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Abstract: The identification and classification of flood-prone areas comprise a fundamental step in the
Flood Risk Management approach, providing subsidies for land use planning, floodproofing policies,
the design of mitigation measures and early warning systems. To address this issue, a frequently
used preliminary tool is the flood susceptibility mapping of a region using a range of widely available
data. Therefore, the present study introduces an index-based approach able to qualitatively assess
flood-prone areas, named Physical Susceptibility to Floods Index (PhySFI), based on a multi-criteria
decision-making method and developed in a GIS environment. The methodology presupposes a
critical discussion of variables commonly used in other flood indexes, intending to simplify the
proposed representation, and emphasizes the role of the user/modeler. PhySFI is composed of just
four indicators, based on physical parameters of the assessed environment. This index was developed
and first applied in the city of Rio de Janeiro, as part of the Rio de Janeiro Climate Change Adaptation
Plan. The validation process was based on a comparative analysis with flood extent and height
simulated by the hydrodynamic modeling of four watersheds within the study area, with different
urbanization processes for each one. The results indicate that the index is a powerful preliminary
tool to assess flood-prone areas in coastal cities.

Keywords: flood risk management; MCDM; GIS; flood susceptibility mapping

1. Introduction

Floods can be characterized as the natural disaster with the highest frequency, the
largest number of people affected and the third biggest cause of economic losses, behind
storms and earthquakes [1–3]. Between 2000 and 2021, floods represented 40% of all natural
disasters, reaching 50% of the annual amount in 2006 and 2021. Asian countries are the
most affected, followed by South America [3,4]. At the end of 2021, approximately 56%
of the world’s population lived in urbanized areas. In Brazil, this percentage is around
87% [5]. The main local impacts associated with the urbanization process in the urban
water cycle are the reduction in vegetal interception, evapotranspiration, and infiltration,
and runoff increases in volume and velocity, mainly as a result of vegetation removal, soil
paving, interventions in the natural drainage and the construction of artificial drainage
systems [6].

Although flood events are a natural phenomenon usually responsible for a series
of ecosystem services [7], their interactions with urban aspects, such as population in-
crease in susceptible areas and urban sprawl, tend to explain the escalation of associated
negative impacts.
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In developing countries, cities may continue to occupy floodplains without proper
urban planning and reproducing a hygienist approach in stormwater systems [8]. Failures
in drainage systems functioning in urban areas directly affect daily routines and may
promote disruption and losses in a series of urban systems such as housing, energy, water
supply, sewage, mobility, community facilities and economy, among others, creating a
cascade of effects [8,9].

It is difficult to produce sustainable urban tissue when flooding is capable of affecting
almost all urban systems, directly or indirectly, being able to degrade the urban environment
and impoverish the local population.

Considering the context of the Flood Risk Management (FRM) approach, an antic-
ipated risk analysis is a strategic demand for more resilient cities in current and future
adverse scenarios of increasing urbanization and climate change [10]. The identification
and classification of flood-prone areas comprise a fundamental step in the FRM approach,
providing subsidies for land use planning, floodproofing policies, mitigation measures and
early warning systems, among others [11].

However, robust flood risk analysis can be a highly demanding task, mainly in devel-
oping countries where available data related to socioeconomic, environmental and field
aspects face problems like low-quality information, low spatial coverage and short time
series. The lack of specialized technical teams also aggravates this framework. In addition,
even when considering an ideal situation of data availability (more likely to occur in devel-
oped countries), before detailing the risk analysis it may be useful to have a preliminary
tool to hierarchize priority areas to be studied first.

In this sense, preliminary mapping tools can provide subsidies for urban planning
and for detailed urban water management using the few variables available. Flood Hazard
Mapping (FHM) aims to represent at least one flooding characteristic among flood depth,
spatial flooding extent, flooding duration, damages and losses associated with a return
period in the region of interest It can be generated from knowledge on recent historical
floods, from geological and geomorphic evidence, aerial photography, satellite imagery
and running hydrologic–hydrodynamic models [11,12] and by using quantitative and
semi-quantitative Multi-Criteria Decision Making (MCDM) methods [13,14].

A calibrated and validated hydrologic–hydrodynamic model tends to be the most
efficient decision support tool available since it allows the simulation of distributed interven-
tions and the comparison of results in different scenarios. Nevertheless, their development
requires expensive field data and significant efforts, as previously mentioned. Rio de
Janeiro, for example, is a coastal city with more than 40 urbanized watersheds.

To address this issue, a frequently used preliminary tool in FRM is Flood Susceptibility
Mapping (FSM). FSM can be defined as the probability of flood occurrence based on
geographical features of the considered region [13].

In addition to providing an overall footprint of the study area, highlighting the main
problematic catchments, a physical susceptibility analysis can also identify potential areas
for wetlands, reservoirs and multifunctional landscapes, as well as showing areas that are
susceptible to flooding but not frequently flooded (due to already implemented mitigation
measures), indicating possible residual risk areas.

Considering FSM as a relatively incomplete but useful analysis based on a preliminary
flood risk management approach, this study aims to present a simplified method using
only four indicators to build the Physical Susceptibility to Floods Index (PhySFI). The main
contribution of the present study consists of the reduced number of representative Flood
Conditioning Factors (FCFs) in comparison with other, similar studies. The development
of a new, reduced set of FCF emphasizes the role of the modeler in the interpretation of
physical phenomena both in the hydrologic–hydrodynamic modeling step and in the choice
of indicators, normalization classes, weights and the final equation in the MCDM method
adopted. The proposed index was developed and first applied in the city of Rio de Janeiro,
as part of the Rio de Janeiro Climate Change Adaptation Plan 2040 [14]. The city comprises
1.200 km2, aggregating more than 40 catchments and approximately 6.7 million inhabitants.
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The PhySFI validation process was based on a comparison with hydrologic–
hydrodynamic model results of the depth and extent of four basins within the study
area. For planning purposes, a future scenario considering climate change impacts was
developed to support the prediction of aggravation conditions on the susceptibility map-
ping procedure.

2. Literature Review
2.1. Flood Risk Management

Considering the definition given by UNESCO, Flood Risk can be defined as a com-
bination of the flood hazard and its associated consequences reaching a socioeconomic
system [10]. Hazard can be defined as the physical component of risk, given by a defined
rainfall and its transformation process into runoff through the floodway along the water-
shed. Physical characteristics of the watershed, such as slope, land use, drainage density
and urbanization, among others, imply flood characteristics such as water depth, flooding
extent, flow velocity and flood duration, for example [15,16]. The consequences are related
to the exposure and vulnerability aspects of socioeconomic systems [17]. Vulnerability can
be divided into economic value, susceptibility to damage and resilience [18,19].

In this sense, studies that do not include flood characteristics should not be named as
Flood Hazard Mapping (FHS). Within the same reasoning, a Flood Susceptibility Mapping
(FSM), as a preliminary step, should not include flood characteristics.

Unlike other natural disasters, such as hurricanes and earthquakes, many types of
floods allow a set of measures to be adopted in the physical environment (watershed) in
order to modify the runoff generation process, allowing flood patterns to be changed in time
and space. In this sense, it is possible to act to reduce the consequent hazard (inundation)
for the same triggering event (precipitation). Rainfall characteristics are common FCFs used
in flood indexes. However, considering rainfall in a static analysis introduces a complex
issue if a flooded area does not necessarily have a direct relation to where the precipitation
itself falls. Water flows through a path in the direction of valley zones or sinks, promoting
floods where the topography favors them and not exactly in the precipitation area.

In this context, this paper focuses on the susceptibility related to the physical envi-
ronment and not the susceptibility related to socioeconomic aspects, which makes up the
vulnerability calculation. The words “trend” or “propensity to flooding” can be considered
good synonyms to convey this idea.

2.2. Types of Floods

Floods can be defined as “the temporary covering by water of land not normally
covered by water”, and their driving forces can vary significantly [20]. For example, coastal
floods are usually caused by storm surges, wave overtopping or tsunamis. Fluvial floods
are induced by rainfall and exceed the main channels’ capacity, in which their ranges can
vary gradually from lowland floods to flash floods; pluvial floods are caused by rainfall in
urban areas, and groundwater floods by exfiltration. Floods can also be caused by snow-
melt and dam failure, among other things [10,16,21–23]. Despite having the same element
as a triggering factor, the scope of mitigation measures and land restrictions imposed on an
area susceptible to slow-rise flooding will be considerably different from those subjected to
frequent flash floods.

By defining aspects associated with different types of floods, actors that participate
in the decision-making process can readily distinguish specific tools and available man-
agement options to deal with flood risks [17]. According to [21], a more comprehensive
evaluation should consider more than one factor, including the spatial patterns of the
causative factors of flooding as well as atmospheric and catchment conditions. In this
context, this paper is focused on representing fluvial floods on floodplains of coastal cities
where sea level variations associated with storm surges, astronomical tides or elevation
represent an aggravating impact factor.
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2.3. GIS and MCDM in Flood Risk Management

Studies utilizing the combination of GIS and MCDM for flood applications have been
published since the 1990s [11,24,25]. MCDM applications require criteria to be grouped,
standardized and weighted, enhancing work interaction between scientific fields [7].

In a recent review involving flood indexes [13], the authors supported the view that
MCDM methods have shown the “capability of integrating stakeholder’s input with less com-
plex processing, less input data requirement, accurate results, and decreased uncertainty”.

Physical features such as slope, geology, distance to the main river network, land use
and land cover (LULC), terrain elevation, geology and runoff generation are commonly
used as indicators in flood susceptibility indexes [26–31]. Other studies have explored earth
observation and remote sensing to detect frequently flooded areas [12,31]. Flood indexes
can also be developed to characterize flood types (flash floods or riverine floods) using
hydrograph results from hydrodynamic catchment modeling [32]. The combination of
hazards and consequences of a given flood, creating a Flood Risk Index, is also a common
application [33,34], and more recently flood resilience analyses and indexes have been
gaining space in the literature [18,19,35–38].

Kazakis et al. [27] presented a weight review of a Flood Hazard Index (FHI) which
incorporated a sensitivity analysis and renamed the index FHI-S. Using the same seven
FCFs as in FHI—flow accumulation, geology, land use, elevation, slope, distance from
network drainage (DFND) and rainfall (FIGUSED-S method)—in an Analytic Hierarchy
Process (AHP), the results obtained showed differences in the choice of the weights. On
a 0–10 scale, elevation became the most important factor, instead of flow accumulation,
changing its weight from 2.1 to 3.0. Distance for drainage network sustained second place,
but changed weight from 2.1 to 2.5, followed by slope, in third place, changing its weight
from 0.5 to 1.6, the highest percentage change, occupying the place previously given to
elevation. Flow accumulation changed from 3.0 to 1.2 and the other indicators received
weights lower than 1. For example, the geology parameter received a weight of 2% in
FIGUSED and 4% in FIGUSED-S.

Tehrany et al. (2013; 2014; 2015) developed different methodologies to assess flood
hazard using a decision tree (DT) [28], a bivariate and multivariate statistical model [29]
and machine learning Kernel type [30]. In the first method, ten FCFs were used: elevation,
slope, curvature, stream power index (SPI), topographic wetness index (TWI), distance
from network drainage (DFDN), geology, rainfall, land use/cover and soil and surface
runoff. The last incorporated a support vector machine (SVM) technique in four Kernel
types and the Frequency Ratio (FR) method with eleven FCFs. As a result, the parameters of
elevation and slope factors were considered the most influential factors in all Kernel types.

In all mentioned studies [27–30], flood inventory was also given by points indicating
historical events. They also highlighted the flood susceptibility assessment as a preliminary
step in flood risk management, considering the importance of hydrodynamic modeling as
a next step.

Using ten FCFs, Mahmoud and Gan [39] presented a flood susceptibility index with
flow accumulation, runoff and soil type as the most influential factors. These results differed
from other studies mentioned and, after a sensitivity analysis, the authors concluded that
flood susceptibility maps should include more than six FCFs, while other studies suggest
that a reduced number of independent FCFs can achieve accurate results [40].

The fact that historically observed flood points are located in high slope zones calls for
attention. Pham et al. (2020) discussed different methods and performed a classification
between a flash flood and a non-flash flood event before developing a GIS-based approach
for flash flood susceptibility assessment [41].
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An example of an index with only four FCFs was developed for a stretch of river in
Iran [39]. The authors applied an Analytical Hierarchy Process (AHP) and compared the
results with flood extent and depths obtained by hydrological–hydrodynamic modeling
using HEC-RAS for 50-year and 100-year rainfall events. The FCFs chosen were slope,
distance from drainage network (DFDN), LULC and altitude/elevation, and they received
weights of 0.138, 0.232, 0.546 and 0.084, respectively. The final index was composed of
a sum of normalized weights and normalized ratings for each cell of a 30 m horizontal
resolution raster layer.

2.4. Climate Change Impacts

Considering the many areas in which water plays a key role, the impact of climate
change combined with urban growth implies even more complex challenges in the Inte-
grated Urban Water Management approach (IUWM) [42–44]. Population growth alone is
likely to put more people at risk of flooding, regardless of alterations brought about by
changes in climate conditions. However, the impacts of future floods will depend on the
adaptive choices adopted concerning event projections [2].

Climate change impacts tend to increase the frequency and severity of intense rainfalls,
produce higher mean sea levels, increase storm surges and aggravate hazards in general
terms. On the other hand, changes in land use and urbanization increase the vulnerability
of socioeconomic systems. As a result, climate change represents a concrete threat to higher
flood risks, mainly in developing countries [45] where infrastructure provision can be
insufficient and adaptation discussions can be put to the end of the line in favor of basic
needs, like sanitation and habitation gaps.

Some traditional structural measures adopted without considering future risk analysis
can be inefficient. Intensity–Duration–Frequency (IDF) must be frequently updated and
new design projects should be more flexible, using recent data associated with conservative
safety factors [46].

In order to promote adaptations to climate change, it is important to assess the possible
consequences of future conditions. Since it is a difficult task, mainly due to the inherent
doubts about what will in fact happen, this is possible through the use of a series of
prediction techniques and tools, such as the construction of scenarios and the use of climate
models. In this sense, adaptation measures classified as “no regrets” tend to be used as
planning strategies to be adopted in the short term.

3. Materials and Methods

The role of modelers in understanding the physical phenomenon and their knowledge
about the study area assumes crucial importance in modeling complex systems. Cunge [47]
discussed the importance of physical interpretation, and the understanding of the assumed
hypothesis of the fundamental equations in flood modeling has been losing importance
over decades of models and computational techniques’ development.

Sousa et al. [48] compared two different flood modeling strategies with different levels
of effort and computational costs in an urban basin. The authors concluded that efforts
directed at physical interpretation and representation in the mathematical modeling process
could lead to more simple and efficient model approaches, not necessarily requiring the
most advanced technologies or the most sophisticated models.

The Physical Susceptibility to Floods Index (PhySFI) is based on an MCDM approach
and developed in a GIS environment. The method presupposes a critical discussion of what
could be the minimum significant and representative set of variables commonly used and
works by choosing indicators, normalization classes, weights and the final equation itself.
PhySFI is composed of just four indicators based on the physical characteristics of the envi-
ronment (natural and built), involving elevation, slope, distance from the major drainage
network and land use. The choice of these indicators was influenced by [42] and involves
practical observations: the terrain slopes are one of the most important characteristics for
mapping flooding (only nearby plain areas are effectively floodable); the distance to the
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major drainage network reflects the threat represented by overflows; the terrain elevation
accounts for flow accumulation and additional restrictions imposed by tides and backwater
effects (particularly important to coastal cities); and land use impacts runoff generation,
which can imply increased flooding (represented by the runoff coefficient).

The land use indicator is usually associated with future urban planning scenarios, but
it can also be used indirectly to represent possible climate changes affecting the rainfall
intensity. Once the rainfall intensity increase rate is estimated, this increasing rate can be
simulated by modifying the runoff coefficient accordingly, since the final effect over the
generated discharge will be the same when compared to a direct increase in the rainfall
intensity. That is, mathematically, as runoff is given by the product of the rainfall intensity
by land use conditions and drainage area, if the multiplier of rainfall increase is applied
to the runoff coefficient, it can simulate a rise in the runoff generation and represent a
climate change effect. In the same way, the elevation indicator can be adapted to better
represent estuaries, coastal areas and sea level variations in climate change scenarios. In
the present paper, the current situation and future scenarios with climate change effects
were developed.

Conceptually speaking, the main idea behind the proposed metrics is that densely
occupied coastal plains near water courses subjected to tidal effects should be represented
as the worst areas in terms of susceptibility to floods. The normalization classes and
weights will be adjusted by comparison with fluvial flood extent and depths simulated by a
hydrologic–hydrodynamic model of four watersheds within the study area. Many studies
use historical flooding spots to calibrate or validate flood models or indexes [28–30,39,41,49].
Once flood events have intrinsic parameters such as height, spatial extent, etc., characteriz-
ing a flood through a discrete point tends to be a rough approximation, although valid in
the context of data scarcity.

The software used to simulate floods was MODCEL [50,51], a quasi-2D model in which
the modeling domain is divided into irregular cells forming a flow network connected
by 1D equations such as full Saint-Venant dynamic equation, crested weirs, culverts and
orifices, among others. The different types of cells represent the natural and artificial
watercourses, streets, parks, urbanized and rural floodplains and galleries, among others,
in such a way that surface and subsurface layers can be linked.

Once the cell division process of the modeling domain is executed by the modeler, the
level of experience in the physical interpretation of the built environment assumes crucial
importance and introduces a complex issue. The user must interpret terrain geometric
characteristics and define hydraulic parameters for each cell, as well, before creating a flow
network between different terrain layers.

An extensive discussion about the role of the modeler in flood modeling is presented
in [48]. The choice for this model is due to the practicality of using a known open model
that was developed by this research group. However, any other similar model can be used
when replicating this method.

A comparison and discussion between modeled flood extent and depths with PhySFI
final formulation results can be conducted by using the official Brazilian statistic grid as
the reference spatial unit. A similar comparison between hydrodynamic modelling and
MCDM flood indexes can be found in [52,53].

The PhySFI values range from 0 to 100 and the classes were divided into 0–20 (very
low susceptibility), 20–40 (low susceptibility), 40–60 (medium susceptibility), 60–80 (high
susceptibility) and 80–100 (very high susceptibility). The indicators have their own weight
definition processes.

3.1. PhySFI Formulation

The model formulation choice may fall on a product, a sum, or a combination of both
possibilities. After more than 40 versions in the preliminary testing phase, with different
formulations tested by the authors, the PhySFI was defined as a combination of a product
of the slope, highlighted as the main flooding indicator, versus a sum of the other indicators.
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Therefore, the slope was considered the fundamental aspect in terms of both the results
observed in the literature review and the findings of our study. With this choice, even if a
highly urbanized area is near a river course, the susceptibility to flooding can be low if the
slope is high. In this study, as will be detailed in the normalized scale for the slope indicator
(in the following sections), when the slope is greater than 8%, the slope indicator will be
zero and so will the entire index. Equation (1) represents the final index formulation.

PhySFI = IS
E1 × (c1 × IIMP + c2 × IPROX + c3 × IE)E2 (1)

where:

• EX and cY are weights assigned to indicators;
• IIMP—Imperviousness Indicator;
• IPROX—Proximity to Drainage Network Indicator;
• IE—Elevation Indicator;
• IS—Slope Indicator;

Note: E1 + E2 = 1, C1 + C2 + C3 = 1 and 0 ≤ PhySFI ≤ 100. Figure 1 presents a
summary of the PhySFI index.
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Figure 1. Horizontal grid resolution, given by the Brazilian National Institute for Space Research
(INPE) [54], refined from SRTM raster [55]. The hydrography, land use and land cover files were
provided by the city hall [52]. The population density in formal and slum areas was calculated using
the Brazilian Institute of Geography and Statistics (IBGE) census data [56].

Three different units of interest were analyzed for PhySFI development and visualiza-
tion as a way to provide useful data for different knowledge areas (Figure 2). The PhySFI
can be presented in (1) raster format, (2) the census tract, a division for data collection that
can change as the city grows, and (3) a statistical grid, a recent national strategy to make
census data available in a permanent shape over time [57].
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3.2. Case Study: Rio de Janeiro City

With 6.7 million inhabitants occupying 1200 km2 [56], the city of Rio de Janeiro
presents extensive urbanized floodplains contrasting with mountains with forest fragments
(Figure 2) and informal settlements. Flood events have been recorded in Rio since 1711,
before the intense urbanization process that happened in the 20th century. Due to the
city’s topography, large volumes of water flow downstream from the mountains, receiving
increased runoff volumes from urbanized areas and finally reaching very low slope areas
subjected to tidal influence. During the urbanization process, floodplains were intensely
modified and occupied and extreme events and consequences became frequent.

The city is composed of more than 40 basins (Figure 3), excluding small islands.
In general, continental watersheds are strongly marked by highly dense urban spots
downstream, in contrast with vegetated protected mountains upstream. The average
precipitation varies from 1200 to 2200 mm/year and the critical events are usually related to
intense convective rainfall [55]. Some recent heavy rain events, such as the rains of January
1998 (272.8 mm/24 h) and April 2006 (252.8 mm/24 h), both recorded in the Tijuca massif,
caused high damages to private and public assets.

Figure 4 presents the basins of more than 10 km2, highlighting their urban areas and
population. The concept of “macrobasins” refers to administrative areas that join a set of
near and similar watersheds.
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3.3. Formulation of the PhySFI Indicators

The Physical Susceptibility to Floods Index proposed in this study was based on only
four floods, as previously defined, considering the physical interpretation and the content
of previous studies [27–30,39,42]. In general, areas with low elevation and low slopes are
more prone to flooding than others, which can be aggravated by land use characteristics and
proximity to main channels. The indicators developed for the PhySFI index are presented
in the following.

3.3.1. IS—Slope Indicator

Slope classes and weights must be defined based on the phenomenon that one wants
to model, e.g., whether different slope parameter choices will penalize flash floods or fluvial
floods. In this study, the surface slopes are considered the most important parameters for
flood susceptibility mapping when dealing with fluvial floods, since flat or mild areas are
difficult to drain.

The normalized scale for this parameter was built by adapting an existing classification
used by the Brazilian Agricultural Research Corporation (EMBRAPA) to the drainage
efficiency expectations. Slope calculation was undertaken by using the maximum elevation
difference between a pixel and its neighbors [58]. Table 1 presents the slope classification
adopted in the present study.

Table 1. Slope indicator classification.

Slope for Drainage Categories Slope Ranges (%) Slope Indicator Value

Critical ≤1.5 100
Acceptable 1.5 < % ≤ 3.0 75
Adequate 3.0 < % ≤ 5.0 50

Good 5.0 < % ≤ 8.0 25
Very good >8 0
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3.3.2. IE—Elevation Indicator

Herein, the elevation (Figure 5) was classified based on the absolute values of terrain el-
evation and according to the longitudinal profile of river valleys in the study area (Figure 6)
and the water depths obtained from the hydrodynamic modeling of four watersheds in the
city to assess backwater effects. This approach catches the representation of flatter lowland
areas and the potential tide effect on the final reaches of river courses and their floodplains.
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Figure 6. (a) Representative longitudinal profile of river valleys in the study area; (b) water heights
resulting from the hydrodynamic modeling of the four basins’ low stretches.

Considering river valley longitudinal profiles, it is possible to consider a higher tidal
influence until the elevation of 5 m above mean sea level, in representative basins of the
study area. In this sense, for Rio de Janeiro city, the elevation indicator was classified as
presented in Table 2. The lower limit of 2 m was based on the municipal restriction for
building licensing in potentially flooded areas.
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Table 2. Elevation classification.

Elevation (m) Elevation Indicator Value

≤2.0 100
2.0 < E ≤ 3.0 75
3.0 < E ≤ 4.0 50
4.0 < E ≤ 5.0 25

>5 0

3.3.3. IPROX—Proximity to Drainage Network Indicator

The IPROX formulation, a novelty proposed by the present study, comprises character-
istics of the High Above the Nearest Drainage (HAND) model [59] and of the commonly
used parameter “distance from river/drainage network” (DFDN). The IPROX analyzes
the slope of the terrain and its distance concerning the nearest drainage line, aiming to
represent the potential accesses of the surplus water overflowing the riverbanks. The
sole consideration of distance parameters, such as DFDN, ignores valley zones where the
transversal slope of floodplains increases considerably in short distances and flows are
maintained mainly confined along the main channel. In a general conceptualization of a
watershed, it is reasonable to consider that flat areas adjacent to the river are a proxy for
flood-prone areas. The distances and rates given for this indicator in its normalized scale
are presented in Table 3. Distance classes and indicator values were based on the basins’
scale of the study area (<140 sq.km) and can be adapted to other regions. An example of
application in the study area is presented in Figure 7.

Table 3. Classes for the IPROX indicator.

Distance (D) from Main
River Network (m)

Slope (%)

<1.5 1.5 < % < 3.0 3.0 < % < 5.0 5.0 < % < 8.0 5.0 < % < 8.0

≤100 100 100 75 50 25
100 < D ≤ 200 100 75 50 25 0
200 < D ≤ 300 75 50 25 0 0
300 < D ≤ 400 50 25 0 0 0
400 < D ≤ 500 25 0 0 0 0

>500 0 0 0 0 0
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3.3.4. IIMP—Imperviousness Indicator

Land use modification appears as the largest flood intensification factor [6]. The
urbanization process reduces infiltration and surface retention due to vegetation removal,
the paving process and buildings’ construction, increasing runoff and water accumulation
above the surface [51]. The IIMP indicator, based on LULC, is represented by the runoff
coefficient value attributed to each land use. Table 4 presents the values assumed for land
use classes for Rio de Janeiro city, adapted from a regional study [60]. In this case, the
runoff coefficient is already a number between 0 and 100%.

Table 4. Runoff coefficients for IIMP.

Land Use Runoff Coefficient/IIMP Values

Agricultural areas 20
Services and business areas 90
Education and health areas 70
Mineral exploitation areas 70
Recreational areas 40
Transportation areas 90
Non-built areas 30
Public infrastructure and institutional areas 70
Industrial areas 90
Wetlands 90
Exposed rocks 90
Canopy 10
Grass cover 20
Water bodies 100

Residential Areas (formal and slums)

Low density 50
Medium density 70
High density 90

3.4. Climate Change Scenario Adaptation

Departing from the current indicators’ values and weights, it is possible to create future
scenarios for urban planning purposes. In this sense, a scenario was developed representing
climate change impacts considering mean sea level rise and a shift in imperviousness
indicator as a proxy for an increase in rainfall intensity. Considering that climate change
is an important factor in the future performance of drainage systems, it is interesting to
observe how the proposed index can react to this scenario.

Under the influence of mean sea level rising conditions, drainage pipes and channels
may have their outflow section partially or completely drowned. Studies about sea level
rise can present a significant variability in their results [61]. According to the Projected Sea
Level Rise by the International Panel on Climate Change (IPCC), under Representative
Carbon Pathway (RCP) 8.5 scenario, the mean sea level (MSL) rise could reach +0.4 m at
the Brazilian coast in 2100 [62]. In a survey involving experts, a range between 0.45 and
1.65 m (5 to 95th percentiles) was suggested in Global Mean Sea Level (GMSL) rise, also in
2100 [61]. Due to the combination of storm surges, tides and waves, Extreme Sea Levels
(ESLs) tend to increase the frequency of 100 year events, mainly in the tropics, including
Rio de Janeiro city [63].

Considering this impact conservatively, an average value of +1.0 m was added in
ranges to simulate the elevation indicator in the PhySFI Future Scenario, as presented in
Table 5.

Based on historical data, the Rx1-day index (annual maximum 1-day precipitation)
presents an increasing trend of approximately 10 mm/decade in Rio de Janeiro city [58,64,65].
Considering an average value of this index for the region as 110 mm in the current situa-
tion [64,65], the increase will be approximately 20% in 2040.
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Table 5. Range values for elevation indicator in PhySFI Future Scenario for Rio de Janeiro city.

Elevation Ranges
Elevation

Indicator ValueCurrent Situation Future Scenario
(Sea Level Rise 1 m)

≤2.0 ≤3.0 100
2.0 < E ≤ 3.0 3.0 < E ≤ 4.0 75
3.0 < E ≤ 4.0 4.0 < E ≤ 5.0 50
4.0 < E ≤ 5.0 5.0 < E ≤ 6.0 25

>5 >6 0

This rate was used as a reference for a chosen increase of plus 20 percent in all land
use runoff values in the imperviousness indicator, representing a shift in runoff patterns
promoted by rainfall increase. Table 6 presents the values of IIMP in future scenarios with
climate change impacts.

Table 6. Runoff coefficients for IIMP in the current situation and future scenario of 2040.

Land Use
IIMP Values

Current Situation Future Scenario

Agricultural areas 20 24
Services and business areas 90 100
Education and health areas 70 84
Mineral exploitation areas 70 84
Recreational areas 40 48
Transportation areas 90 100
Non-built areas 30 100
Public infrastructure and institutional areas 70 84
Industrial areas 90 36
Wetlands 90 100
Exposed rocks 90 100
Canopy 10 12
Grass cover 20 18
Water bodies 100 100

Residential Areas (formal and slums)

Low density 50 60
Medium density 70 84
High density 90 100

4. Results

Four basins within the study area were hydrologically and hydrodynamically modeled
for a 25 year rainfall event [66–70], using MODCEL to map significant floods and compare
the real results with the expected susceptibility to flooding, as presented in the following.

4.1. Canal de Sernambetiba Basin

Formed by an extensive lowland area, with a series of artificial desiccation channels
and low altimetry levels, the middle stretch of the Canal de Sernambetiba basin suffers
from floods of large extensions with a predominance of water depths between 0.30 and
0.75 m. Despite a series of human interventions in the drainage network, the region still
maintains natural characteristics and its current occupation is insignificant compared to the
rest of the city [69]. In this case, PhySFI was able to satisfactorily represent areas susceptible
to flooding once FHS and FSM had highlighted the same areas, as presented in Figure 8.
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(b) PhySFI results.

4.2. Guerenguê Basin

The middle stretch of the basin, with a predominance of water depths exceeding 1 m
in height, was identified by the index to be within the highest range of susceptibility of
the physical environment to flooding. The low stretch was identified as highly susceptible.
However, high flood heights are not verified in the simulation for a 25 year return period
event due to the presence of marginal dikes in this region, preventing the overflow of water
in the gutter for the simulated rain [68]. However, the PhySFI results for this region indicate
the residual risk for the events simulated above, as presented in Figure 9.
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4.3. Canal Do Mangue Basin

The Canal do Mangue basin is characterized by a high degree of soil waterproofing,
embankments in its lower part, high channeling and different interventions in rivers. The
PhySFI results revealed problematic regions, such as Bandeira, Niterói and Varnhagem
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squares (numbers 1, 3 and 4 in Figure 10), which currently have reservoirs for flood control
and others with recurring flood problems such as Saens Peña and Afonso Pena squares
(numbers 6 and 2). Areas downstream of the Praça da Bandeira square (1) presented high
susceptibility values, but they were not confirmed in hydrodynamic modeling. In practice,
the railway works as a barrier for runoff and retains volume upstream [70].

In general, water depths are spatialized over the watershed and floods are highly
conditioned by drainage network capacity and maintenance.
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4.4. Acari Basin

For the Acari River basin (Figure 11), the regions highlighted by the index did not show
satisfactory correspondence concerning the flood spots resulting from the mathematical
modeling. The basin is highly modified and waterproofed, including several inadequate
works, which restrict flows (strangulated passages under bridges, bridges with excess
pillars in the gutter, galleries with singularities and narrowing sections) and aggravate
flooding in several regions of the watershed [8,9,67].
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4.5. PhySFI Final Formulation

After a set of testing applications, the PhySFI final formulation, including an optimized
choice for the weights, is presented in Equation (2). Figure 12 shows the spatial results for
each indicator.

PhySFI = IS
0.25 × (0.4 × IIMP + 0.4 × IPROX + 0.2 × IE)0.75 (2)
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A more detailed result for the PhySFI application in Rio de Janeiro city for the current
scenario using the statistical grid is presented in Figure 13. The obtained spatialized results
for different basic spatial units appear in Figure 14.
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4.6. Overview

The PhySFI results obtained for the city of Rio de Janeiro in the current situation
have shown a greater coherence in less urbanized watersheds, such as Sernambetiba
and Guerenguê Rivers—in these cases, the original watershed is less modified by urban
and hydraulic structures, which makes the susceptibility results closer to those of the
hydrodynamic modeling. It was possible, for example, to confirm the high susceptibility of
their floodplains. Higher levels of formal urbanization, such as those found in the Canal do
Mangue, led the index to show high values for large extents of the watershed. These areas
were partially verified in the hydrodynamic modeling; however, some areas indicated by
the PhySFI are not flooded in the current situation, because flood control reservoirs are
now located in these areas.

In the Acari River basin, which is a highly disordered urban catchment, the index pre-
sented regions with high and very high susceptibility that differed from the hydrodynamic
modeling results, due to a set of hydraulic works, low bridges, the insufficient capacity of
storm drains, etc. These features promote floods in unexpected parts of the basin. However,
the information offered by the index results can show that the residual risks still exist (even
if areas are not flooded because of existing flood protections, or because upstream reaches
are flooded due to the system conveyance incapacity).

4.7. Climate Change Scenario

The climate change impacts simulated affected the basins in the study area (Figure 15)
differently depending on the urbanization pattern of each watershed and the proximity to
the coastal areas.

Analyzing the results according to macrobasins, Guanabara Bay concentrates the
majority of people in High or Very High susceptibility to flood categories, corresponding
to almost 100 thousand inhabitants, as presented in Figure 16a.
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In all macrobasins, people living in Very Low susceptibility areas are almost unaffected,
with the exception of Sepetiba Bay. On the other hand, the number of people living in
urbanized flood plains near the coast is impacted in all cases.

Considering the results in the current scenario as a reference, about 26% of Rio de
Janeiro’s city population lives in areas considered to be at high or very high susceptibility
to flooding, which corresponds to 21% of the city territory (Figure 16b). In an overview of
the city’s susceptibility results in the future scenario, almost 241,000 inhabitants will live in
areas with very high susceptibility to flood, which means an increase of 58% in this index
class and 4% of the overall population of the municipality.
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5. Conclusions

The main goal of the present study was to develop a simple and robust method to
measure the physical susceptibility to floods of a certain territory, using widely available
input data. This method corresponds to the PhySFI tool, which can also offer easy repli-
cation to other watersheds. All the steps taken in the index development procedure were
based on choices that allow their reproducibility for other cases. All data are relatively easy
to obtain and geospatial tools are available in open and free GIS software.

The PhySFI results obtained for four modeled basins suggested a better relationship
between flood susceptibility and flood hazard in the less urbanized catchments, where
the original physical setup is still the strongest factor driving the phenomenon. The built
environment may introduce changes in runoff patterns, creating new flooding areas while
protecting the original old ones. In this sense, in more rural areas PhySFI has greater
potential to subside land use planning. On the other hand, in highly urbanized areas,
PhySFI tends to highlight areas that still can be threatened by residual risks—which can be
something important to guide decisions on compacting (or not) a certain region. In this
latter case, the PhySFI results can be seen as a flood memory aid for decision makers.

Therefore, the PhySFI can be used as a tool for flood susceptibility assessments in-
tended to support urban planning and development. In large and/or non-coastal basins,
the elevation indicator can be neglected by using a zero weight. In general, all indicators
may be adjusted for the applied region, considering existing data and geographical condi-
tions and also including changes in their classes and weights. Further steps in this research
could benefit from a set of different applications, such as using urban watersheds with
different characteristics in order to assess the indicator’s sensitivity and map eventual gaps
in the formulation.

Flood susceptibility analysis comprises a portion of the Flood Risk Management
approach and preferably should be followed by hazard, risk and resilience analyses.
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