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Abstract. This study assessed the risks and impacts of rising average sea levels on Brazil's semi-arid coastline in a low-lying
coastal area with limited response potential, using freely available data and based on the central hypothesis that, even in
conservative scenarios, there will be risks with significant impacts. The methodology integrated DEM calibration, geodetic
validation of tide gauge data, flood modeling, and overlay with real estate grids to quantify damage. The results showed relative
stability of astronomical tides, with projected extremes of up to 2.975 m and 3.454 m, respectively, for a 20-year return period.
Meteorological tides showed low values (=0.11 m), although with episodic variability. The modeling indicated that up to 14%
of the total area (about 730 km?) could be affected in extreme scenarios, with progressive flooding of solar salt pans and low-
lying urban areas. Cities such as Areia Branca, Macau, and Porto do Mangue are at the highest risk, with a 60—-80% probability
of flooded days in severe scenarios. Economic losses were estimated at approximately R$ 36 million in residences (=US$ 6.7
million) and R$ 158 million in land (*US$ 29 million), with Areia Branca being the most impacted municipality. Towns such
as Barra, Cristovao, and Baixa Grande also experienced significant risks and damage. The findings reinforce the usefulness of
open data for regional risk analysis, even recognizing limitations in spatial resolution and vertical uncertainties. The
methodology proved promising, replicable, and useful for supporting adaptive policies in regions with low institutional

technical capacity.

1 Introduction

Climate change is increasingly becoming a global emergency, with coastal areas serving as a confluence of highly energetic
processes, making them focal areas for impact studies and adaptive planning (Rouse et al., 2016; Powell et al., 2018; Hinkel
et al., 2018; Becker et al., 2023; Cabana et al., 2023). The consequences of climate change have several dimensions, such as
changes in terrestrial thermal patterns, changes and fluctuations in rainfall distribution, systematic imbalance in the trophic

regime of coastal ecosystems, intensification of socio-spatial inequalities, recurrence and increased intensity of extreme events,
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and rising average sea levels, which are the main global manifestations predicted by climate change (Arnell et al., 2019;
Gonzalez-Trujillo et al., 2023).

The mean sea level rise (MSLR), one of the most direct and significant consequences of the predicted changes, primarily
threatens low-lying coastal environments through flooding and subsequent erosion (Le Cozannet et al., 2014; IPCC, 2022;
Scardino et al., 2022). Furthermore, recent projections indicate that even conservative scenarios could result in significant
losses of territory in areas that are already vulnerable from both an environmental and social perspective (Almaliki et al. 2023;
Lépez-Doriga and Jiménez, 2020). Such impacts compromise not only environmental integrity but also the socioeconomic
security of coastal cities and populations (Aratjo et al., 2021).

Developed coastal countries have increasingly implemented robust real-time monitoring and modeling systems, while many
naturally vulnerable regions, especially in the Global South, remain unengaged in risk assessments, mainly due to data scarcity
and limited institutional and financial capacity (Nagy et al., 2019; Moser et al., 2019; Cabana et al., 2023).

Small and medium-sized coastal cities in semi-arid areas often lack the financial and technical resources to implement local
climate adaptation strategies (Boehnke et al., 2019; Fila et al., 2023; Olczak & Hanzl, 2025). In Brazil, the northern coast of
the state of Rio Grande do Norte is an example of this vulnerability. The region is composed of economically fragile
municipalities located in low-lying coastal areas (Aguiar et al., 2019), where tidal dynamics cause recurrent flooding (Araujo
etal., 2021; Aguiar et al., 2019; Rabelo et al., 2023), a highly dangerous combination. The worsening of climate processes and
the consequent rise in sea level may make the intrusion of marine processes a chronic problem, increasing socio-environmental
stress and stress on poor urban infrastructure.

In this scenario, modeling for a regional context emerges as an interesting, viable, and low-cost approach to assess current and
future exposures, provided that the data used are properly validated, geodetically consistent, and considering vertical errors
when associated with global Digital Elevation Models (DEMs) (Muench et al., 2022). without careful validation, there may be
an overestimation of flood-prone areas (Vernimmen & Hooijer, 2023). Although these products have natural limitations in
terms of spatial resolution, their wide availability and scalability make them useful tools in areas with technical and financial
constraints (Ekeu-wei & Blackburn, 2018).

The central scientific question of this study is the construction of regional MSLR projection scenarios for the Brazilian Semi-
Arid Coast (BSC), using open or low-cost aggregated data and mechanisms already implemented by the Brazilian Government
to project scenarios from various sources, with the aim of identifying potentially impacted areas along the coastline. The
starting point is the hypothesis that, even under the most conservative scenarios, there will be impacts on homes and land in
various municipalities, creating endemic risk zones with high financial damage to major cities and other regions.

The study strategically sought to provide initial, yet applicable, input for regional and municipal flood management by fulfilling
the following objectives: (I) mapping areas susceptible to tidal flooding under the current regime; (II) analyzing the frequency
of flooding using historical data series; (III) analyzing multiple MSLR projections and their frequencies; (IV) assessing risk
areas throughout the study area; (V) analyzing the impacts of risk areas, adopting as the study area the mouths of the Piranhas-

Acu and Apodi-Mossoro rivers on the Brazilian Semi-Arid Coast.
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Considering the high costs and low availability of detailed geospatial surveys, the proposed framework aimed to provide a
holistic and integrated study with open data, designed using probabilistic logic based on abduction, which allowed for the
preliminary identification of climate risks in the area, systematically updating previous projective studies (e.g.: Araujo et al.,
2021; Aguiar et al., 2019; Santos et al., 2024). In addition, it established a general understanding and a starting point for the
future development of high-resolution modeling for regional scenarios.

This study builds on the existing literature by proposing an integrated methodological framework specifically tailored to coastal
regions with limited data availability in the Global South. Based on the use of open data and probabilistic logic, it combines
the multi-criteria calibration of freely available DEMs with local geodetic validation, the systematic application of the bathtub
technique under multiple sea-level rise scenarios, and the incorporation of real estate grids as proxies for economic exposure.
This structured and replicable approach allows not only for improved physical risk assessment but also for the spatial
quantification of potential financial impacts, representing a practical and scalable contribution to coastal risk analysis in regions

with limited technical and institutional capacity.

2 Study Area

The study area is located in the Costa Branca region, on the northern coast of the state of Rio Grande do Norte, a region
characterized by a semi-arid hydrological framework, with salinized plains and low slopes (Diniz & Oliveira, 2016). Rainfall
is concentrated in a few months of the year, mainly at the end of summer and beginning of autumn, alternating between years
with rainfall above 800 mm and prolonged droughts (Medeiros et al., 2022; Kelly & Lucio, 2014).

The spatial area covers approximately 10,600 km?, stretching along approximately 142 km of coastline, encompassing the
estuaries of the Piranhas-Acu and Apodi-Mossoro rivers. The area partially includes the boundaries of the municipalities of
Grossos, Tibau, Areia Branca, Porto do Mangue, and Macau (Figure 1), as well as villages near the coast. The municipalities
in question have economic limitations and some are highly economically vulnerable, as verified by Macedo et al. (2025).

The area has a semi-diurnal mesotidal regime, with an average amplitude of around 2.66 m, reaching up to 2.85 m during
periods of more intense tides, such as in spring (Vital, 2009). The astronomical aspect is the controlling vector of the region's
hydraulic dynamics, directly influencing coastal morphodynamics and depositing several sandbanks. In addition, the sector is
influenced by waves from the northeast and east, with heights varying between 10 and 80 cm and average periods between 4
and 8 seconds (Vital et al., 2011; Barbosa et al., 2018).

The predominant land use is characterized by the production of sea salt in several evaporation ponds, which is the main
economic activity in the region (Diniz et al., 2015). The production process takes advantage of the flat environment of the
hypersaline plains, high rates of potential evapotranspiration, and semi-arid hydroclimatic regime to produce sea salt (Diniz et
al., 2017), making it the largest salt producer in Brazil.

The area is located in a low-lying coastal region (Eduardo et al., 2025), which is naturally vulnerable to flooding (Souza et al.,

2021), a recurring phenomenon that has been documented in several publications (Aguiar et al., 2019; Araujo et al., 2021;
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Rabelo et al., 2023; Silva et al., 2024). Low-lying coasts represent only about 2% of the world's coastlines (Nicholls et al.,
2007), which makes the study area highly rare and exceptional. Due to their exceptional nature, these areas are frequently
studied in international studies that seek to analyze the risks associated with this condition (Nicholls et al. 2007; Marfai &
King, 2007; Dwarakish et al., 2009; Nicholls and Cazenave, 2010; Darsan et al., 2013; Boori et al., 2012; Busman et al., 2016;
Stephens et al., 2021; Su et al., 2024), which makes the present study feasible and appropriate.
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Figure 1: Study Area, with emphasis on the main urban centres in the area under analysis, the proximity to waterways is notable.
Map created using data from the IBGE (2023) and a base map from Bing Maps (© Microsoft).

3 Material and methods

This study used the concept of risk as its central matrix, understood as the function between hazard and vulnerability (Kron,
2005; Wisner et al., 2012) (Eq.1), articulating physical, environmental, and social dimensions of the analyzed territory. Risk
in this perspective is understood as a socio-environmental construct, influenced by both natural factors and social and territorial
inequalities (Blaikie et al., 1994; Smith, 2001; Turner et al., 2003). The study area in this condition is understood as a region
exposed to climate hazards due to its condition of human occupation (McGranahan et al., 2007; Vousdoukas et al., 2018). The

operationalization of the concepts guided the methodological discussions.

Risk = Hazard x Vulnerability, (D



In this study, risk was defined as the spatial combination of flood hazard and vulnerability, as shown in Eq. 1. Hazard was
115 defined based on an extreme hydrodynamic scenario, including the projected MSLR, extreme astronomical tide, extreme

meteorological tide, and the vertical uncertainty of the DEM (RMSE), incorporated as a conservative margin in the delineation

of potentially flood-prone areas. Vulnerability was estimated based on land use and land cover classification, with relative

susceptibility levels assigned to different classes, representing the physical response of land use to flooding.

Although not explicitly included as a multiplicative term in Eq. 1, exposure was considered in the spatial stage of the analysis
120  through the intersection between the potentially flood-prone areas and the urban property grid, allowing for the identification

of assets located in hazard zones.

The methodology employed was designed in five main stages: (A) data collection; (B) data processing and validation; (C) data

analysis and modeling; (D) tidal flood risk mapping; and (E) final analysis, including a discussion of the tidal flood risk map

and identification of impacts (Figure 1). The stages and their sequence were designed with a view to achieving the objectives

125 and resolving scientific issues.
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Figure 2: Flowchart of the methodological structure and the relationships among input data, processing steps,
intermediate results, and final outputs. The arrows indicate the flow of data and information.
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3.1 Data collection (A)

Data collection began with a systematic literature review on climate change MSLR, and coastal risk modeling, aiming to

establish the theoretical and methodological framework of the study. Subsequently, the datasets required for the construction

of the risk model were compiled, including altimetric, oceanographic, climatic, environmental, and urban information.

The dataset comprises: freely available digital elevation models; geodetic control points; historical data of astronomical and

meteorological tides; MSLR projections at global, intermediate, and local scales; land use and land cover data; and urban

cadastral information. Table 1 summarizes the main characteristics, sources, and applications of each dataset. The main spatial

data can be visualized in the Figure 3.

Context Spatial Temporal Reference Application in . .
Inputs Data Source resolution scale system Data type the study Collection point
Digital Altimetric base,
Elevation data . . . gt flood-prone area
Copernicus DEM 1 30m Static (2021) Normal height Elevation . . Study area
(DEM) Model delineation,
RMSE estimation
. 2 . . .
Open Geodetic . . . Geodetic DEM altimetric
Geodetic Database z Point-based Static (2025) Normal height control points calibration
control points Study area
(GCPs) Supplementary . . . Geodetic Refinement of
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Projection Global mean Global Sea- Vertical Point sampling:
Global Projection I 9 Global (2J1 00) sea level level rise increments for Lat: 3°38'03.81"S
projections future scenarios Long: 36°54'29.24"W
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Global Projection 1T 10 Global (2100) Rate  Mean sea level jf‘l:ll;‘f G"’E‘S‘l st:r'lfve' Lat: 4°32'00.21"S
MSLR (1992-2024) y Long: 36°54'12.38"W
Projections . Projection Intermediate . } Point sampling:
lrgf;%fg;ﬁe 11 Intermediate (2100) Rate Mean sea level ~ Sea-level rise l?;i;?:g{:s;? Lat: 4°35'12.72"S
) (1940-2008) projections Long: 36°49'56.14"W
Projection Local Sea- Local sea-level Port of Mucuripe:
Local Projection 12 Point-based (2100) Rate Mean sea level level rise sise trend Lat: 3°1521.77"S
(2008-2020) projections Long: 38°52'07.05"W
Land Use Land Use 13 30m Static (2025)  SIRGAS 2000  -anduseand - Vulnerability Study arca
14 land cover assessment
Urban Exposure analysis
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Table 1: Datasets used in the study and their main methodological characteristics. Data source list: 1 — European Space Agency
(ESA, 2021); 2 — Brazilian Geodetic Database (BGD, 2025); 3 - REDEGEO (2025); 4 — Soares & Amaro (2011); 5 — Field Sampling
GNSS RTK (CHCNAY 190); 6 — Brazilian Navy Directorate of Hydrography and Navigation (DHN, 2025); 7 — Yang et al. (2025);
8 — Sistema de Modelagem Costeira (SMC-Brasil, 2025); 9 — Sixth Assessment Report (AR6) of the Intergovernmental Panel on
Climate Change (IPCC, 2022); 10 — Copernicus Climate Change Service (C3S, 2025); 11 — Silva et al. (2025); 12 — Permanent Tide
Gauge Network for Geodesy (RMPG/IBGE, 2025); 13 — MapBiomas (2025); 14 — Souza et al. (2020); 15 — Geoprocessing and Physical
Geography Laboratory at the Federal University of Rio Grande do Norte (GPGL, 2025).
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Figure 3: List of spatial data. A — Digital elevation model used; B — Geodetic control points used; C — Original land use and land
cover data used; D — Urban cadastral data used, with some areas shown at different scales in certain urban areas.

It is worth noting that this study incorporated projections of average sea-level rise at different spatial scales: global (AR6/IPCC
and C3S trends), intermediate (SMC-Brasil trends), and local (RMPG trends). These projections were applied as vertical
increments in the definition of flood levels, enabling a comparison of the scenarios projected for 2100 and an assessment of

the hazards associated with different probabilistic scenarios, considering the degree of uncertainty in the projections.

3.2 Data processing and validation (B)

During data processing, COPDEM was calibrated by comparing elevation values with GCPs, yielding the mean error, the

RMSE, and a linear regression-based fit equation, similar to the method used by Araujo et al. (2018). The application of the

7
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calibration equation (Eq. 02) improved the DEM’s accuracy, reducing the mean error by 4% and resulting in an RMSE of
0.612 m, considered satisfactory for a global DEM. The error distribution by elevation classes showed consistent behavior,
with a standard deviation of 0.363 m and better performance below 20 m in elevation, where the maximum RMSE reached

0.30 m.
Calibration Equation = 0.2041 + (DEM = 0.9939), (2)

In the calibration equation, 0.2041 represents the linear coefficient associated with the fixed adjustment, DEM corresponds to
the original elevation from the Digital Elevation Model, and 0.9939 represents the slope coefficient responsible for the
correction factor applied to the DEM value.

Subsequently, the reduction level (RL) was adjusted to the Brazilian Geodetic System (BGS) to ensure consistency between
the astronomical tide data and the geodetic reference system adopted in the study, since tide gauge measurements follow
reference planes specific to the DHN. This adjustment was performed using validated reference points, geodetically linked to
SIRGAS2000 and positioned near the tide gauges.

In Macau, the reference derived by Aratjo et al. (2021) was used, based on GNSS surveys of the RN-2 (DHN) near the Port
of Macau. In Areia Branca, the IBGE Level Reference (code LR 2404X) was adopted, linked to RN-3 (DHN) near the Port of
Areia Branca and previously used by Aguiar et al. (2019). These references allowed for the calculation of RL elevations relative

to the geodetic plane, as illustrated in Figure 4, to Macau (Eq. 3) and Areia Branca (Eq. 4).
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Figure 4: Schematic representation of the tide gauge stations with the validated elevations and reference coordinates. A - Ruler
associated with the Port of Macau; B - Ruler for the Port of Areia Branca. It can be seen that despite the unevenness, the reduction
levels are close. Prepared by the authors using data from DHN (2025).

These reduction factors were essential for correcting the maximum values of the astronomical tides, allowing the tidal

elevations to be adjusted to the geodetic reference plane adopted in the study.

Hm (RL) = H(LRm) — 4.046 m = 3.0589 m — 4.046 m = —1.1129 m, 3)
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Hab (RL) = H(LRab) — 4996 m = 3.6428 m — 4.996 m = —1.3532m, 4

Equations 3 and 4 convert the validated level-reference elevations to the reduction level (RL). Here, Hm(RL) and Hab(RL)
represent the RL elevations for Macau and Areia Branca, H(LRm) and H(LRab) are the respective geodetic reference
elevations, and 4.046 m and 4.996 m are the vertical offsets applied to obtain the RL.

Land use and land cover data from MapBiomas (2025) were cross validated to correct classification errors in the study area,
particularly confusion between urban areas, water bodies, and salt flats. A 1 km x 1 km inspection grid was applied, resulting
in the correction of more than 80,000 incorrectly classified pixels.

Urban data were processed to estimate land value per square meter through the systematic collection of real estate listings
using web scraping techniques. More than 1,000 listings from the 2023-2025 period were compiled, following approaches
similar to those proposed by Jach (2021), Bricongne et al. (2022), and Harten et al. (2020). In remote communities without
market references, values were estimated through spatial interpolation with nearby areas, allowing for the construction of real

estate benchmarks used in the analysis.

3.3 Data analysis and modeling (C)

The tide analysis employed statistical methods applied to time series to characterize astronomical and meteorological
influences and identify extreme patterns for flood level definition. Total tide was considered as the sum of astronomical (AT)
and meteorological tides (MT), which were analyzed independently to allow more realistic projections. Hourly AT and MT
series were processed to extract daily and annual maxima, followed by the application of descriptive statistics, the Mann-
Kendall trend test (Mann, 1945; Kendall, 1975), and the Morlet wavelet transform (Morlet et al., 1982), enabling the detection
of monotonic trends and cyclical variability.

Extreme value analysis was performed using the Generalized Extreme Value distribution to estimate non-exceedance
probabilities and the Gumbel distribution to obtain water levels associated with different return periods. The 20-year return
period (RP20) was adopted as a reference for integration with MSLR scenarios, incorporating natural variability into future
projections.

MSLR modeling followed two complementary principles: event frequency, based on the recurrence of average annual floods,
and total flooding, based on the maximum potential event, both addressing uncertainties in flood occurrence.

The study area was divided into two modeling domains, Macau and Areia Branca, based on the availability of tide gauges and
the interpretation of the predominance of marine processes proposed by Silva et al. (2025). The division into sectors considered
the change in hydraulic transport dynamics west of the village of Ponta do Mel, in Areia Branca, using this point as the
boundary between the domains.

Flood modeling was performed using the “bathtub” approach (passive model), which simulates the expansion of the water
surface over the DEM in a GIS environment. This method was selected due to the regional scale of the analysis, the lack of

high-resolution bathymetric data, and its applicability in contexts with limited data. In this study, it was applied as a screening
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tool to identify areas potentially prone to flooding and not as a substitute for physics-based hydrodynamic modeling. Its
limitations, particularly the omission of hydrodynamic processes and the potential overestimation of flood extent, are
acknowledged, as is the lack of simulation of hydraulic flow, connectivity between flood-prone areas, and energy dissipation
(Yunus et al., 2016; Anderson et al., 2018; Gesch, 2018; Williams & Liick-Vogel, 2020; Terres de Lima et al., 2021; Shen et
al., 2022; Juhasz et al., 2023; Croteau et al., 2023; Sanders et al., 2024; Huang & Merwade, 2023; Kasmalkar et al., 2024;
Pasquier et al., 2026).

Despite these limitations, the method remains a rapid and low-cost approach suitable for regional-scale screening, particularly
in tidal coastal settings.

Frequency modeling followed a procedure analogous to Kaden’s (2022) flooding sector schematization, compartmentalizing
the DEM into elevation levels and estimating flood frequency (Eq. 5) using the following variables: daily total tide maximums
(AT + MT), MSLR projections, and the RMSE. These components were applied to the calibrate DEM by adding the water
column to the terrain, thereby enabling the estimation of flood recurrence for each elevation band.

The total flooding scenarios were developed based on the work of Aratjo et al. (2021) and Aguiar et al. (2019), using a
multivariate weighting (Eq. 6) with the following variables: DEM, model RMSE, MSLR projections, and extreme values of
AT and MT (RP20). Adding these values to the calibrated DEM allows for an integrated assessment of coastal dynamics and

a preliminary identification of flood-related impacts.
Flood frequency = ATMaxdaily 4 pTMaxdaily 4 projection + RMSE, %)
Total Flood = ATRP2° + MTRP20 4 projection + RMSE, (6)

In Equations 5 and 6, AT and MT represent, respectively, the daily maximum in Eq. 5 and the values projected for the 20-year
return period (RP20) in Eq. 6. RMSE represents the root mean square error of the model’s elevation values. The variable
projection corresponds to MSLR projections, considering different scenarios: local, using RMPG values; intermediate, using
the SMC-Brasil Trend; global, using the SLA Trend (C3S); and global, IPCC rate, using the SSP1-1.9, SSP1-2.6, SSP2-4.5,
SSP3-7.0, and SSP5-8.5 scenarios. Each level was delineated on the DEM by sectorizing its zones.

3.5 Tidal flood risk mapping (V)

The risk map was constructed based on a probabilistic quantitative risk approach, defined by the relationship between hazard
(destructive potential) and physical vulnerability (degree of environmental loss). The hazard was classified based on total flood
modeling (Eq. 6) in the different projected scenarios, segmented into five classes (1 to 5), from extremely low to extremely
high (Table 2). Physical vulnerability was defined based on validated land use, grouped into six vulnerability units (0 to 5),
ranging from “no vulnerability” to “extremely high”.

The risk calculation procedures were performed in a GIS environment using raster algebra. The raster layers classified for

vulnerability and hazard were assigned values according to Table 2. The weighted combination of these variables resulted in
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a tidal flood risk map, organized into five classes (1 to 25). Based on this, the practical implications associated with the defined
245  risk thresholds were discussed.

Finally, the data were visualized by spatially overlaying the risk map with the region’s exposed real estate grid. This process

made it possible to identify properties located in high-risk areas, quantify the potential financial impacts, and calculate the

estimated losses per square meter, based on the compiled market values of properties in each sector analyzed.

Vulnerability Map Hazard Map
Categories of Use Value Class Name Projected Scenarios Value Class Name
Urban Area 5 Extremely High  Present 5 Extremely High
Aquaculture 4 High SMC-Brasil Trend 4 High
Pasture 3 Moderate RMPG IBGE 3 Moderate
Mosaic of Uses 3 Moderate SLA 3 Moderate
Other Temporary Crops 3 Moderate IPCC SSP1-1.9 3 Moderate
Other Perennial Crops 3 Moderate IPCC SSP1-2.6 3 Moderate
Forest Formation 2 Low IPCC SSP2-4.5 2 Low
Savanna Formation 2 Low IPCC SSP3-7.0 2 Low
Mangrove 2 Low IPCC SSP5-8.5. 1 Etremely Low
Grassland 2 Low Risk Map
Hypersaline Tidal Flat 2 Low Risk Range
Beach, Dune and Sand Spot 1 Extremely Low Extremely high 20 to 25
Other Non Vegetated Areas 1 Extremely Low High 15 to 20
Herbaceous Sandbank Vegetation 1 Extremely Low Moderate 10to 15
River, Lake 0 No Vulnerability Low 5to 10
Ocean 0 No Vulnerability Extremely low 1to5
250 Table 2: Set of classes and assigned values of hazard, vulnerability and risk.
4 Results

The presentation of the results was organized to reflect the methodological logic and meet the study's objectives, ensuring a
sequential and coherent reading of the findings. Initially, statistical analyses of historical tide series are shown, focusing on
trends and extreme patterns. Next, the projected MSLR scenarios are presented, both in terms of frequency and total flooding.
255 Finally, the flood risk map and its resulting impacts are discussed, allowing for a spatial reading of the associated risks and

their implications.

4.1 Statistical analysis of tide gauge data

Statistical analysis of data from Macau and Areia Branca provided a clear and robust understanding and characterization of

some of the coastal processes in the region, as revealed by statistical data and interpretations, distinguishing between
260 astronomical and non-astronomical processes in the context of the two estuaries.

The ATs of Macau (ATM) varied between 2.82 and 2.94 m (Table 3), with an average of 2.90 m and low dispersion (St. Dev

=0.031), indicating stability over time, with more sporadic maximums. In Areia Branca (ATAB), the values ranged from 3.19
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to 3.40 m, with an average of 3.33 m, reflecting greater astronomical amplitude in the western sector, including more recurrent
maximums. For MT, the maximum values were 0.14 m in Macau (MTM) and 0.11 m in Areia Branca (MTAB), confirming
the low magnitude typical of this forcing in the Brazilian semiarid region, in addition to its episodic and irregular behavior,
characteristic of this process in the tropics.

The Mann—Kendall test revealed no significant trends in almost all series, indicating a pattern of stability, except for MTAB
(p = 0.042; Tau = —0.154), which showed a statistically significant downward trend. This result may indicate a gradual
reduction in local meteorological influence, possibly associated with large-scale atmospheric modulation and/or limitations in

data reconstruction, an important aspect to be discussed in methodological terms.

Descriptive Statistics

Data Min (m) Max (m) Med (m) Mean (m) St.Dev(m) Var (m) Range (m)
ATM 2.820 2.940 2.900 2.894 0.031 0.001 0.120
ATAB 3.190 3.400 3.330 3.318 0.052 0.003 0.210
MTM 0.032 0.141 0.070 0.070 0.018 0.000 0.109
MTAB 0.040 0.112 0.072 0.073 0.016 0.000 0.072

Mann-Kendall test

Data Trend Significant (h) p-value Z-Score Tau Var (S) S
ATM no trend False 0.432 -0.786 -0.057 73491.333 -214
ATAB no trend False 0.730 -0.346 -0.025 73914.333 -95
MTM no trend False 0.935 -0.082 -0.006 60042.333 221
MTAB decreasing True 0.042 -2.032 -0.154 60042.333 -498
Table 3: Descriptive statistics and Mann—Kendall test results for astronomical and meteorological tide series in Macau and Areia

Branca.

Inspection of the complete time series between 1940 and 2025 shows relative stability in AT and greater dispersion in MT,
especially in Macau (Figure 5). The histograms confirm the concentration of values around the calculated means, while the
non-exceedance probability (NEP) curves indicate percentages up to 95% below the mean, reinforcing that extreme events are
rare but of high magnitude when compared to the maximum values obtained.

The expected maximums for the 20-year return period (RP20) were reasonably above the maximums of the time series. For
ATM, a maximum tide of 2,975 m is expected, while for ATAB, values of 3,454 m are expected. The expected values are
close to those obtained in similar studies in the same area, such as those conducted by Aragjo et al. (2021) and Aguiar et al.
(2019).

The non-astronomical effects presented quotations associated with RP20 of 0.110 m for Macau (MTM) and 0.109 m for Areia
Branca (MTAB). These values are close to the 10 cm threshold already reported by Frota et al. (2016), Rodriguez et al. (2016),
and Melo Filho (2017) in studies on meteorological tides in Brazil and nearby regions. This convergence reinforces the
methodological consistency of this work, highlighting results that are in line with the literature and supported by previous
empirical bases.

The Morlet wavelet transform applied to the series of annual maximum quotas (Figure 6) revealed contrasting patterns between

Macau and Areia Branca. In the ATs, it showed persistent energy on decadal scales (=10 to 20 years), with low interannuality.
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In Areia Branca, the energy is predominantly short interannual (=3 to 6 years) and less pronounced in the long periodicity
bands. In a joint analysis of the data, the ATM is more susceptible to decadal oscillations that can potentiate extreme events

when combined with atmospheric forcings.
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Figure 5: Time series (A), frequency distributions (B), non-exceedance probability curves (C), and return period estimates (D) of
maximum astronomical and meteorological tides at Macau and Areia Branca. Each column in the graphs represents a location and
the type of tide analysed.
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Figure 6: Continuous spectral analysis (Morlet wavelet) applied to maximum tide series. The Cone of Influence (COI) is indicated
by the red line limiting the reliable region of the analysis. The black line indicates the significance level p = 0.05. The vertical axis
(Scale) shows the temporal decomposition: short cycles (2—4 years, high frequency) are concentrated at the top, while long oscillations
(16-32 years, low frequency) are located at the bottom.

In a general analysis, ATs showed persistent energy in interannual and decadal bands, confirming their forced and predictable
nature. Macau has a higher occurrence of energetic extremes in interdecadal cycles, while Areia Branca has more energetic
interannual cycles.

In MTs, the signals are more irregular, without a clear cyclicality. In Macau, the energy is episodic with irregular annual peaks
(=4 to 6 years), with irregular occurrences in =8 to 10 years, but without robustness. In Areia Branca, there is greater persistence
in concerted annual cycles of ~4 to 8 years and significant recurrence close to =20 years, suggesting modulation by regional-
scale climate variability. However, it is important to note that the smoothing nature of the data tends to underrepresent actual
meteorological peaks, smoothing out energy extremes, as stated by the creators of the base data (Yang et al., 2025).

The combination of AT and MT in years of higher interannual/interdecadal energy can combine energies and generate a mixed
effect, intensifying potential extremes. Even though events combining meteorological and astronomical maxima are quite
peculiar.

The AT quotas validated in the BGS, marked by the reduction level quotas (Macau: -1.1129 m; Areia Branca: -1.3532 m),
allowed the RP20 quotas of 1,862 m for Macau and 2,101 m for Areia Branca to be obtained. The values found are slightly
similar to the maximum elevations obtained from the Global Ocean Tides (GOT) and Global Ocean Surge (GOS) data from
SMC-Brazil, found by Silva et al (2025), which estimates a maximum regime close to 2 meters for medial portions of the area.

Obtaining quotas is essential for weighing up the proposed coastal process packages.

3.2 MSLR scenario modeling

The different MSLR scenarios presented virtually similar patterns, varying essentially in the intensity of flooding, which
changes significantly across the multiple scenarios (Figure 7), increasing the potential for stacking of projected daily levels in

low-lying areas, progressively increasing the probability of hazards in the time frame.
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Figure 7: Probability scenarios for flood hazard events obtained through frequency modeling. Each plot represents a modeled
325 scenario, with the natural terrain quadrant representing the baseline scenario used for modeling. The side portion shows a zoom-in
view of only the main urban agglomerations in the study area. Map uses the base map data from Bing Maps (© Microsoft).

In the projected frequency scenarios, the salt flats and their operational structures were considerably affected, with up to 100%
of days flooded in almost all projections, a fact already expected due to the nature of the activity. However, based on SSP1-
1.9, the dikes that surround the ponds (Figure 8) overlap with a 100% probability of continuous flooding, which represents a
330 critical point, since these dikes control the internal water levels of the salt flats and estuaries. The imbalance of these systems
can cause occasional flooding due to hydraulic decompression or even flash floods, processes not represented by the model

but recurring in the region, as reported in local news (Mossor6 Hoje, 2024).
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Urban areas, in turn, showed a low probability of flooding under the current regime, restricted to a few localized features in
the center of Macau and Areia Branca, but quite sporadic. However, in progressively more severe scenarios such as SSP5-8.5,

these sectors will experience probabilities of 60% to 70% of flooded days by 2100 in occupied areas, respectively.

Figure 8: Aerial image of downtown Grossos, showing the dikes that control the levels of salt flats on the outskirts of the urban area.
Photograph by the study authors. © Authors, 2026.

The integrated analysis, based on the average of all scenarios, shows that critical flooding points are concentrated in the main
urban areas of Areia Branca, Macau, and Porto do Mangue, which have a probability of flooding ranging from 60% to 80% of
days in at least three occupied sectors. This condition is particularly relevant, as it suggests that maximum daily levels would
already be sufficient to impact urban areas in at least six simulated scenarios. In contrast, cities such as Tibau and Grossos
showed resilience even in pessimistic scenarios, with very low daily flooding, indicating that their hazard to marine intrusion
remains limited.

In the context of a maximum event, total flooding was estimated based on sea level projection values linked to the geodetic
plane for 2100 (Table 4). In a comparison between the river mouths, different behaviors were observed: in the Piranhas-Agu
River, there is lateralization of the water surface in all scenarios (Figure 9), while in the Apodi-Mossord River, the advance is
internalized, revealing distinct flooding patterns conditioned by topography and river dynamics. Considering the total area, an
overlap of 14% of the analysis area (about 730 km?) was obtained, which could reach 16% (849 km?) in the most pessimistic
scenario.

On a detailed scale, Figure 10 shows the direct overlap on urban areas already under the current regime, especially in Areia
Branca and Porto do Mangue. Recent occupations were observed in subdivisions and official roads located in areas of recurrent

flooding, confirmed by field checks. Although other cities have proven relatively resistant in the initial scenarios, SMC-Brasil
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trends indicate progressive intensification, with significant damage in Macau and isolated occurrences in Grossos, becoming

even more critical in the most extreme IPCC scenario (2022).

Macau domain — RL: -1.1129 m

Scenarios Projection (m) ATrp20 (m) ATrp20 (BGS)(m) NAErp20 (m) RMSE (m) FL (m)
Present - 2.975 1.862 0.110 0.612 2.584
RMPG IBGE 0.104 2.975 1.862 0.110 0.612 2.688
SMC-Brasil Trend 0.193 2.975 1.862 0.110 0.612 2.777
SLA 0.309 2.975 1.862 0.110 0.612 2.893
IPCC SSP1-1.9 0.409 2.975 1.862 0.110 0.612 2.993
IPCC SSP1-2.6 0.600 2.975 1.862 0.110 0.612 3.044
IPCC SSP2-4.5 0.593 2.975 1.862 0.110 0.612 3.177
IPCC SSP3-7.0 0.716 2.975 1.862 0.110 0.612 3.300
IPCC SSP5-8.5. 0.800 2.975 1.862 0.110 0.612 3.384

Areia Branca domain — RL: -1.3532 m

Scenarios Projection (m) ATrp20 (m) ATrp20 (BGS)(m) NAErp20 (m) RMSE (m) FL (m)
Present - 3.454 2.101 0.109 0.612 2.822
RMPG IBGE 0.104 3.454 2.101 0.109 0.612 2.926
SMC-Brasil Trend 0.193 3.454 2.101 0.109 0.612 3.015
SLA 0.309 3.454 2.101 0.109 0.612 3.130
IPCC SSP1-1.9 0.409 3.454 2.101 0.109 0.612 3.231
IPCC SSP1-2.6 0.460 3.454 2.101 0.109 0.612 3.282
IPCC SSP2-4.5 0.593 3.454 2.101 0.109 0.612 3415
IPCC SSP3-7.0 0.716 3.454 2.101 0.109 0.612 3.538
IPCC SSP5-8.5. 0.800 3.454 2.101 0.109 0.612 3.622

Table 4: Projected flood levels linked to the geodetic reference plane. ATrp20 corresponds to the astronomical tide
projected for a 20-year return period, while ATrp20 (BGS) represents the same level adjusted and validated on the
geodetic plane. NAErp20 refers to the meteorological tide projected for the same return period. The RMSE expresses
the average error of the digital elevation model used as a basis, and FL corresponds to the final flood elevation resulting
from the combination of these parameters.

In the segmentation by hazard classes, 731 km? were identified as being at extremely high risk, corresponding to 14% of the
study area. The urban areas of Areia Branca and Porto do Mangue stood out as the most affected, with about 10% of the urban
grid compromised, with the city of Areia Branca being the most impacted with 0.21 km? (Table 5). Macau and Grossos
presented specific areas of extreme hazard, affecting only specific infrastructure sectors. Tibau was the only less vulnerable
city, with less than 1% overlap, reinforcing its lower exposure to climate risk. Locations such as Upanema beach and Povoado
Cristovao (Areia Branca), Povoado Rosado (Porto do Mangue), and Ilha de Santana village (Macau) also presented critical
areas, but less than the urban centers listed.

The patterns identified corroborate previous findings, such as in Grossos, where the results confirm less intense projections,
but spatially similar to those of Silva et al. (2024). In Macau, the overlap was lower than that observed by Aratjo et al. (2021),
but occurred in the same low-lying urban areas. In Areia Branca, the affected areas coincided exactly with those evidenced by
Aguiar et al. (2019). In Tibau, low exposure confirmed the resilience delimited by Rabelo et al. (2023) when analyzing
conservation areas near the municipality. These parallels reinforce the consistency of the results and the validity of the mapping

in identifying endemic areas of hazard.
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Figure 9: Classification of MSLR scenarios in the study area (1) and classification of tidal flooding hazards (2) by sector. The far-
right column shows the scale zones in the cities of the study area. The graphs on the maps indicate the percentages of the total area
occupied. Map uses the base map data from Bing Maps (© Microsoft).
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Figure 10: Photographic records of the main areas indicated by the model as extremely high risk. It is noteworthy to observe the
lowering of the mapped areas, especially Areia Branca, where flooding was verified in the field. A - section of the urban area of
Macau with the most susceptible area; B - section of the urban area of Porto do Mangue with a low-lying portion prone to flooding;
C - urban area of Areia Branca with flooding boundaries; and D - urban area of Grossos with channels prone to overflowing.
Photographs by the authors (2025).

Urban Area Urban Area (km?) Flood Area (km?) Flood (%)
Porto do Mangue 0.732 0.080 10.884
Macau 1.530 0.023 1.489
Areia Branca 2.052 0.211 10.278
Grossos 1.449 0.039 2.677
Tibau 4.523 0.030 0.545

Table 5: Percentage of major urban areas at extreme risk of tidal flooding.
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4.3 Risk of tidal flooding

The validated land use showed the predominance of savanna formations, which correspond to Caatinga environments,
occupying a total area of 47% (Figure 11) in relation to the study area. Next, pasture areas (13%) and mosaics of diverse uses
(14%) stand out, comprising the second and third groups. Among specific uses, salt pans, the main activity in the region,

deserve mention, representing 7% of the area, as do urban areas, which total 2%.
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Figure 11: Land use in the study area (A) and vulnerability classification (B). The graphs at the top show the percentages of the
areas occupied by each class in ascending order. Map using data from Mabpiomas (2025).

With regard to vulnerability, the sectorization indicated 478.94 km? classified as high and extremely high vulnerability,
equivalent to 9.20% of the area. In contrast, most of the territory (60.70%) was classified as low to no vulnerability, revealing
a strong spatial contrast between high-risk zones and more stable areas.

The combination of the results of the hazard and vulnerability mapping resulted in the final tidal flood risk map. The spatialized
risk classes showed largely predictable patterns, considering the previous analyses. The high risk class stands out,
corresponding to 6.37% of the total area, while the extremely high risk category, although small (0.04% overall), was
concentrated in critical areas, especially in urban sectors of the cities of Porto do Mangue, Macau, Areia Branca, and Grossos,
in addition to communities such as Ponta do Mel, Rosado, Diogo Lopes, and Upanema, with considerable percentages,
especially the villages of Baixa Grande in Areia Branca, Ilha de Santana in Macau, and Barra in Grossos, which had
percentages of affected urban areas close to 20% (Table 6).

The spatial distribution of risk areas can be seen in Figure 12, the areas of very high flooding closely resemble the findings of
Borri et al. (2012) in Areia Branca. In addition, occurrences were identified in most of the villages, extending beyond urban
limits and highlighting the vulnerability of coastal communities in the region. This pattern broadens the interpretation of the
data beyond urban centers, reinforcing the diffuse nature of the risk associated with tidal flooding. These communities are

mostly traditional fishing communities that play an important social and economic role in the region.
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Locations Area Extremely Low Low Moderate High Extremely High

Cities and districts (Tlé’rtnil) (ﬁrlfl?) % (?(2:1?) % (?(2:1?) % (‘?(:3?) % (‘?(:3?) %
*Macau (Urban Center) 1.530 1.310 86% 0.056 4% 0.060 4% 0.064 4%  0.041 3%
Camapum Beach (Macau) 0.030 0.028 94% 0.002 6% - - - - - -
COHAB neighborhood (Macau) 0.412 0.363 88% 0.009 2% 0.010 3% 0.006 1%  0.024 6%

Ilha de Santana Village (Macau) 0.280 0.145 52% 0.026 9% 0.021 7% 0.043 15% 0.045 16%
Ilha de Santana II Village (Macau) 0.813 0.713 88% 0.022 3% 0.049 6% 0.010 1%  0.019 2%

Barreiras Village (Macau) 0.478 0476 100% - - - - - - - -

Diogo Lopes Village (Macau) 0.734 0.702 96% 0.009 1% 0.012 2% 0.001 0%  0.009 1%
*Areia Branca (Urban Center) 2.052 1.621 79% 0.090 4% 0.120 6% 0.067 3%  0.154 8%
Upanema Beach (Areia Branca) 2.648 2408 91% 0.029 1% 0.034 1% 0.027 1%  0.150 6%

Baixa Grande Village (Areia Branca) 0.235 0.166 71% 0.014 6% 0.010 4% 0.007 3%  0.037 16%
Pedrinhas Village (Areia Branca) 0353 0336  95% 0.009 2% 0.002 1% 0.003 1%  0.004 1%
Cristovao Village (Areia Branca) 1.274  1.163 91% 0.024 2% 0.027 2% 0.019 1%  0.041 3%
Ponta do Mel Village (Areia Branca) 0.489 0.485  100% - - - - - - - -

*Porto do Mangue (Urban Center) 0.728  0.449 62% 0.048 7% 0.045 6% 0.035 5%  0.150 21%
Rosado Village (Porto do Mangue)  0.526 0.280  53% 0.040 8% 0.075 14% 0.012 2%  0.119 23%

*Grossos (Urban Center) 1.449 1.376 95% 0.026 2% 0.017 1% 0.008 1% 0.023 2%
Barra Village (Grossos) 0.193 0.135 70% 0.008 4% 0.006 3% 0.001 0% 0.043 23%
*Tibau (Urban Center) 4,523  4.479 99% 0.023 1% - - - - - -

Table 6: Risk percentages defined in cities and towns. The underlined sections indicate the urban centers of cities.

The results obtained allow for overlap with urban real estate data, aiming to observe what these extremely high-risk zones
section and where they are located, given that although the locations are delimited, they do not always coincide with effectively
occupied areas, including vacant land and public infrastructure.

By superimposing the risk map generated with municipal real estate databases, it was possible to identify residential areas and
land that could potentially be affected, enabling estimates of potential financial and area damage (Figure 13). Several areas
can be seen overlapping the risk zone, but few have a high density of residences. In particular, the cities of Areia Branca, Porto
do Mangue, and Macau had significant concentrations of residences that could be affected, as did the villages of Barra,
Cristovao, the COHAB neighborhood, and the village of Baixa Grande, with significant overlaps.

The potential flooding represents the loss of approximately 123,000 m? of built area out of a total of 574,000 m? (Table 6),
which in practice means flooding with the potential for significant material losses, understood as concrete damage to built or
unbuilt property. In terms of structural damage to homes, the quantification of damage was estimated at around R$ 36 million,
equivalent to US$ 6 million, with general damage to land of approximately R$ 158 million, US$ 29 million, representing a
worrying threshold for small municipalities with low response capacity. The main highlight is Areia Branca, which
concentrated the highest projected losses, with R$ 13 million in financial damage to built-up areas, as a result of its higher

urban density in exposed areas.
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Figure 12: spatialization of quantified risks for the study area and surrounding area, on a general scale and in detail, for cities and
villages. Map uses the base map data from Bing Maps (© Microsoft).

The modeling carried out, in general, with the projection of future scenarios and the identification of financial damages,
demonstrates the urgency of adaptive and mitigating measures, since even with impacts localized at the regional level, the
outbreak of a potentially destructive event can seriously compromise the environmental and socioeconomic stability of coastal
municipalities, directly affecting the quality of life of the population. The scale of the estimated damage makes it clear that

addressing coastal climate risk requires prior planning and institutional mobilization, under penalty of irreversible losses.
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Figure 13: Spatial distribution of risk areas and their relationship with residences in urban areas and villages. Map uses the base
440 map data from Bing Maps (© Microsoft).

Homes Lands Damaged Damaged % %
Location Affected Affected Area(m?) Area(m?) Damage Damage Price/m> Losses (Homes) Losses (Land)
(Homes) (Land) (Homes) (Land)
Grossos 15 33 994 9620.397 34% 26% 120 R$ 119,272.21 RS 1,154,447.68
Barra 40 43 5812 18966.35 94% 82% 170 R$ 988,062.50 RS 3,224,279.25
Porto do Mangue 116 178 9363 82702.38 74% 66% 220 R$ 2,059,765.54 R$ 18,194,522.65
Rosado 35 46 4405 40831.85 82% 72% 200 R$ 880,955.84 RS 8,166,369.33
Macau 165 199 27321 87332.40 72% 67% 400 R$ 10,928,251.89 RS 34,932,959.48
Tlha de Santana I 184 257 15827 50078.76 77% 75% 60 R$ 949,624.01 RS 3,004,725.75
Tlha de Santana IT 8 25 299  16944.94 62% 48% 50 R$ 14,949.03 RS 847,247.14
COHAB 23 36 1601  10473.78 92% 87% 100 R$ 160,065.47 RS 1,047,378.20
Barreiras 13 13 1290 1993.81 94% 94% 147 R$ 189,615.98 R$ 293,089.82
Diogo Lopes 35 39 1295 2115.17 45% 37% 150 R$ 194,312.21 R$ 317,275.31
Areia Branca 215 304 30742 109244.28 72% 71% 450 R$ 13,834,003.18 RS 49,159,924.79
Upanema 63 119 7538 54941.56 65% 51% 280 R$2,110,632.14 RS 15,383,636.90
Baixa Grande 51 78 9941  34758.68 70% 69% 200 R$ 1,988,266.33 R$ 6,951,735.26
Cristovdo 35 67 5803  52054.79 85% 64% 300 R$ 1,740,994.68 R$ 15,616,437.85
Ponta do Mel 4 7 692 1367.85 99% 61% 220 R$ 152,221.66 R$ 300,928.00
Pedrinhas 6 13 164 1034.98 38% 38% 100 R$ 16,388.27 R$ 103,497.87
Total 1,008 1,457 123087 574461.97 72% 63% - R$ 36,327,380.93 RS 158,698,455.28

Table 14: Quantification of Affected Areas, Percentage of Damage, and Economic Losses (Homes and Land) by Location. For the
villages of Rosado, Barra, Ponta do Mel, Pedrinhas, and the COHAB neighborhood, estimates were made by interpolation because
they had few or no data samples.
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5 Discussion

The analyses showed that tidal flooding risks are mainly concentrated in the urban areas of Areia Branca, Macau, and Porto
do Mangue, with field validations of sections that are already susceptible under the current regime. The integrated damage
estimate pointed to significant structural losses, reaching approximately R$ 36 million in buildings and R$ 158 million in land.
In addition, a potential flooding event would directly compromise the salt production activity strategically concentrated in the
rural area and main economic base of these municipalities, which would potentially amplify the impacts. Areia Branca stands
out as the municipality most affected in terms of built-up areas. These figures confirm the hypothesis that, even in conservative
scenarios, the financial and social impacts tend to be significant and spatially concentrated.

The combination of low topography and recurring maximum astronomical levels reinforced critical flooding patterns. In severe
scenarios, there was an increase in the frequency of flooded days in already occupied areas, as well as an increase in maximum
levels, which increased urban exposure. Interannual and decadal processes add variability, and the coincidence of astronomical
and meteorological extremes, although rare, can potentiate critical events. This reading reinforces the notion that coastal risks
in the Semi-Arid Coast are not limited to the trend of sea level rise, but result from a combination of multiple hydrodynamic
factors.

The results obtained corroborate previous mappings in the region: in Areia Branca, areas coinciding with those of Aguiar et
al. (2019) were identified; in Macau, patterns similar to those of Aragjo et al. (2021) were found, albeit with different
magnitudes; in Tibau, low exposure was comparable to that of Rabelo et al. (2023); and in Grossos, less intense but spatially
consistent projections confirm the findings of Silva et al. (2024). This bibliographic convergence indicates the spatial
robustness of the method and strengthens its regional applicability. The difference here lies in integrating physical risk with
localized economic losses, offering a useful comparative framework for decision-making, using tools and techniques with very
low aggregate costs.

The recurrence of flooding in the region reinforces the natural susceptibility of the cities studied, many of which are located
in low-lying areas on estuarine islands. These naturally flood-prone areas have already suffered significant impacts in the past,
as in the case of Macau, whose current urban center is the result of relocation after its old center was submerged, swallowed
by the tides in the 19th century (Aratjo, 2020; IBGE, 2025). This history shows that floods are not unprecedented phenomena,
but rather recurring events, and that their effects will be exacerbated by projected MSLR scenarios. In the short term, strict
control of saltpan dikes tends to mitigate more frequent flooding, but remains limited in the face of extreme events, which,
according to projections, will tend to become more recurrent, posing new challenges for urban adaptation and territorial
management.

From a conceptual point of view, the findings reinforce probabilistic approaches to coastal risk that weigh frequency and
maximum events within a validated geodetic framework. Risk maps and their readings are tools for territorial screening and

strategic mobilization, supporting priority measures such as coastal protection and management, land use guidelines in low-
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lying areas, and urban contingency plans. Although limited by 30 m resolution and vertical uncertainties, the products are
methodologically consistent and practical, fulfilling their role as a starting point for public policy.

It should be noted, however, that the results should be interpreted as a reference for regional hydrodynamic trends, not as exact
representations of reality, even though some results have successfully represented actual processes. Interpretations should be
considered with caution, especially due to the limitations imposed by the 30-meter spatial resolution of the DEM, the inherent
simplification of the model used, which does not consider lateral processes and tidal damping, and the interpolation of real
estate data in settlements with an incipient market, facts that naturally impose considerable margins of error. Nevertheless, by
demonstrating that open data allows for consistent and auditable analyses, with real-world validations in the field, the study
advances the central hypothesis that it is possible to project regional MSLR scenarios and identify endemic risk areas with
strong applied value.

Looking ahead, it is recommended that new models be constructed for the area at the local level, using DEMs with greater
accuracy and resolution to capture microtopography, complete real estate databases, and periodic field campaigns to refine
hotspots. It would also be very valuable to adopt a methodology that incorporates the combined effect, covering not only
coastal flooding (by tides) but also its interaction with river flooding events from the two main rivers in the study area.
Explicit trends for advancing research in the region should move toward integrating more sophisticated dynamic modeling
with updated socioeconomic data, allowing for a better understanding of the interaction between hydrodynamic processes and
social vulnerabilities. Overall, the advances made in this study point to an alarming scenario: all the municipalities analyzed
are vulnerable to climate change and at high or extremely high risk of flooding, which contrasts with their low financial
capacity to address the risks associated with MSLR, reinforcing the urgency of climate adaptation plans to protect coastal
communities and their critical infrastructure.

The cities in the region were historically built on slightly higher ground, serving as a real front line against imminent flooding.
However, part of their urban areas and land remains in extremely high-risk zones, as do the solar salt flats, the main local
economic activity. This is one of the lowest-lying coasts on the planet, where salt pan dikes could play a strategic role in
containing flooding events in the near future. However, this planning needs to be refined through coordination between public

authorities and the salt industry in order to ensure greater territorial and economic resilience.

6 Conclusions

In summary, the main findings indicate a concentration of coastal risk in low-lying urban areas and salt flats, with occasional
validation in the field, and significant potential economic losses across the region, particularly in Areia Branca. The
probabilistic approach adopted, anchored in the geodetic plane and free data, provides a comparable and actionable regional
framework for adaptive planning, even recognizing the vertical uncertainty and hydrodynamic simplification of the model.

Thus, the data and insights obtained by the study suggest that adaptation policies focused on land use planning and response

plans in already susceptible sectors can reduce future losses and, to a certain extent, facilitate climate change mitigation.
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The methodology has proven to be effective and easy to replicate, allowing for dynamic risk and loss assessment at low cost,
provided that there is skilled labor available for the operation. It is especially useful in regions where climate change mitigation
strategies are lacking, offering quick and consistent support for mobilizing coastal adaptation policies.

Regarding the prospects for this work, it is important to mention that, in order to make progress, it is crucial to conduct new
studies to develop robust models; invest in real-time tide gauge data collection systems and systematic geodetic validations in
the field, keeping in mind the logic of iteration: models generate hypotheses; the field confirms/adjusts them, and new rounds
refine the risk on a fine scale. These processes contribute to the generation of increasingly accurate data, which is extremely

useful for mitigating and adapting to the impacts of climate change.
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