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Abstract: The analysis of socio-environmental vulnerability in Macau-RN, Brazil, highlights the challenges arising from the interaction between
social factors and physical-natural conditions in coastal areas. This study aimed to assess the socio-environmental vulnerability in the
municipality, focusing on its urban center and the districts of Barreiras and Diogo Lopes. Using Geographic Information Systems (GIS) and
factor analysis, a Social Vulnerability Index (SVI) was developed, incorporating socioeconomic and urban infrastructure variables. Additionally,
a Physical-Natural Vulnerability Index (PNVI) was created, based on elevation, slope, and proximity to drainage channels. The results indicate
that the most vulnerable neighborhoods, such as Navegantes, Valadao, and Porto Sdo Pedro, face greater exposure to floods and landslides,
revealing an unequal risk distribution. The municipal center, located in the Piranhas-Acu River delta, is directly exposed to extreme climatic
events, exacerbated by its geography and precarious infrastructure. The proposed methodology integrates social and environmental dimensions
into a Socio-Environmental Vulnerability Index (SAVI), providing a basis for public policies and risk management at the local scale. It is
concluded that targeted interventions are essential to mitigate vulnerabilities and promote resilience in Macau's coastal context.

Keywords: Natural Disaster; Geotechnologies; Risk Management.

Resumo: A analise da vulnerabilidade socioambiental em Macau-RN, Brasil, reflete os desafios da interagdo entre fatores sociais e condigdes
fisico-naturais em areas costeiras. Este estudo objetivou avaliar a vulnerabilidade socioambiental no municipio, com enfoque em seu centro
urbano e distritos de Barreiras e Diogo Lopes. Utilizando Sistemas de Informagdes Geograficas (SIG) e analise fatorial, foi elaborado um indice
de Vulnerabilidade Social (IVS), que considerou variaveis socioecondmicas e de infraestrutura urbana. Em complemento, foi gerado o Indice
de Vulnerabilidade Fisico-Natural (IVFN), com base em altimetria, declividade e proximidade de canais de drenagem. Os resultados
demonstram que os bairros mais vulneraveis, como Navegantes, Valaddo e Porto Sdo Pedro, apresentam maior exposi¢do a inundagdes e
movimentos de massa, evidenciando uma distribuigdo desigual dos riscos. A sede municipal, localizada no delta do Rio Piranhas-Agu, esta
diretamente sujeita a eventos climaticos extremos, agravados por sua geografia e infraestrutura precaria. A metodologia proposta integra
dimensdes sociais e ambientais em um Indice de Vulnerabilidade Socioambiental (IVSa), fornecendo subsidios para politicas publicas e gestdo
de riscos em escala local. Conclui-se que intervengdes direcionadas sdo essenciais para mitigar as vulnerabilidades e promover resiliéncia no
contexto costeiro de Macau.

Palavras-chave: Desastre Natural; Geotecnologias; Gestao de Riscos.
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1. Introduction

The study of disaster risks—referred to in Portugal as cindinic sciences—began to gain prominence in the 1920s, with
the contributions of Gilbert F. White, lan Burton, and Robert W. Kates, geographers from the renowned Chicago School
(USA), who developed studies and concepts around Natural Hazards (MARANDOLA JR. & HOGAN, 2004). Initially,
analyses focused on understanding and controlling the natural phenomena associated with disasters. Over time, the
emphasis shifted toward risk and the mitigation of its negative impacts.

Socio-environmental disasters are, according to Pelling (2014), the result of a “sum of failures in the development of a
society.” Nevertheless, they are still commonly referred to as "natural disasters," especially in media outlets that prioritize
the speed of information over its accuracy. This article adopts a critical perspective of that naturalization, emphasizing the
central role of society in the processes that generate disasters: natural phenomena such as floods, droughts, and heat waves
become disasters due to social vulnerability—that is, the propensity of people, societies, and ecosystems to be harmed
(RAJU, BOYD & OTTO, 2022).

The continued use of the term natural hazard may contribute to the idea that disasters are merely products of natural
dynamics, ignoring their social origins. As Quarantelli (1998) asserts, disasters are discrete events, but risk and its
management are part of an ongoing process and, as such, are linked to human accountability. In this same vein, Saavedra
and Marchezini (2020) argue that disasters result from a socially constructed risk process. Risk—and its management—is
therefore a dimension that can be analyzed and controlled through mitigation strategies.

The risk analysis and assessment methodologies adopted in this study share a common foundation: the construction of
indicator systems composed of categorized and weighted variables, resulting in a synthetic index. At the global level, the
World Risk Index (WELLE & BIRKMANN, 2015) stands out; in Brazil, the Disaster Risk Indicators in Brazil (DRIB),
proposed by Almeida, Welle, and Birkmann (2016), is a key reference. At the state and municipal levels, relevant
contributions include the works of Medeiros (2014; 2018), Macedo (2015), Oliveira (2018), Aguiar et al. (2018), Macedo
et al. (2020; 2021), and Aratjo (2020) and Aragjo et al. (2021).

According to a recent survey by the Federal Government, 1,942 Brazilian municipalities (34.9% of the total) are “more
susceptible to the occurrence of landslides, flash floods, and riverine floods” (BRASIL, 2023), encompassing
approximately 73% of the country’s population. In the state of Rio Grande do Norte, 31 municipalities were identified
with such susceptibility, including Macau, which is the focus area of this study.

Macau has 27,369 inhabitants (IBGE, 2022) and a semi-arid climate, with an annual average rainfall of 537.6 mm. It
is the driest coastal municipality in Brazil and the country's largest producer of sea salt (DINIZ & PEREIRA, 2015).
Located on the northern coast of Rio Grande do Norte, its territory is characterized by the Piranhas-Acu River delta. The
municipal seat is situated on an island surrounded by estuarine channels and salt production structures (reservoirs,
decanters, and evaporators), forming a densely urbanized area. This physical-natural configuration, coupled with the low
elevation of the urbanized areas—mostly below 5 meters—intensifies the municipality’s exposure to flooding caused both
by river overflow and sea-level rise (ARAUJO et al., 2021).

Despite being in a semi-arid region, the municipality has recorded significant water-related disasters. According to the
Brazilian Atlas of Natural Disasters (UFSC-CEPED, 2013), Macau experienced flash floods in 2004 and riverine floods
in 2006, 2008, and 2009, displacing 359 people in the last two of those years. The intense rainfall, totaling 565 mm, led to
the overflow of the Armando Ribeiro Gongalves Dam, located upstream, thereby increasing the water level of the Piranhas-
Agu River.

Previous studies have already identified flood risks in the municipality. Silva (2019) analyzed vulnerability and risk
perception, while Aratjo et al. (2021) conducted a mapping of areas susceptible to tidal flooding, considering climate
change scenarios based on astronomical and meteorological tide data, integrated into a Digital Elevation Model (DEM)
derived from LiDAR technology. Although statistically robust, that analysis addressed vulnerability solely based on land
use and land cover.

In light of this, the main objective of the present study is to analyze the socio-environmental vulnerability of the
municipality of Macau/RN, focusing on the urban center and the districts of Barreiras and Diogo Lopes—the most
urbanized areas of the municipality—in order to understand the interrelations between social vulnerability and exposure
to natural hazards, such as floods and landslides.
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2. Methodology

The concept of risk adopted in this article is defined as a function of social vulnerability and natural hazards in a given
location: R = f(P, V), where R represents risk, P the hazard, and V vulnerability. Thus, the concepts of risk, hazard, and
vulnerability form the theoretical and methodological foundation of this study. It is therefore essential to understand both
the dynamics of environmental elements—natural and anthropogenic—that shape a territory, as well as the social
conditions that expose certain population groups to situations of risk. From this perspective, risk can be interpreted in a
socio-environmental sense, often considered synonymous with socio-environmental vulnerability (ALVES, 2006;
MENDONCA & LEITAO, 2008; ESTEVES, 2011; FREITAS etal., 2012; ZANELLA et al., 2013; MACEDO et al., 2015;
MACEDO, 2018; GIRAO, RABELO & ZANELLA, 2018; ARAUIJO, 2020; ARAUJO et al., 2021).

Risk is a social construct, directly linked to the population's perception of potential hazards capable of causing physical
damage and significant material losses. In many cases, communities may not even perceive that they are at risk. Within
the scope of this study, the most relevant category of environmental risk corresponds to what Veyret (2007, p. 24) classifies
as "man-exacerbated natural risks"—those resulting from natural hazards whose impacts are intensified by human activity
and land use, such as erosion, desertification, wildfires, pollution, and flooding.

Hazard, in turn, is understood as the agent capable of causing material and/or immaterial damage. In this study, the
definition adopted follows Smith (2001), who argues that hazards are an inevitable part of life and represent a potential
threat to people and their property, while risk is the probability of a hazard occurring and leading to losses (SMITH, 2001,
p- 392).

Vulnerability refers to the capacity of individuals or groups to prepare for, respond to, withstand, and recover from a
hazard. From this perspective, it is understood as a condition of susceptibility to events that may cause material and physical
harm to the population. According to Blaikie et al. (1994), this condition encompasses social and economic characteristics
that influence a community’s ability to anticipate, cope with, and recover from the impacts of natural hazards. It is shaped
by a combination of factors that determine the extent to which lives and livelihoods are put at risk by specific events in
nature or society.

The relationship between risk and vulnerability, as considered in this study, follows the approach of Almeida, Welle,
and Birkmann (2016), who propose that risk consists of two dimensions: one natural and one social. The natural dimension
refers to exposure to hazards that may trigger disasters, while the social dimension is linked to vulnerability, which is
further broken down into three core components: susceptibility, coping capacity, and adaptive capacity.

From this perspective, risk assessment in this study was operationalized through the construction of two specific
indices—one representing social vulnerability and the other addressing the physical-natural aspects of the study area. These
were then integrated into a third, composite index. This methodological approach is fully aligned with the adopted concept
of risk as a function that combines natural hazards (physical sphere) and vulnerability (social sphere).

2.1 Social Vulnerability Index (SVI)

The first index developed in this study is the Social Vulnerability Index (SVI), structured based on socioeconomic
variables provided by the Brazilian Institute of Geography and Statistics (IBGE, 2013), at the scale of census tracts. Only
the tracts corresponding to the study areas were considered. The analysis was carried out in a Geographic Information
System (GIS) environment, using the ArcGIS 10.1 software, which was also employed in all cartographic production and
spatial analysis throughout the study.

To construct the SVI for the municipality of Macau, the methodology proposed by Almeida (2010) was adopted, which
is based on the Sdo Paulo State Social Vulnerability Index, developed by the State System for Data Analysis Foundation
(Fundag¢dao SEADE, 2008), from Sao Paulo State. The index is composed of 21 variables, organized into five thematic
vulnerability indicators: (i) Household heads by gender and age / Children; (ii) Income; (iii) General characteristics of
households; (iv) Illiteracy; and (v) Surrounding area characteristics.

The selection of these variables, as well as the aspects of vulnerability they represent, is aligned with theoretical and
methodological frameworks commonly used in disaster risk assessment studies, as discussed by Almeida, Welle, and
Birkmann (2016); Medeiros (2014; 2018); IPCC (2007; 2012); Rosendo (2014); Rosendo et al. (2017); Oliveira (2018);
Veyret (2007); Olimpio and Zanella (2017); Cutter (1996); and Cutter et al. (2006), among others. Table 1 presents the
grouping of variables under their respective vulnerability indicators.
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Table 1 — Social vulnerability assessment indicators.
Indicators Variables
V1 — Permanent private households with water supply or well/spring on the
property
V2 — Households with bathrooms lacking adequate sanitary sewage
V3 — Permanent private households without exclusive-use bathrooms or toilets for

G | Characteristics of residents
eneraH are}tlc ledr 15tes 0 V4 — Households without garbage collection
OUSEnoias V5 — Households without electricity or with illegal connections

V6 — Households with 6 to 10 residents
V7 — Permanent private households headed by male residents
V8 — Households headed by women with 5 or more residents
V9 — Permanent private households classified as “other dwelling types”
V10 — Household heads who are female
Household Heads by Gender V11 — Household heads aged 10 to 19 years
and Age / Children V12 — Children aged 0 to 9 years
V13 — Total number of improvised private households
V14 — Households with per capita nominal monthly income of 0 to 2 minimum
Income wages
V15 — Female-headed households with income of 0 to 2 minimum wages
V16 — Households in areas without public lighting
Surrounding Area V17 — Households in areas without paved roaqs
> V18 — Households on streets without storm drains
Characteristics .
V19 — Households on streets with open sewage
V20 — Households on streets with accumulated garbage
Illiteracy V21 — Total number of illiterate individuals per census trac
Source: Macedo et al. (2012). Adapted from ALMEIDA (2010).

For the statistical analysis of the data, factor analysis was applied to the variables using the R software (R CORE
TEAM, 2021). This is a multivariate statistical technique that, based on the dependency structure among the variables
(correlation or covariance matrix), allows for the reduction of data dimensionality by grouping correlated variables into
factors that explain a significant portion of the total observed variability.

The study sample comprises census tracts from the urbanized areas of the municipality of Macau, located in the state
of Rio Grande do Norte (RN), Brazil. Considering that the study area is situated on the northern coast of the state—a region
characterized by high levels of socioeconomic vulnerability—the values obtained for the Social Vulnerability Index tend
to be relatively higher compared to other regions of the state.

In this research, the results of the factor analysis were based on the correlation matrix of the variables, adopting the

following matrix notation model:

X-p=LF+eg
(pX1) (pXm) (mX1) (pX1)

Where:

X — Vector of item responses;

p— Vector of item means;

L — Matrix of weights of variables Xi on factor Fj (factor loadings);

F — Vector of unobservable random variables called common factors;

€ — Vector of unobservable random variables called specific factors;

p — Number of items;

m — Number of factors, with m < p, where p is the total number of variables.



Macedo, Y. M. et al., Northeast Geociences Journal, Caico, v.11, n.1, (Jan-Jun) p.708-721, 2025. 712

At the end of this procedure, a score was generated for each variable, resulting in the extraction of four factors that
explained 69.4% of the total data variability. The Social Vulnerability Index (SVI) was calculated as the mean of these
scores. Subsequently, using ArcGIS 10.1 software, the SVI was classified into five vulnerability categories for
spatialization and cartographic analysis: Very High, High, Moderate, Low, and Very Low.

The classification method adopted was the equal interval, which consists of dividing the range of index values into
equal intervals. This approach allows for a balanced visualization of the spatial variation of social vulnerability across the
municipality of Macau.

2.2 Physical-Natural Vulnerability Index (PNVI)

The second phase of disaster risk assessment in the municipality of Macau consisted of the development of the Physical-
Natural Vulnerability Index (PNVI), structured based on variables related to the physical-natural characteristics of the
study area. These characteristics are essential for evaluating two main types of risk: flooding and mass movement
(landslides). Considering the scale of analysis and data availability, the PNVI was composed of three variables: elevation,
slope, and proximity to rivers and drainage channels. Slope is associated with susceptibility to mass movements, while
elevation and proximity to watercourses are directly related to flood occurrences.

The elevation and slope variables were derived from a Digital Elevation Model (DEM) generated using high-resolution
LiDAR (Light Detection and Ranging) technology. This remote sensing technology, deployed on an aerial platform, detects
the Earth's surface based on the reflectance of laser pulses. The data obtained were calibrated, resampled, and classified
within a GIS environment, following the methodology proposed by Aratjo et al. (2018).

Also within this digital environment, the variable representing proximity to drainage channels and the Piranhas-Agu
River was incorporated, as these areas are naturally more exposed to flooding events. The channels were mapped based on
a survey conducted during by Aratjo (2020) doctoral research and made available in a vector format compatible with the
software (.shp), allowing the generation of buffers—zones of influence calculated from the distance to water bodies.

Once the data acquisition phase was completed, each variable was categorized and classified into five risk levels (very
low, low, moderate, high, and very high), using the same criteria adopted in the construction of the SVI, thus standardizing
the analysis. Table 2 presents the grouping and classification of the three variables used in the creation of the PNVI.

Table 2 — Categorization of variables and classification by levels of physical-natural vulnerability.

Vulnerability Classes Elevation (m) Slope (°) Proximity to Channels (m)
Very High 0-2.572 45-176.90 40
High 2.572 - 6.038 30-45 80
Moderate 6.038 — 11.442 20-30 120
Low 11.442 - 17.49 10 -20 160
Very Low 17.49 — 25.194 0-10 200

Source: Authors (2025).

The classification method for the variables varied according to the data distribution or established legal parameters.
For the elevation variable, the natural breaks method was adopted, as it provided better segmentation of the data based on
the natural distribution patterns of the values. This method groups class intervals according to frequency and inflection
points in the data series, making it more suitable for revealing topographic variation patterns.

The slope variable was manually classified in accordance with legal criteria. Slopes greater than 45° are considered
permanent preservation areas, as defined by the Brazilian Forest Code (Law No. 12,651/2012). The proximity to drainage
channels and the river variable was also manually classified, based on 40-meter equidistant intervals, determined according
to the characteristics and scale of the study areas.

Based on these classifications, a raster surface was generated representing the three variables, with pixel values ranging
from 1 to 5, corresponding respectively to very low to very high vulnerability classes.

At the end of the categorization process, within the GIS environment, the raster surface was converted to vector format
(.shp). The three vector layers were then overlaid into a single file, in which the vulnerability values were summed using
the Field Calculator tool. The final result was classified into five classes with defined intervals of 3 units (3, 6, 9, 12, and
15), using the defined interval method.
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2.3 Socio-Environmental Vulnerability Index (SEVI)

After generating the cartographic products for the Social Vulnerability Index (SVI) and the Physical-Natural
Vulnerability Index (PNVI)—both classified into five vulnerability levels—the two raster layers were overlaid in a GIS
environment to construct the Socio-Environmental Vulnerability Index (SEVI). In this step, the rasters were summed using
the Raster Calculator tool, resulting in a composite raster that integrates both the social and physical-natural dimensions
of vulnerability.

The final product was subsequently classified into five categories—very high, high, moderate, low, and very low
vulnerability—using the natural breaks method, in line with the procedures adopted for the previous indices.

3. Results and Discussion

In previous studies, Aratjo et al. (2021) and Silva (2019) had already identified critical areas of exposure and
vulnerability to flooding, respectively. The research presented in this article, however, expands that approach by including
not only the municipal seat but also the urbanized districts of Diogo Lopes and Barreiras, and by adopting an integrated
socio-environmental risk analysis perspective. In this regard, the SEVI developed in this study represents a synthesis
between the socioeconomic indicators generated from the SVI and the main physical-natural characteristics associated
with flood and mass movement processes.

The inclusion of mass movement risk represents a novel contribution of this research to the municipality, as there were
no previous records or studies on this type of hazard. Although less common in flat areas such as Macau, these events can
still occur in specific locations, especially on urbanized slopes.

To facilitate the understanding and organization of the results, the presentation is structured into three stages: first, the
results of the Social Vulnerability Index (SVI); followed by the Physical-Natural Vulnerability Index (PNVI); and finally,
the Socio-Environmental Vulnerability Index (SEVI).

3.1 Social Vulnerability Index (SVI)

Based on the factor analysis, four main factors were identified, together explaining 69.4% of the variability in the SVI
data. These are: F1 — Income and Gender; F2 — Sanitation and Education; F3 — Basic Sanitation; F4 — Sanitation, Youth
Age Group, and Gender. These factors represent the most relevant components of social vulnerability in Macau and
therefore require greater attention in planning disaster risk reduction (DRR) strategies and mitigation actions in the
municipality.

Among the 28 census tracts included in the sample area of this study, only one was classified as having very high social
vulnerability, corresponding to the Navegantes neighborhood, located in the urban core (4%) (Figure 1). No tracts were
classified as high vulnerability. Five sectors (18%) were identified with moderate vulnerability, all located in the municipal
seat, covering parts of the Valaddo, Porto Sdo Pedro, and Centro neighborhoods. An additional fifteen sectors (53%) were
classified as having low social vulnerability, distributed between the urban center and the districts of Diogo Lopes and
Barreiras. Finally, seven sectors (25%) presented very low vulnerability, one located in the central area and the others in
the aforementioned districts. Figure 2 presents the spatial distribution of the SVI across the study areas.

These results largely reflect the quality of urban infrastructure in the analyzed areas at the time of the 2010 Demographic
Census, which served as the reference base for this study.
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Figure 1 — Aerial view of the Navegantes neighborhod, Macau — RN.
Source: Authors (2025).
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Figure 2 — Spatial distribution of the Social Vulnerability Index in Macau — RN.
Source: Authors (2025).
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In this context, the districts of Diogo Lopes and Barreiras demonstrated lower levels of vulnerability compared to the
municipal seat, mainly due to the variables V18 — Households on streets without storm drains, V19 — Households on streets
with open sewage, and V20 — Households on streets with accumulated garbage. At the time, a significant portion of the
urban center still lacked these basic sanitation infrastructures.

Additionally, several census tracts within the study areas exhibited high and very high social vulnerability for variables
such as: V6 — Households with 6 to 10 residents; V8 — Female-headed households with 5 or more residents; V10 — Female
household heads; and V12 — Children aged 0 to 9 years. These variables reflect socioeconomic conditions that increase the
population’s susceptibility to damage caused by adverse events. Furthermore, they reveal limitations in the community’s
ability to respond to and recover from potential disasters.

3.2 Physical-Natural Vulnerability Index (PNVI)

The spatial analysis of the results obtained through the Physical-Natural Vulnerability Index (PNVI) highlights the
strong influence of proximity to drainage channels and rivers in the study areas of Macau—including the municipal seat,
Barreiras, and Diogo Lopes—which contributed to the classification of several regions as having high and very high
physical-natural vulnerability. Additionally, in Barreiras and Diogo Lopes, areas of high and very high vulnerability were
identified on steep slopes with high residential density. These characteristics reinforce the exposure of these localities to
hazards associated with mass movements and floods (Figure 3). Figure 4 presents the spatial distribution of the PNVI
across the study areas.

Figure 3 — Sectors with steep slopes in Macau-RN: A) and B) excerpts from Barreiras; C) and D) excerpts from Diogo
Lopes.
Source: Authors (2025).
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Figure 4 — Spatial distribution of the Physical-Natural Vulnerability Index in Macau — RN.
Source: Authors (2025).

The municipal seat of Macau is located in the Piranhas-Ac¢u River delta and is surrounded by drainage channels and
tanks used for sea salt production. It is the most urbanized sector of the municipality and is directly exposed to flood events,
sea-level rise, and stochastic tidal fluctuations. In addition, the urban center is intersected by urban drainage channels
responsible for the runoff of rainwater toward the river and salt ponds. The areas surrounding these channels were classified
as having high physical-natural vulnerability in the PNVI, due to their increased exposure to flooding. These regions
represent the main pathways for riverine backflow during flood events, as also analyzed by Araujo et al. (2021).

3.1 Socio-Environmental Vulnerability Index (SEVI)

The results of the Socio-Environmental Vulnerability Index (SEVI) for the municipality of Macau provide important
guidance for the planning of public policies and disaster mitigation actions, by identifying priority areas according to socio-
environmental vulnerability levels, with emphasis on flood and mass movement hazards. The research revealed areas at
risk of mass movements in the studied districts, as well as zones susceptible to flooding and inundation in the municipal
seat. Figure 5 presents the SEVI assessment results applied to the study areas.

The neighborhoods of Navegantes (classified as very high vulnerability), Valadao, and Porto Sao Pedro (both classified
as high vulnerability) were identified as the areas within the municipal seat with the highest levels of socio-environmental
vulnerability, and are therefore priorities for mitigation actions. These results primarily reflect the combination of three
risk dimensions: exposure (proximity to drainage channels and the river), susceptibility, and coping capacity, the latter
being closely tied to adverse socioeconomic conditions. These neighborhoods had already been identified as critical areas
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in previous studies (ARAUJO et al., 2021; SILVA, 2019), which reinforces the reliability and consistency of the results
obtained in this research.
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Figure 5 — Spatial distribution of the Socio-Environmental Vulnerability Index in Macau — RN.
Source: Research Data (2025).

In this context, various mitigation actions can be implemented, particularly in the most vulnerable areas, including
improvements in urban infrastructure, basic sanitation, women’s empowerment policies, and social assistance programs
aimed at children and adolescents. It is worth noting that since the reference date of the data used in this study (2010
Demographic Census), improvements have been identified in certain infrastructure components, especially in basic
sanitation. With the release of the 2020 Census data (conducted in 2022), it will be possible to compare progress and
reassess vulnerability levels using more up-to-date information.

Among the coping strategies, special attention should be given to actions targeting female-headed households, such as
the expansion of municipal early childhood education centers (CMEIs), which enable mothers in vulnerable situations to
pursue technical training and enter the labor market. These measures directly contribute to reducing vulnerability by
enhancing the population’s adaptive and coping capacities in the face of risk situations.

In addition to structural and social interventions, it is essential to invest in Disaster Risk Reduction (DRR) education.
Awareness must be promoted transversally and continuously, from schools to labor unions, non-governmental
organizations (NGOs), and public institutions, fostering knowledge about risks, exposure, and vulnerability conditions
associated with human occupation. The development of a culture of prevention strengthens social empowerment and better

prepares communities to respond to adverse situations.
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In this sense, actions such as evacuation drills, early warning systems, risk area signage, and the designation of safe
meeting points are examples of coordinated measures aimed at building resilient cities, in accordance with the Sendai
Framework for Disaster Risk Reduction 20152030, under the umbrella of the United Nations Office for Disaster Risk
Reduction (UNDRR, 2015), in partnership with Brazil’s National Secretariat for Civil Protection and Defense (SEDEC),
through the Making Cities Resilient 2030 initiative.

4. Final Considerations

The objective of this study was to propose a plausible and simplified methodology for analyzing socio-environmental
vulnerability at the municipal scale, in a way that could be applied not only in academic contexts but also by civil society
organizations and government agencies. The proposed approach consisted of the integration between the Social
Vulnerability Index (SVI) and the Physical-Natural Vulnerability Index (PNVI), resulting in the Socio-Environmental
Vulnerability Index (SEVI). This index proved to be a robust and effective methodology to support public policies,
institutional actions, and collective initiatives aimed at Disaster Risk Reduction (DRR).

The assessment of disaster risk, its dissemination, and the proposition of mitigation measures are aligned with the
principles of DRR established by the National Secretariat for Civil Protection and Defense (SEDEC), under the Ministry
of Regional Development (MDR). It is also in line with projects supported by the United Nations Development Programme
(UNDP), such as the Project for the Enhancement of Risk and Disaster Management in Brazil. Furthermore, the proposed
methodology aligns with the growing urgency of climate change research, as events such as floods and landslides reinforce
the ongoing warnings in reports by the Intergovernmental Panel on Climate Change (IPCC, 2023), which indicate the
increasing frequency and intensity of extreme weather events.

This research is directly connected to the Sustainable Development Goals (SDGs), particularly SDG 6 — Ensure
availability and sustainable management of water and sanitation for all, and SDG 11 — Make cities and human settlements
inclusive, safe, resilient, and sustainable. The latter includes a target to implement integrated policies and plans for climate
change mitigation and adaptation, promoting urban resilience in accordance with the Sendai Framework for Disaster Risk
Reduction 2015-2030. In the Brazilian context, this goal is set to be achieved by 2030, with the commitment to
“significantly increase the number of cities with developed and implemented policies and plans for climate change
mitigation, adaptation, resilience, and integrated disaster risk management” (BRASIL, 2019).

Although the 2010 Demographic Census conducted by the Brazilian Institute of Geography and Statistics (IBGE)
remains the most recent source available at the census tract level, it still represents the most detailed dataset for local-scale
analyses. While the 2022 Census has been conducted, its detailed data have not yet been fully released. Therefore, the 2010
data continue to serve as the most accurate reference for studies requiring information at the census tract level.

Based on fieldwork and the development of the socio-environmental vulnerability map for the municipality of Macau-
RN, the proposed methodology was found to accurately reflect the local reality, without significant distortions.
Nevertheless, it is important that the theoretical-methodological framework, variable selection, and data processing
techniques be continuously discussed and improved to obtain even more refined results in future research efforts.

Acknowledgments

The authors extend special thanks to the Office of Research and Innovation (PROPI) of the Federal Institute of
Education, Science and Technology of Rio Grande do Norte (IFRN) for including this research in the institution’s official
list of research projects, through Call No. 04/2023 — PROPI/RE/IFRN. They also express their gratitude to the reviewers
of the Journal of Geosciences of the Northeast (REGNE) for their valuable contributions and insightful comments, which
significantly contributed to the improvement of this work.

References

AGUIAR, L. S. et al: Low Cost Geotechnology Applied to Flood Risk Assessment in Coastal Urban Areas in Climate
Change Scenarios. Anudrio do Instituto de Geociéncias - UFRJ, v. 42, p. 267-290, 2019. Disponivel em:
https://revistas.ufrj.br/index.php/aigeo/article/view/30423. https://doi.org/10.11137/2019 1 267 290 Acesso em:
25 nov. 2024.



Macedo, Y. M. et al., Northeast Geociences Journal, Caico, v.11, n.1, (Jan-Jun) p.708-721, 2025. 719

ALMEIDA, L. Q. D. Vulnerabilidades socioambientais de rios urbanos: bacia hidrografica do rio Maranguapinho, Regido
metropolitana de Fortaleza, Ceara (Tese de doutorado). Instituto de Geociéncias e Ciéncias Exatas, Universidade
Estadual Paulista, Rio Claro. 2010.

ALMEIDA, L. Q. de; WELLE, T.; BIRKMANN, J. Disaster risk indicators in Brazil: A proposal based on the world risk
index. International Journal of Disaster Risk Reduction, [s.1.], v. 17. p. 251-272. 2016.

ALVES, H. P. F. Vulnerabilidade socioambiental na metrépole paulistana: uma analise sociodemografica das situacdes de
sobreposi¢ao espacial de problemas e riscos sociais e ambientais. Rev Brasileira de Estudos Populacionais. 23(1). 43-
59. 2006.

ARAUIJO, P. V. do N. et al. Acuricia vertical e calibragio de modelos digitais de elevagdo (MDEs) para a Bacia
Hidrografica Piranhas-Acu, Rio Grande do Norte, Brasil. Anudrio do Instituto de Geociéncias. UFRJ. 2018.

ARAUIJO, P. V. do N. et al. Tidal flood area mapping in the face of climate change scenarios: case study in a tropical
estuary in the Brazilian semi-arid region. Natural Hazards and Earth System Sciences, v. 21, n. 11, 2021. Disponivel
em: https://nhess.copernicus.org/articles/21/3353/2021/nhess-21-3353-2021.html

ARAUJO, P. V. do N. Geotecnologias de alta precisdo no mapeamento de georisco a inundagées frente ds mudancas
climaticas. Tese (Doutorado em Geodindmica ¢ Geofisica) - Centro de Ciéncias Exatas e da Terra, Universidade
Federal do Rio Grande do Norte, Natal, 2020.

BLAIKIE, P. et al.: A¢ Risk: Natural Hazards, people’s vulnerability, and disasters. 1 ed. Routledge. 1994.

BRASIL. Instituto de Pesquisa Econdmica Aplicada. Objetivos de Desenvolvimento Sustentavel. Disponivel
https://www.ipea.gov.br/ods/ods11.html. 2019. Acesso em 20 jun. 2023.

BRASIL. Presidéncia da Republica. Casa Civil. Secretaria Especial de Articulagdo e Monitoramento. Secretaria Adjunta
VI - Recursos Hidricos. Nota Técnica n° 01/2023. 2023. Disponivel em: https://www.gov.br/mdr/pt-br/centrais-de-
conteudo/publicacoes/protecao-e-defesa-civil-
sedec/copy_of NotaTcnical2023SADJVISAMCCPR_SEI_00042.000497 2023 74.pdf. Acesso em: 16 fev. 2024.

CUTTER, S. L. Vulnerability to environmental hazards. Progress in Human Geography, v. 20, n. 4. p. 529-539. 1996.

CUTTER, S.L., C.T. Emrich, J.T. Mitchell, B.J. Boruff, M. Gall, M.C. Schmidtlein, C.G. Burton, and G. Melton, The long
road home: Race, class, and recovery from Hurricane Katrina. Environment, 48(2), 8-20. 2006.

DINIZ, M. T. M; PEREIRA, V. H. C. Climatologia do Estado do Rio Grande do Norte, Brasil: Sistemas Atmosféricos
Atuantes e Mapeamento de Tipos de Clima. Boletim Goiano de Geografia, v. 35, n. 3. p. 488-506. 2015.

ESTEVES, C. J. O. Risco e vulnerabilidade socioambiental: Aspectos conceituais. Caderno Ipardes. Estudos e pesquisas.
62-79.2011.

FREITAS, C. M.; CARVALHO, M. L.; XIMENES, E. F.; ARRAES, E. F.; GOMES, J. O. Vulnerabilidade socioambiental,
reducdo do risco de desastres e construgdo da resiliéncia — ligdes do terremoto no Haiti e das chuvas fortes na Regido
Serrana, Brasil. Cien Saude Colet, 17(6):1577-1586. 2012.

GIRAO, I. R. F; RABELO, D. R.; ZANELLA, M. E. Analise tedrica dos conceitos: Riscos Socioambientais,
Vulnerabilidade e Suscetibilidade. Revista de Geociéncias do Nordeste, [S. 1], v. 4, p. 71-83, 2018. DOI:
10.21680/2447-3359.2018v4n0ID13273. Disponivel em:
https://periodicos.ufrn.br/revistadoregne/article/view/13273. Acesso em: 6 jun. 2024.

IBGE - INSTITUTO BRASILEIRO DE GEOGRAFIA E ESTATISTICA. Censo demografico 2010 - Natal. Rio de Janeiro,
RJ, 2013.

IBGE - Instituto Brasileiro de Geografia e Estatistica: Censo demografico. Rio de Janeiro. 2022. Disponivel:
https://cidades.ibge.gov.br/



Macedo, Y. M. et al., Northeast Geociences Journal, Caico, v.11, n.1, (Jan-Jun) p.708-721, 2025. 720

IPCC - Intergovernmental Panel On Climate Change. Impacts, Adaptation and Vulnerability, Contribution of Working
Group II to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change. 2007. Cambridge
University Press, 976pp, from https://www.ipcc.ch/report/ard/wg2/

IPCC - Intergovernmental Panel On Climate Change. Managing the risks of extreme events and disasters to advance
climate change adaptation, A special report of working groups I and II of the intergovernmental panel on climate
change. 1th ed. 2012. Cambridge University Press, from http://ipcc-wg2.gov/SREX/images/uploads/SREX-
All_FINAL pdf

IPCC - Intergovernmental Panel on Climate Change. Summary for policymakers. In Lee, H.; Romero, J. (eds). Climate
Change 2023: Synthesis Report. A Report of the Intergovernmental Panel on Climate Change. Contribution of
Working Groups I, IT and I1I to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change. IPCC,
Geneva, Switzerland. 2023.

MACEDO, Y. M.; TROLEIS, A. L.; ALMEIDA, L. Q. Risco de Desabastecimento Hidrico na Regido Seridd, Rio Grande
do Norte, Brasil. Revista Brasileira de Geografia Fisica v.14,1n.06, 3711-3735. 2021.
https://periodicos.ufpe.br/revistas/rbgfe/article/viewFile/250779/40214.

MACEDO, Y. M.; TROLEIS, A. L; FRANCA, V. V. D. Risco De Desabastecimento Hidrico Na Regido Oeste do Rio
Grande Do Norte, Brasil. Geosaberes, Fortaleza, ' 11, p. 532-550. 2020.
https://doi.org/10.26895/geosaberes.v11i0.1074.

MACEDQO, Y. M. et al. Vulnerabilidade Socioambiental em escala de detalhe: O caso de Mae Luiza, Natal, RN, Brasil.
Geosaberes: Revista de Estudos Geoeducacionais, v. 6, n. 2, p. 145-157. Fortaleza, 2015. Disponivel em:
http://www.geosaberes.ufc.br/geosaberes/article/view/419. Acesso em: 10 ago. 2023.

MACEDO, Y. M.; PEDROSA, L. P. D.; ALMEIDA, L. Q. de. Vulnerabilidade Social De Natal, Rn, Brasil:
Operacionalizacdo E Mensuragdo Do Fenomeno No Municipio. Revista Geonorte, [S. 1], v. 3, n. 4, p. 1020-1030,

2012. Disponivel em: https://periodicos.ufam.edu.br/index.php/revista-geonorte/article/view/1894. Acesso em: 5 jul.
2024.

MACEDO, Y.M. Contribui¢des do Geoprocessamento para estudos de risco e vulnerabilidade socioambiental em
Natal/RN, Brasil. Revista de Geociéncias do Nordeste 4, 44-62. 2018
https://periodicos.ufrn.br/revistadoregne/article/view/15243/10041. Acesso em: 6 jun. 2024.

MARANDOLA J. E.; HOGAN, D. J. As dimensdes da Vulnerabilidade. Sdo Paulo em Perspectiva, v. 20, n. 1. p. 33-43.
2004

MEDEIROS, M. D.: Eventos hidroclimaticos extremos e vulnerabilidade socioambiental a inunda¢oes no Baixo-A¢u -
RN. Tese (Doutorado em Geografia). Universidade Federal do Ceara. 2018.
http://www.repositorio.ufc.br/handle/riufc/35674.

MEDEIROS, M. D.: Vulnerabilidade Social e Exposi¢do A Riscos Naturais No Municipio De Natal, RN. Disserta¢do
(Mestrado em  Geografia). Universidade Federal do Rio Grande do  Norte. 2014.
https://repositorio.ufrn.br/handle/123456789/19943.

MENDONCA, F. A.; LEITAO SA. M. Riscos e vulnerabilidade socioambiental urbana: uma perspectiva a partir dos
recursos hidricos. GeoTextos; 4(1 e 2):145-163. 2008.

OLIMPIO, J. L.; ZANELLA, M. E. Riscos Naturais: Conceitos, Componentes e Relagdes Entre Natureza e Sociedade.
Ra'e Ga,v. 40, 2017.

OLIVEIRA, F. L. S. de. Indicadores De Vulnerabilidade e Risco Local: O Caso Do Municipio de Pacoti, CE. Tese
(Doutorado em Geografia). Universidade Estadual do Ceara. 2018.
https://siduece.uece.br/siduece/trabalhoAcademicoPublico.jsf?1d=82180.


http://www.geosaberes.ufc.br/geosaberes/article/view/419
https://periodicos.ufam.edu.br/index.php/revista-geonorte/article/view/1894
https://periodicos.ufrn.br/revistadoregne/article/view/15243/10041

Macedo, Y. M. et al., Northeast Geociences Journal, Caico, v.11, n.1, (Jan-Jun) p.708-721, 2025. 721

PELLING, M. Transformation: A Renewed Window on Development Responsibility for Risk Management. Journal of
Extreme Events Vol. 01, n. 01. 2014. https://doi.org/10.1142/S2345737614020035.

QUARANTELLL E.L. What is a Disaster? Perspectives on the Question. Routledge, London. 1998.

R CORE TEAM. R: A language and environment for statistical computing. R Foundation for Statistical Computing,
Vienna, Austria. 2024. URL https://www.R-project.org/.

RAJU, E; BOYD, E.; OTTO, F. Stop blaming the climate for disasters Commun. FEarth Environ. 2022.
https://doi.org/10.1038/s43247-021-00332-2.

ROSENDO, E.E.Q. Desenvolvimento de indicadores de vulnerabilidade a seca na regido semiarida brasileira. Dissertagao
(Mestrado em Engenharia Urbana). Universidade Federal da Paraiba, Jodo Pessoa. 2014.
https://repositorio.ufpb.br/jspui/handle/tede/5536

ROSENDO, E.E.Q., FILGUEIRA, H.J.A., SILVA, T.C., SOUZA, B.L. & Junior, M.H.S. Determination and application of
drought vulnerability indexes in the semi-arid region of Brazil, GAIA Scientia, 11(2): 45-56. 2017.
https://periodicos.ufpb.br/index.php/gaia/article/view/31778

SAAVEDRA, J.; MARCHEZINI, V. Procesos de recuperacion posdesastre en contextos biopoliticos neoliberales: los casos
de Chile 2010 y Brasil 2011. fconos - Revista de Ciencias Sociales, [S. 1], n. 66, p. 131-148. 2020. DOI:
10.17141/iconos.66.2020.3987. Disponivel em:
https://iconos.flacsoandes.edu.ec/index.php/iconos/article/view/3987. Acesso em: 4 jul. 2024.

SEADE — Fundagio Sistema Estadual de Analise de Dados. indice Paulista de Vulnerabilidade Social. Sdo Paulo, 2013.
Disponivel em: https://www.seade.gov.br/produtos/ipus/pdf/oipvs/pdf.

SILVA, E. E. S. da. Indicadores de vulnerabilidade e percep¢do do risco de alagamentos: estudo de caso no municipio de
Macau/RN - Brasil. 2019. Dissertacdo (Mestrado em Geografia). Centro de Ciéncias Humanas, Letras e Artes,
Universidade Federal do Rio Grande do Norte, Natal, 2019.

SMITH, K. Environmental Hazards: assessing risk and reducing disaster. 3th ed. Routledge. London. 2001.

UFSC-CEPED - Universidade Federal de Santa Catarina. Centro Universitario de Estudos e Pesquisas sobre Desastres.
Atlas brasileiro de desastres naturais 1991 a 2012. 2. ed. rev. ampl. — Florianépolis: CEPED-UFSC, 2013.

UNDRR. Marco de Sendai para a Redugdo do Risco de Desastres 2015-2030. Japao: Nag¢des Unidas. 2015.
VEYRET, Y. Os Riscos: 0 homem como agressor e vitima do meio ambiente. 2007. 1 ed. Editora Contexto.

WELLE, T. BIRKMANN, J.: The World Risk Index — An Approach to Assess Risk and Vulnerability on a Global Scale.
Journal of Extreme Events [online]. Vol. 02, No. 01. 2015. https://doi.org/10.1142/S2345737615500037

ZANELLA, M. E.; OLIMPIO, J. L.; COSTA, M. C. L.; DANTAS, E. W. C. Vulnerabilidade Socioambiental do Baixo
Curso da Bacia Hidrografica do Rio Coc6, Fortaleza-CE. Sociedade & Natureza 2013; 25(2): 317-331.



