2 from industrial and agricultural activities
generated global mean concentrations (GMC) ranging from 278.0 ppm to 390.5 ppm [1].
According to WMO, the GMC reached the mark of 407.8 ppm in 2018 [4].

This increase in GMC caused considerable variations in atmospheric circulation, as
well as in the spatial distribution of water masses and interactions between them, culmi-
nating in ocean warming and significant deviations in the ocean water level [5]). These
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variations result from melting of the Greenland and Antarctic ice sheets, which has wors-
ened since the early 1990s [6].

Historically, the rate of increase in the mean sea level (MSL) is also increasing: dur-
ing the period 1901–2010, this increased rate was 1.7 mm/year [1.5 to 1.9]; between 1971
and 2010, the average rate was 2.0 mm/year [1.7 to 2.3]; and, between 1993 and 2010,
3.2 mm/year [2.8 to 3.6] [1]. Considering this trend, one projects an MSL increase rate
of 4.0 mm/year for the period 2081–2100, compared to the period 1986–2005, in a more
optimistic scenario of MSL elevation, according to the analyses carried out through Repre-
sentative Concentration Pathway—RCP (projection IPCC 2.6) [6].

In view of these results and based on plausible scenarios prepared by Parris et al. [7]
and Hall et al. [8], aimed at conditions for decision-making, taking into account specific
assumptions about sea levels, the National Oceanic and Atmospheric Administration—
NOAA—delimited six projections of sea level rise: low, with an increase of 0.30 m; low
intermediate, with an increase of 0.50 m; intermediate, with an increase of 1.00 m; high
intermediate, with an increase of 1.20 m; high, with projection of 2.00 m of increase; and
extreme, with a level increase of 2.50 m [9].

This increase in MSL, induced by global warming, and its possible impacts on the
coastal zone, has been a matter of great interest to the scientific community in the last few
decades, as well as to the media and the general public, despite difficulties in its evaluations
and mappings on a large scale [1,3]. The expected changes are phenomena associated with
the biophysical and socioeconomic, as a consequence of the risks that can severely affect
life on the coast [10]. By the end of the 21st century, almost the entire world’s coastline
could be affected [3].

Coastal regions are characterized as poles of attraction for the most diverse popula-
tions, depending on the provision of resources and access to maritime trade, as well as
recreational and cultural activities. However, in recent decades, these areas experienced
enormous changes, driven by fast population growth and accelerated development [11].
In the possibility of MSL rise, several coastal areas will be subject to significant economic
impacts caused by floods, erosion [12], submersion and saline intrusion into surface or
groundwater [5,13].

Studying In this context, it is fundamental to study and understand the impacts and
adaptation strategies to MSL rise [5,14]. This may be performed either through coastal
processes modeling, in regard to hydrometeorological, biological and geodynamic factors,
which interact nonlinearly at different spatial-time scales, or through the evaluation of the
effects of human activities [1]. In recent decades, the application of geotechnologies became
a method widely applied by several authors in research words regarding aspects related
to the elevation of the MSL, as well as its possible impacts on the coastal zone [15–18],
among others.

Considering the high levels of confidence regarding the occurrence of the CPR
2.6 projection [1], with a forecast increase in the MSL of 4.0 mm/year [2.6 to 5.4], for the
period 2081–2100, this work aims to measure environmental impacts, in the biophysical and
socioeconomic spheres, in the municipality of Niterói, state of Rio de Janeiro—southeastern
Brazil—in virtue of possible increases in the level of marine waters of: (i) 1.20 m; (ii) 1.80 m.
These two scenarios represent the NOAA’s sea level rise scenario of 0.50 m [9], also con-
sidering: (i) 0.70 m, which is the water level of the expected highest astronomical tide
(HAT); (ii) 0.70 m, corresponding to the HAT occurring concomitantly with the highest
storm surge—0.60 m—observed in the studied region.

This work also intends to provide the city of Niterói with data, to sustain decision-
making processes regarding climate change.
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2. Study Area

The Brazilian coastal zone comprises an area of approximately 251,000 km2, which
corresponds to about 3% of the national territory [19], and extends for more than 8500 km,
covering 280 municipalities, which belong to 17 federative states, according to the Ministry
of the Environment [20]. More than 10.4% of the population lives in this area: around
22 million inhabitants [21].

The former capital of the state of Rio de Janeiro (RJ)—in the periods 1835–1893
and 1903–1975—the municipality of Niterói (Figure 1) presents one of the highest de-
mographic densities in the metropolitan region of RJ and in the Brazilian coast: about
3800 inhabitants/km2 [21]. Niterói is currently composed of five Administrative Planning
Regions, which comprise 52 neighborhoods. Three of these regions face ocean waters:
North, Bay Beaches and Oceanic [22].
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Figure 1. Study area: municipality of Niterói, Rio de Janeiro—Brazil—2021. SOURCE: Cartographic
reference system: SIRGAS 2000; UTM23S; unit: meter.

In terms of occupation and vulnerabilities to MSL rise, Niterói is composed of two dis-
tinct macroregions: Guanabara Bay, in which occupation is complex and disorderly dis-
tributed, characterized by sheltered and semi-sheltered coastlines; and Oceanic, which
experienced a recent process of urban expansion and is characterized by an exposed coast-
line and areas around the Itaipu-Piratininga lagoon system [23].

In the coastal strip, the municipality is formed by a series of quaternary sedimentation
environments, associated with depositional systems of continental and transitional marine
origin, which led to the development of a plain, largely guided by the structural directions
of the geological base, in addition to a sandy barrier formation, which confines the Itaipu–
Piratininga Lagoon System [24].
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The geomorphology of Niterói is characterized by the predominance of coastal plains
(coastal and fluviomarine) and coastal massifs. According to the Mineral Resources Re-
search Company—CPRM [25], the coastal plains and lowlands are subhorizontal surfaces,
with soft and undulated relief. The lowlands are poorly drained terrains with meandering
and rambling channel patterns, while the coastal plains are well-drained terrains with
parallel drainage patterns, following the inter-coastal depressions. The coastal massifs,
on the other hand, are located in the middle of the lowlands and coastal plains, and are
mountainous, and extremely rugged, with the occurrence of colluvium and thallus deposits,
shallow soils, and rock outcroppings.

The climate, according to the Köppen classification, is of type Aw: tropical, character-
ized by dry winter and rainy summer, with precipitation ranging between 750 mm and
1800 mm annually [26].

Regarding environmental issues, Niterói developed a System for Adaptation to Cli-
mate Change, which aims to implement mitigation/adaptation actions and efforts against
MSL rise and to assess vulnerabilities and impacts in regard to climate change. This system
provides standardization of a Municipal Resilience Plan, which should include the adop-
tion of strategic planning for urban resilience, as well as preservation and qualification of
ecosystems, green areas and initiatives of low greenhouse gas emissions, in order to avoid
or minimize associated losses, including both extreme and slow-onset weather events [22].

3. Materials and Methods

The effects of climate change need to be considered worldwide, especially in urban
planning. In coastal areas, in virtue of global warming, impacts from possible sea level rise
must be considered. Several variables can be used in this analysis, not only in academia
but also by decision-makers.

Several studies ([18,27,28], around the world, address topics regarding coastal flood
scenarios as a result of increased MSL. However, such studies rarely consider daily and
occasional variations in water level due to astronomical and meteorological effects. The
approaches applied, in general, do not clearly show the reference water level, or leave this
information implicit. Thus, this research presents simulations of flood areas in the city of
Niterói considering astronomical tides and storm surges, phenomena that occur routinely in
coastal areas around the world. The configurations of the performed simulations followed
the steps described below, also represented in Figure 2:

(1) Use of the Digital Elevation Model (MDE), obtained by LiDAR (Light Detection and
Ranging) technology, available on the SIGeo/Niterói portal [29], for vectorization,
through the ArcGIS application, version 10.5, of the 1.20 m and 1.80 m altimetric
contour lines, using as reference level the level of the mean lowest low water tide in
the region. These levels correspond to the projections of a 0.50 m MSL rise, added,
respectively by:

(a) The HAT water level, which is 0.71m according to records of the Brazilian
Navy Tidal Board [30]—Fiscal Island station/ Rio de Janeiro—approximated
to 0.70 m, due to adequacy of the GIS;

(b) The water level of 1.35 m, which considers the 0.60 m highest storm surge (HSS)
water level—according to the Gloss-Brazil database [31], in records for the
period 1963–2017—occurring concomitantly with the HAT. One approximated
this water level to be 1.30 m due to the adequacy of GIS.

(2) Overlaying through the ArcGis program of shapefiles of 1.20 m and 1.80 m altimetric
contour lines; shapefile of land use and occupation, available on the SIGeo/Niterói
portal [29]; shapefile of census tracts, available on the IBGE [32] page, aiming to obtain
the areas of intersection, representative of the possible flood areas.
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Figure 2. Flowchart indicating the methodology applied in the simulations of 1.20 m and 1.80 m
water level [30,31].

Subsequently, one analyzed biophysical and socioeconomic impacts according to the
following aspects:

(1) Percentage of classes of land use and occupation, inserted in the intersection area.
(2) Population and number of households, inserted in the intersection area.

However, regarding these items, one observed that several census tracts intersected by
the vectorized altimetric contour lines, reducing the quantitative accuracy. In virtue of this,
the performed calculation considered the proportion between the areas of the shapefile
corresponding to each scenario and the total areas of the census tracts, including those fully
contained in the altimetric range and those intercepted by each altimetric contour line;

(3) Possible economic impacts, considering the households eventually affected. For this
purpose, the parameter “market value”—the average value of real estate, per Admin-
istrative Region, related to the real estate market—was used. In this case, the websites
of specialized companies such as OLX [33] and Free Market [34] were researched.
Approximately 10,000 advertisements from each company, regarding the ten most
representative neighborhoods, were analyzed, considering advertisements found
concomitantly in both databases. A 5% sample criterion was adopted, which allowed
the selection of the 20th, 40th, 60th, 80th, 100th... advertisements, etc., extracting the
average market value per neighborhood. In situations of incoherent advertisements,
the first subsequent advertisement was selected. The average value of the properties



Coasts 2023, 3 214

was calculated as the simple average of the neighborhoods analyzed in each Admin-
istrative Region, considering the altimetric range. Finally, the obtained values were
multiplied by the number of households.

(4) Survey of other significant environmental impacts of MSL rise, through primary bibli-
ographic sources, such as the Orla Project [23], including mangroves, shell midden,
fishermen’s colonies, shipping stations, ship repair and building companies, land
reclamation areas, higher education institution, etc.

(5) Finally, one presents proposals to adapt or mitigate the possible impacts caused by
the increase in the average sea level for each segment analyzed, according to the
results found.

4. Results
4.1. Sea Level in Conditions of HAT: Elevation of 1.20 m

In conditions of 1.20 m water level, due to the HAT in the scenario of 0.5 m MSL
rise, the most significantly affected classes will be: “vegetation cover”, with 1,720,889 m2

of flooded areas, which correspond to about 71% of floods, 9.62% of the vegetated area
of the administrative regions bathed by the sea and 2.88% of the vegetated areas of the
municipality; “beach”, with 376,127 m2—approximately 15.44% of the flooded areas and
74.36% of the beaches of the municipality; and “urban”, with 181,242 m2—around 7.44%
of the flooded areas, 1.08% of the urbanized areas of the administrative regions bathed
by the sea and 0.41% of the urbanized areas of the municipality—according to the results
illustrated in Figures 3 and 4, graphically represented in Figure 5a and presented in Table 1.
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Figure 3. Illustration of flooded areas for: (i) 1.20 m water level—highest astronomical tide; (ii) 1.80 m
water level—highest astronomical tide associated with the highest storm surge observed in the
studied region. Cartographic reference system: SIRGAS 2000; UTM23S; unit: meter. SOURCE: Based
on data from the City Hall of Niterói [29].
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Figure 4. Illustration of flooded areas for: (i) 1.20 m water level—highest astronomical tide; (ii) 1.80 m
water level—highest astronomical tide associated with the highest storm surge in the Oceanic, in the
municipality of Niterói, state of Rio de Janeiro—Brazil, in a scenario of 0.50 m mean sea level rise.
Cartographic reference system: SIRGAS 2000; UTM23S; unit: meter. SOURCE: Based on data from
the City Hall of Niterói [29].
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Figure 5. Graphical representations of land use and occupation classes in the municipality of Niterói,
state of Rio de Janeiro—Brazil: in “(a)”, in the altimetric range of 1.20 m above the current mean sea
level; in “(b)”, in the altimetric range of 1.80 m above the current mean sea level. SOURCE: City Hall
of Niterói [29].
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Table 1. Land use and occupation, in the altimetric levels of 1.20 m and 1.80 m, in the Planning
Administrative Regions: Northern, Bay Beaches and Oceanic, in the municipality of Niterói, state of
Rio de Janeiro—Brazil.

Class
Municipality

of Niterói (m2)

1.20 m
Altitude

Range (m2)

Region/Range of 1.20 m
Altitude (m2) 1.80 m

Altitude
Range (m2)

Region/Range of 1.80 m
Altitude (m2)

Northern Bay
Beaches Oceanic Northern Bay

Beaches Oceanic

Rocky Outcrop 2,750,846 20,956 0 19,435 1521 52,742 0 33,541 19,201
Agricultural 319,837 0 0 0 0 0 0 0 0
Vegetal cover 59,725,171 1,720,889 0 189,672 1,531,217 2,449,966 85,739 295,189 2,069,037

Industrial 1,502,375 108,648 19,882 88,766 0 657,592 483,012 174,579 0
Military 887,314 14,345 0 6077 8268 118,183 0 54,871 63,311

Disorderly
Occupation 9,270,956 14,428 0 0 14,428 42,116 376 864 40,875

Beach 505,833 376,127 8656 145,222 222,248 396,025 8656 155,303 232,065
Urban 44,307,123 181,242 1216 53,109 126,916 988,984 138,866 164,119 685,998
Total

continental areas 119,269,460 2,436,639 29,755 502,282 1,904,600 4,705,611 716,652 878,468 3,110,490

Body of Water 4,683,083 4,451,861 0 0 4,451,861 4,514,652 1750 3013 4,509,888
Totals 123,952,543 6,888,500 29,755 502,282 6,356,462 9,220,263 718,402 881,482 7,620,378

SOURCE: City Hall of Niterói [29].

In the Northern Region, the most affected class will be “industrial”, with a loss
of 19,882 m2 of area, followed by “beach”, with 8656 m2, and “urban”, with 1216 m2.
Regarding the Bay Beaches Region, the classes “vegetation cover”, “beach”, “industrial”
and “urban”, will be the most affected, with losses of 189,672 m2, 145,222 m2, 88,766 m2 and
53,109 m2, respectively. As for the Oceanic Region, “vegetation cover”, “beach”, “urban”
and “disorderly occupation”, appear as the most affected classes, with flooded areas of
1,531,217 m2, 222,248 m2, 126,916 m2 and 14,428 m2, respectively.

Regarding socioeconomic aspects, as Table 2 presents, the results revealed that about
1565 people, residents of approximately 500 households, may be directly affected by the
rise in marine waters. This result already considers projections of population growth by
2041 and subsequent decline, according to IBGE [35]. The Oceanic Region is the most
impacted, with about 1537 people and 491 households affected. Estimates for the North
and Beaches of the Bay regions are not significant: only 5 households in each region can be
reached by the waters, where approximately 28 people reside.

Table 2. Population, number of households and economic losses related to the possibly affected
households, in the Planning Administrative Regions: Northern, Bay Beaches and Oceanic in the
municipality of Niterói, state of Rio de Janeiro—Brazil, during the HAT in association with the HSS,
which correspond to water levels of 1.20 m and 1.80 m, respectively, in a scenario of an increase in
mean sea level of 0.50 m, as a result of climate changes.

Class
1.20 m

Altitude
Range

Region 1.80 m
Altitude
Range

Region

Northern Bay Beaches Oceanic Northern Bay Beaches Oceanic

Population (unit) 1565 14 14 1537 14,490 2845 2532 9113
Households (unit) 501 5 5 491 4868 948 972 2948

Total market value (R$) 616,972,178 1,734,957 4,360,185 610,877,036 4,801,618,374 286,247,652 847,620,207 3,667,750,515

SOURCE: Brazilian Institute of Geography and Statistics [32], OLX [33], Free Market [34].

In terms of property damage, also shown in Table 2, one estimated losses of R$ 617 million,
considering only residential properties possibly affected by floods, if no adaptation
measure is adopted. The Oceanic Region should be considerably the most impacted,
particularly the area immediately around the Itaipu–Piratininga Lagoon System, with
about R$ 611 million of losses related to flooded homes. In the Bay Beaches Region,
losses could reach approximately R$ 4.4 million and, in the Northern Region, around
R$ 1.7 million.
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4.2. Sea Level in Conditions of HSS Concomitant with HAT: Elevation of 1.80 m

In conditions of 1.80 m water level, which considers the maximum storm surge,
concomitant with high water spring tide, the class most affected area is “vegetation cover”,
with 2,449,966 m2 flooded, corresponding to approximately 52% of the flooded areas,
12.27% of the vegetated areas of the three administrative regions bathed by the sea and
4.10% of the municipality; “urban”, with 988,984 m2—about 21.01% of flooded areas,
5.89% of urbanized areas of the administrative regions bathed by the sea and 2.23% of
the municipality; “industrial”, with 657,592 m2—around 13.97% of flooded areas, 51.02%
of industrial areas of the administrative regions bathed by the sea and 43.77% of the
municipality; and “beach”, with 396,025 m2, which correspond to about 8.40% of floods
and 78.29% of the beach environments of the municipality—as illustrated in Figures 3 and 4,
graphically represented in Figure 5b and arranged in Table 1.

In the Northern Region, the “industrial” classes, with 483,012 m2, “urban”, with
138,866 m2, and “vegetation cover”, with 85,739 m2 of flooded areas, will be the most
representative. In the Bay Beaches Region, “vegetation cover”, “industrial” and “urban”
are the possibly most affected, with areas of 295,189 m2, 174,579 m2 and 164,119 m2,
respectively. And, in the Oceanic Region, the classes “vegetation cover”, with 2,069,037 m2,
“urban”, with 685,998 m2, and “beach”, with 232,065 m2, should be the most impacted.

With regard to socioeconomic aspects, Table 2 reveals that floods may reach approxi-
mately 4868 households in the municipality, where about 14,490 people live, considering
projections of population growth until 2041 and subsequent decline, according to IBGE [35].
In the Northern Region, the water level may reach approximately 948 households and
2845 people. In the Bay Beaches Region, about 972 households and 2532 people. In regard
to the Oceanic Region, one estimated 2948 households and 9113 people were possibly
affected by the maximum elevations in water levels, considering the most severe storm
surges combined with the maximum spring high water tide.

In terms of economic losses, considering the current market values of the households
possibly affected, one estimated that the losses may reach an amount of approximately
R$ 4.80 billion in the municipality if no adaptation measure is adopted. The Oceanic Region
is expected to be the most impacted, with about R$ 3.67 billion in losses, mainly in the area
surrounding the lagoon complex. In the Bay Beaches Region, damages are estimated at
around R$ 848 million and, in the North Region, approximately R$ 286 million.

4.3. Other Environmental Aspects and Possible Impacts

Complementary analyses were performed, in regard to other environmental aspects,
e.g., in the biophysical and socioeconomic spheres, existing in the coastal strip susceptible to
flooding, considering the Waterfront Project of the Municipality of Niterói [23]. In general,
on the coast of the Guanabara Bay macro-region, which is predominantly composed of
sheltered shores, which are tide-dominated areas. In this case, lowlands are more suscep-
tible to floods caused by variations in marine waters, and flooding caused by deficient
rainwater drainage.

In the Northern Administrative Region, especially during the occurrence of maximum
storm surges, in addition to possible impacts on industrial activity, fishing communities liv-
ing near the shores will most likely need adaptation in their facilities. In biophysical terms,
the remnants of mangroves and fragments of beaches will tend to be totally suppressed.

In the Administrative Region Beaches of the Bay, both fishing communities and
waterway transport stations will demand adaptations, due to possible high levels of marine
waters. Beach environments should be almost completely suppressed. In episodes of
flooding, caused by heavy rains, one may expect intensified disturbances and damage to
trade and road transportation.

In regard to the macro-region facing the Atlantic Ocean, on the edge of the Piratininga–
Itaipu Lagoon Complex, the most significant impact refers to mangroves and urban instal-
lations developed very close to the lagoons’ shores, in landfills over wetlands. In the region
facing the ocean, even at maximum storm surges, water levels should remain restricted to
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beach environments. However, the effects of waves, which tend to become increasingly
frequent and intense, can cause severe damage to urban structures and to the restinga
vegetation which occupies the upper beach environments, if no adaptation measure is
taken. The fishing community, as well as the archaeological site, will most likely not be
impacted, since they are located in a sheltered stretch of the Itaipu Beach, at higher levels
than those addressed in this study.

5. Discussion
5.1. Rising Sea Levels and Its Impacts

Considering only a 0.50 m MSL rise, at first, the impacts in the municipality of Niterói
are not very significant. However, when daily and occasional sea level variations—i.e.,
astronomical tides and storm surges—are considered, people, properties and ecosystems
are directly impacted. Rising water levels will also tend to raise groundwater levels,
intensifying flooding generated by storms [16]—which will tend to cause direct or indirect
disruption to the resident populations of lowlands.

The simulations carried out in the municipality of Niterói revealed that, in optimistic
conditions of 0.50 m MSL rise, concomitant with HAT and HSS, the area most impacted
by the floods should be the Oceanic Region, where the class “vegetation cover” may
present losses of 12.06% to 16.30%, especially related to the mangroves surrounding the
Itaipu-Piratininga Lagoon System. In the Northern Region, the “industrial” class should
be the most heavily affected: floods could reach 1.32% to 32.15% of the industrial areas of
the municipality, reflecting a worse situation and giving rise to a demand for adaptation
measures, to avoid further damage to the local economy. In addition, both in the Bay
Beaches Region and in the Oceanic Region, the “beach” class is expected to experience a
reduction from 72.74% to 76.67%—which tends to increase the degree of vulnerability of
adjacent urban areas during adverse weather events, which also reflects on recreational
and tourism activities.

It must be emphasized that, usually, the degree of vulnerability of human populations
is positively evaluated according to the number of natural barriers, represented mainly by
dunes, restingas and mangroves: the more expressive these formations are, the lower the
vulnerabilities and risks for adjacent urban areas, as addressed by several studies [18,36–40].
In fact, from an immediate or short-term perspective, this role of natural barriers is undeni-
able [41]. However, in a medium/long-term perspective, with the reduction or suppression
of these ecosystems, economically vulnerable human populations will tend to suffer more
intensely the effects of adversities caused by rising levels of ocean waters [42–46].

As for residential sectors, including the classes “urban” and “disorderly occupation”,
in occasions of HAT in association with HSS, one estimated, respectively, about 0.36%
and 1.92% of flooded areas, which comprise 0.20 km2 and 1.03 km2. There are approxi-
mately between 500 and 4868 households in these areas, corresponding to about 1565 and
14,490 residents. In the Oceanic Region, particularly, floods are expected to cover between
0.14 km2 and 0.73 km2, reaching about 490 to 2950 households and 1500 to 9100 residents.

The northern sector around the Piratininga Lagoon is the most sensitive area: in
this segment, there are disordered occupations comprising five census tracts, in land
reclamation areas, in which the native vegetation was largely degraded, thus reducing
natural protection. Economically, the situation is even more critical: per capita income in the
community is approximately R$ 190.00/month—far below the municipal average, which is
about R$ 909.00 monthly—a fact that may require interference from the government, due to
adversities during possible flood episodes. If no other efficient measures are implemented,
more than 1900 people may need relocation.

Thus, it is evident the importance of GIS techniques, which allow considerable precise
calculation of possible future impacts resulting from the increase in the level of marine
waters, in order to provide decision-makers with satisfactory parameters, which may allow
the adoption of the most appropriate measures. Several authors used similar techniques in
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the quantification of these possible impacts—each with its particularities, considering the
different territorial and geomorphological dimensions [14–17], among others.

Zhang et al. [15], in scenarios of MSL elevation of 1.20 m and 1.80 m, in the region of
the Upper Florida Keys—USA, estimated that the total flood areas may be in the order of
119 km2 and 133 km2, where 15,933 and 21,768 people live, respectively, and, in the Lower
Florida Keys region, there may be 176 km2 and 185 km2 of flooded areas, where 32,154
and 38,794 people live, respectively. Murali & Kumar [16], in simulations referring to the
city of Cochin—Kerala State, southwestern India—estimated that the total areas reached,
in scenarios of 1 m and 2 m elevation of sea level, would be 169.11 km2 and 598.83 km2,
comprising urban areas of 43 km2 and 187 km2, respectively. And, in the analyses carried
out by Al-Awadhi et al. [17], in Dhofar—Oman, in simulations of rising waters from 0.2 m
to 5 m, there were floods in built areas in the order of 0.16 km2 to 1.20 km2.

In regard to possible economic losses at the global level, Hallegatte et al. [12] estimated
that flood losses, considering the rise in sea level and subsidence, could reach approximately
US$ 60–63 billion (around R$ 336–353 billion) in 2050. In Florida, where coastal areas are
densely populated, the National Park Service report estimated, for a 1 m elevation scenario,
about $40 billion (about $224.5 billion) in infrastructure exposed to possible impacts [13].

In Brazil, Marengo et al. [14], in studies conducted in the SE and NW regions of the
municipality of Santos—state of São Paulo—in a possible scenario of an increase of 0.45 m in
the NMM, estimated damages of approximately US$ 400 million (about R$ 2.24 billion) if no
adaptation measure is adopted. In this case, the authors considered, more comprehensively,
the economic damage related to all urban structures, differently from the present study, in
which only the damage caused to residential properties was considered.

5.2. Coastal Zone in Niterói and Brazil—Legal Aspects

The rules of use and occupation of the Brazilian coastal zone are defined through the
National Coastal Management Plan and its regulations. Among the instruments provided
for this purpose, there are the “Macrodiagnosis of the Coastal and Marine Zone”—MDZCM
and the “Coastal Ecological-Economic Zoning”—ZEEC. The first, which gathers informa-
tion on a national scale, on the physical-natural and socioeconomic characteristics of the
coastal zone, aims to guide actions for preservation, conservation, regulation and supervi-
sion of natural and cultural heritage, through the generation of flood risk indexes, social risk
and technological risk, in addition to the identification of coastal and marine areas priority
for biodiversity conservation. The second refers to the orientation of the territorial planning
process, necessary to obtain the sustainable conditions for the development of the coastal
zone, in line with the guidelines of the National Ecological-Economic Zoning, which acts as
a mechanism to support monitoring, licensing, supervision and management actions [47].

However, in 2019, the Brazilian Federal Government authorized, through a specific
law, the transfer to municipalities of the management of the sea, estuarine, lake and federal
river beaches, including areas of common-use goods with economic exploitation, such as
the boardwalk, squares and public parks (except bodies of water, considered essential areas
for national defense, areas reserved for the use of organs and federal entities, areas for
exploitation of public services of under competence of the Federal Government and areas
of federal conservation units) [48]. In this sense, the Municipal Government, in medium
and large cities, was responsible for elaborating and implementing an Intervention Plan of
the Maritime Waterfront—Project Orla, articulated with the Municipal Master Plan, for the
tracks adjacent to rivers and seas, as a way of detailing the ZEEC [49].

In Niterói, in addition to the Orla Project, launched in 2011, the Municipal Master
Plan added an Environmental Policy in 2019, which included a System for Adaptation
to Climate Change, combining mitigation and adaptation strategies, also considering the
implementation of actions and efforts regarding raising sea levels and assessing the impacts
of vulnerabilities with respect to climate change. This plan considers people, sites and
ecosystems in vulnerable conditions [22], in line with the National Policy on Climate
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Change (PNMC), in which integration actions are advocated at the national, state and
municipal levels, by public and private entities, in the context of climate change [50].

It should be emphasized, however, that public plans, despite containing political
projections focused on mitigation and adaption to the effects of climate change, in practice,
the short-term goal is usually the reduction of greenhouse gas emissions. Public policies
focused on possible impacts are still incipient, due to uncertainties related to both the
warming of the atmosphere and the consequent increase in the level of ocean waters.

6. Adaptation Proposals

In view of the possible impacts arising from the rise in sea levels, coastal protection
methods should inevitably be implemented, from the most traditional ones, such as beach
walls, spores, breakwaters, artificial beach nourishment, etc., to the less traditional ones,
normally used in sheltered environments and which can be adopted sufficiently as forms
of mitigation, including gabion walls, polypropylene bags, geotextiles, among others [36].
Table 3 presents a synthesis of the main expected natural and socioeconomic impacts
and their respective mitigation/adaptation proposals, following the precepts of various
bibliographic sources.

Table 3. Possible impacts and adaptation proposals in virtue of mean sea level rise.

Aspects Possible Impacts Control Measures/Possible Solutions Sources
Bibliographic

Biophysical

Erosion

Monitoring. Engineering works: installation of
adherent and/or detached, soft and/or rigid
protective structures, and/or maintenance of

natural systems. e.g.: breakwaters;
beache nourishment, etc.

[18,36–39,51–53]

Inundation

Monitoring. Engineering works: installation of
adherent, soft and/or rigid protective

structures, and/or maintenance of natural
systems. E.g. mangrove maintenance.

Implementation of effective public policies.

[18,36–39,51–55]

Flooding

Improvement of urban drainage systems.
Implementation of mechanisms to increase soil

permeability. Installation of large-scale
water pumping systems.

[38,45]

Loss of natural
coastal protection areas

Ensure the maintenance of natural systems
(wetlands, dunes and beaches). E.g. beach
nourishment. Obs.: urbanization acts as a

limiting factor for the migration
of these systems.

[18,36–40,52]

Socioeconomic

Damage/loss of
urban settlements

Implementation of effective coastal protection
techniques. Monitoring. Elaboration of

appropriate public policies regarding land use.
In extreme cases, relocation of people.

[16,46,55]

Damage/loss of urban structures

Implementation of effective coastal protection
techniques. Monitoring. Elaboration of

appropriate public policies regarding land use.
Projects to adapt urban structures.

[16,45,46,55]

Damage/loss of
transport terminals

Implementation of effective coastal protections.
Projects to adapt the structures of transport

terminals (stations, ports, etc.).
[45]

Damage to coastal
protection structures

Adequate project planning of regarding
dimensioning and materials applied.

Monitoring and maintenance.
[38,51,53]
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Adaptation measures should be integrated with coastal zone management and pre-
ventive planning could reduce future problems [16]. Among the various options, the
interventions proposed must always be compared and evaluated, particularly with respect
to costs, which may cover: planning and engineering, materials, labor, implementation,
management and maintenance [38]. The choice should be technical and socio-political,
addressing which options are desirable, accessible and sustainable in the long term, consid-
ering protection, accommodation and relocation initiatives [56].

With these questions raised, related to the impacts possibly caused by the increase in
water level in the municipality of Niterói, with prospects for the year 2100, also consider-
ing the various control/protection options exposed in Table 3, we suggest the following
adaptation measures, which may be feasible and essential, specifically proposed for each
segment analyzed—objects of this study:

(1) In sheltered or semi-sheltered areas, basically represented by the edge of Guan-
abara Bay and the Itaipu–Piratininga Lagoon System, rigid structures may be necessary in
stretches where no intervention exists, in addition to adaptation measures for the urban
environment due to flooding, such as implementation of large-scale pumping systems for
the removal of rainwater, such as those used in New Orleans—USA [38], mainly during
intense rainfall events, which tend to reduce urban drainage gradients, due to the rise in
the level of the water table [16].

These solutions are not simple, since they cover flood effects in virtue of rising water
levels (containment works) and, additionally, flooding events due to rainwater, especially
during HAT episodes. Thus, there is a need for combined and effective systems—which
require specific studies and continuous monitoring, among other proposals.

(2) In the Oceanic Region, where vulnerability to wave action tends to increase
with rising sea levels, a combination of methods, preceded by careful assessments, can
be suggested as a form of mitigation or adaptation—for example construction of sub-
merged breakwaters—aiming not extensive changes to the environmental dynamics—
concomitantly with artificial sand feeding (beach nourishment) and maintenance of native
vegetation—a proposal that resembles the one offered by Fortunato et al. [36], for the
solution of erosive problems detected on the beach of Hac-Sá, on the island of Coloane,
in Macau.

This type of solution, however, according to Fortunato et al. [36], tends to reduce the
incident wave energy and, reduce erosion of the shoreline and, in the short and medium
term, could cause major changes in the natural dynamics of the beaches. Analyses on
morphodynamic behavior and natural adjustment of beach profiles showed that only
artificial beach nourishment would be the most indicated measure because it presents no
fluctuations in the shoreline and offers more favorable conditions for recreational use. In
addition, it is configured as a non-structural solution of lower costs, which allows the
maintenance of the natural dynamics of the beach.

However, this study provides more detailed evaluations regarding sediment dynamics
in the beach environments of the non-sheltered segment of Niterói, continuous monitoring
and planning/adoption of the most indicated engineering works, with the objective of
reducing impacts on leisure, tourism, urban structures and, consequently, on the local
economy. A “simple” beach nourishment may require greater efforts in terms of moni-
toring and control, considering that extreme weather episodes, whose effects occur in a
short period of time, should become increasingly frequent and intense, in a much more
pronounced dynamic.

An example of engineering work, similar to the proposals presented in this study,
was developed in the 1970s, in Las Teresitas. The construction of an artificial beach in the
municipality of Santa Cruz de Tenerife, Canary Islands—Illustrated in Figure 6—combined
the following methods: a breakwater built 150 m far from the coast, with an extension of
1 km, and beach nourishment, expanding the beach to a width of 80 m [57].

Another example was developed on a beach near Bayahibe, east of Santo Domingo and
LaRomano—Dominican Republic—through the installation of three submerged breakwater
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segments, built using Reef Ball (structures produced in molded concrete), according to
illustrations presented in Figure 7, which provided considerable gain of sand in the beach
strip, between 1999 and 2001 [58].
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Figure 7. Project developed in 1998 on a beach located east of Santo Domingo and LaRomano—
Dominican Republic, through the installation of submerged breakwaters, built using molded concrete
structures. In (a), reef ball unit; in (b), submerged breakwater, built with reef ball units; in (c), beach
strip, before the installation of the breakwater; and, in (d), beach strip, after the installation of the
breakwater. Source: [58].

7. Conclusions

This article aimed to identify the main environmental impacts, in the biophysical and
socioeconomic spheres, expected to occur along the coastal region of the municipality of
Niterói, in virtue of a 0.50 m increase in the mean sea level, which is an optimistic projection
according to the National Oceanic and Atmospheric Administration, for the year 2100,
due to climate changes, most likely caused by GHG emissions of anthropic origin. In
addition, one indicated the best adaptation proposals, following the principles, objectives
and guidelines of the Brazilian National Coastal Management Plan—NCMP (Law No.
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7661/1988) and the National Policy on Climate Change—NPCC (Law No. 12,187/2009),
which aim to preserve, improve and recover the environmental quality conducive to life.

One observed that on the coast of the Guanabara Bay macro-region, which comprises
the Northern Administrative Regions and Bay Beaches, and on the shores of the Piratininga–
Itaipu Lagoon System, at the Oceanic Region, both characterized as tide-dominated en-
vironments, the adjacent areas are more susceptible to flood scenarios in the future. In
the Oceanic Region, specifically in the segment facing the Atlantic Ocean, where wave
dynamics predominate, possible impacts would be more related to increased erosion, which
could cause considerable damage, especially to public structures.

Specifically, both in the Northern Region and in the Bay Beaches Region, tidal varia-
tions would not cause such significant direct impacts. However, it would require continuous
monitoring and adoption of measures, especially due to the intensification of possible flood-
ing caused by rainfall, in virtue of increased groundwater level and consequent reduction
in urban drainage.

In regard to the Oceanic Region, the islands located in the Piratininga–Itaipu Lagoon
System may have the native mangrove vegetation suppressed, due to rising sea levels,
because there is no migration area, as a result of the increased urbanization in the adjacent
areas. On the Atlantic Ocean coast, configured as exposed, the remaining resting strips,
which act as a natural protection for urban structures, are also susceptible to rising waters
and also tend to be suppressed. The Piratininga neighborhood was the most possibly
impacted, in both flood scenarios, due to urban concentration in low-lying lands.

The results observed around the Piratininga–Itaipu Lagoon System may be seen as
a pessimistic scenario, once the tidal range inside lagoons tends to be smaller than what
is observed in the ocean, in virtue of the energy loss which occurs in the hydraulic flow
through tidal inlets, caused by bed shear stress. Detailed studies in this regard may be
performed in the future, applying numerical modeling and field data collection.

Despite the range of information raised in this study, other issues, such as coastal
erosion, possible damage to urban infrastructure, saline intrusion, migratory movements
of the population and flooding in episodes of intense rainfall, due to the reduction in soil
absorption capacity, may be subject of future studies, in order to provide other elements to
help in the planning and management by the Municipal Government of Niterói.
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