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Abstract: The analysis of morphometric parameters has been widely employed to assess flood susceptibility; however, at
broader scales, it tends to homogenize and generalize results, concealing relevant local differences. This study aims to
investigate flood susceptibility using fifteen morphometric parameters in a GIS environment, at scales ranging from basins
and sub-basins up to the sixth order, located in the northern Mantiqueira range/coastal plain of Espirito Santo, Brazil. The
methodological approach enabled comparative analyses and a more detailed assessment of morphometric susceptibility,
while also providing a more consistent regional comprehension. Additionally, the results were related to the rainfall regime
using the CHELSA 1.2 global precipitation model, which allowed for the identification of more critical sub-basins. The
analyses highlight the relevance of parameters such as area, altimetric amplitude, perimeter, and main channel slope in
defining areas more susceptible to flooding. In mountainous and small-sized basins, such characteristics may be more
determinant than precipitation itself in intensifying surface runoff. The sub-basin level analysis revealed local susceptibility
patterns, emphasizing the concentration of critical areas in the middle and lower courses of the Santa Maria River basin and
the widespread distribution in the Jucu River basin, as well as the asymmetry observed on the right margin of the main
channels of both basins.

Keywords: Hydrogeomorphology; Hydrogeography; Quantitative geomorphology; Drainage morphometry.

Resumo: A analise de parametros morfométricos tem sido amplamente empregada para avaliar a suscetibilidade a eventos
de inundagao; contudo, em grandes escalas, tende a homogeneizar e generalizar os resultados, ocultando diferengas locais
relevantes. Este artigo tem como objetivo investigar a suscetibilidade a inundac¢bes por meio de quinze parametros
morfométricos aplicados em ambiente SIG, em escalas que abrangem bacias e sub-bacias até a sexta ordem, situadas na faixa
Mantiqueira setentrional/planicie litoranea do Espirito Santo. A abordagem metodoldgica possibilitou andlises comparativas
e maior detalhamento da suscetibilidade morfométrica, além de oferecer uma compreensao regional mais consistente.
Complementarmente, os resultados foram relacionados ao regime pluvial por meio do modelo global de precipitagao
CHELSA 1.2, o que permitiu identificar sub-bacias mais criticas. As andlises evidenciam a relevancia de parametros como
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area, amplitude altimétrica, perimetro e declividade do canal principal na defini¢do de areas mais suscetiveis a inundagdes.
Em bacias montanhosas e de pequenas dimensoes, tais caracteristicas podem ser mais determinantes que a propria
precipitagdo na intensificacio do escoamento superficial. A andlise em nivel de sub-bacia revelou padrdes locais de
suscetibilidade, destacando a concentragao de areas criticas no médio e baixo curso da bacia do rio Santa Maria e a ampla
distribuigao na bacia do rio Jucu, além da assimetria observada na margem direita dos canais principais de ambas.

Palavras-chave: Hidrogeomorfologia; Hidrogeografia; Geomorfologia quantitativa; Morfometria de drenagem.

1. Introduction

Floods are the primary drivers of natural disasters in coastal basins, both at national and global scales (WMO,
2016; UNDRR, 2020). Furthermore, river floodplains and coastal areas exhibit a clear trend toward human
concentration and expansion (Small; Nicholls, 2003; Rentschler et al., 2022), which, combined with the inherent
natural susceptibility of these environments to flooding, renders them particularly vulnerable to risks and
damages. Rainfall intensity and frequency are frequently identified as decisive factors in flood generation,
commonly associated with the extreme climatic events that reflect recent multi-decadal climate oscillations (IPCC,
2021; UNDRR, 2020). Conversely, the dynamics of these events are intrinsically linked to the morphometric
configuration of river basins. This relationship has motivated the development of quantitative parameters widely
investigated since the 1940s, notably through the seminal works of Horton (1945) and Strahler (1952). Within this
context, analyzing the morphometric properties of fluvial systems is essential to understanding how different
basins hydrologically respond to meteoric events, allowing for the correlation of drainage network shape and
structure with flood magnitude and velocity (Borga et al., 2008).

In the risk equation, assessing susceptibility to these events has advanced significantly through the application
of geoprocessing techniques to morphometric studies. Over the past few decades, a vast body of literature has
accumulated regarding the role of fluvial morphometry in controlling flood occurrence and intensity. Studies such
as those by Ozdemir and Bird (2009), Romshoo, Bhat, and Rashid (2012), Bhatt and Ahmed (2014), Abuzied et al.
(2016), Fenta et al. (2017), Bhat et al. (2019), and Alam, Ahmed, and Sammonds (2021) demonstrate how fluvial
morphometry analysis has progressed alongside emerging geoprocessing and remote sensing technologies.

However, macro-scale morphometric analysis of river basins imposes severe analytical limitations, since very
extensive basins tend to conceal important hydrogeomorphological differences that locally favor the development
of these events. The inherent heterogeneity of these large hydrological systems makes it difficult to accurately
represent hydrological and morphometric processes, causing morphometric variables to assume average and
generalized values that do not reflect the true dynamics of specific sectors (Mendiondo; Tucci, 1997; Sirangelo,
2014). This scale limitation leads to a generalization of susceptibility to flooding, since the analysis of a main basin
draining varied lithologies and reliefs masks the diversity of critical values frequently found in its lower-order
channels. To overcome this bias, the scientific literature indicates that detailed analysis at the sub-basin and micro-
basin scale is fundamental. This is because these areas drain more homogeneous substrates, act as the main feeders
of macro-fluvial systems, and more accurately reflect vulnerability to extreme events (Pinto et al., 2016; Cherem,
2008).

Thus, this article aims to investigate the susceptibility to flooding in river basins of varying spatial scales
located between the Mantiqueira Range and the coastal plain of southeastern Brazil, based on morphometric
parameters. This approach allowed for comparative analyses, a deeper understanding of morphometric
susceptibility, and a broader regional understanding of an area significantly affected by these events.
Complementarily, morphometric susceptibility was related to rainfall patterns using the CHELSA 1.2 global
precipitation model (Karger et al., 2017), aiming to identify the most critical sub-basins.

The coastal basins of the northern Mantiqueira ridge/coastal plain region in Southeastern Brazil are
preferential zones for intense and recurrent flooding, characterized by a seasonal rainfall regime and strong
orographic influence (Nascimento, 2017). Historical floods date back to 1922, 1938, 1940, 1960, and 1979, a period
when urban occupation along riverbanks and coastal plains was still limited. More recent well-documented events,
in 1997, 2008, 2013, 2020 and 2024, encountered environments characterized by high natural vulnerability and
substantial risk driven by aggressive urban expansion over recent decades (Silva, 2010; D’ Alcantara, 2012; Deina;
Coelho, 2015; INMET, 2024). Historical floods date back to 1922, 1938, 1940, 1960, and 1979, a period when urban
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occupation along riverbanks and coastal plains was still limited. More recent well-documented events in 1997,
2008, 2013, 2020, and 2024 encountered environments characterized by high natural vulnerability and substantial
risk driven by aggressive urban expansion over recent decades (Silva, 2010; D’ Alcantara, 2012; Deina; Coelho, 2015;
INMET, 2024). Although site-specific studies exist for some basins within the study area, regional-scale research
implementing comparative analyses of hydrogeomorphological dynamics remains scarce. This scarcity creates
critical gaps and highlights the need for investigations that deepen the understanding of both natural and
anthropogenic factors influencing fluvial dynamics in this region.

2. Study area

The area corresponds to two sixth-order basins: the Santa Maria River (BHSM), with 1791.2 km?, and the Jucu
River (BHJC), with 2129.4 km?, located on the south-central coast of the state of Espirito Santo, in the Southeast
Atlantic hydrographic mesoregion (Figure 1). The basins have an altimetric amplitude that reaches 1889 m in their
westernmost portion, with drainage axes aligned NW-SE, draining directly into the ocean, and drainage divides
located in the northern portion of the Mantiqueira Range. On the reverse side of the basins is the southern portion
of the Doce River basin, which drains an area of 83,400 km? and limits the coastal basins in such a way that the
drainage divides are positioned parallel to the coastline at an average distance of 84 km. This characteristic has a
decisive influence on hydrological behavior, forming coastal basins with reduced flow volumes compared to other
surrounding basins.

Geographic Coordinate System 2,100
Datum: SIRGAS 2000 Strsain Nehwork meters
Map prepared by the author [ Catchment
© River Mouth
Escale @ Vitéria (State Capital)
{/ £ y 0 5  i0km @ Pedra Azul State Park
/ o

Figure 1. Location of the Santa Maria River (BHSM) and Jucu River (BHJC) basins. Map prepared by the author.

The basins studied are located within two geological compartments. One corresponds to the Precambrian
basement, composed of plutonic and metamorphic rocks, to the west. The other refers to the Cenozoic sedimentary
deposits that occur on the plateaus of the Barreiras Formation, of Neogene origin (previously included in the
Tertiary), and in the Quaternary deposits downstream of the basins, on the coast and in the floodplains. The
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headwaters of the basins are located in the far north of the Mantiqueira range, which forms a mountain range
parallel to the southeastern coast of Brazil (WSW-ENE direction). The Range is situated within the context of a
Elevated Passive Continental Margin, forming a transition between the coastal plain and the continental interior
(Silva et al. 1987; Calegari et al., 2021). Although there is no sharp escarpment associated with the regional drainage
divides, a substantial drop in elevation is observed down to the regional base level, occurring in a stepped manner
in the Precambrian basement. This basement is formed by a complex association of igneous and metamorphic
rocks, related to the Aracuai and Ribeira orogen belts of the Brasiliano event (Almeida, 1977).

The topographic contrast between the mountainous zone and the coastal plains exerts a relevant influence on
rainfall distribution and volume in the region, as well as on fluvial regimes. The Mantiqueira Range represents an
obstacle to the circulation of polar fronts and other atmospheric circulation mechanisms, locally increasing rainfall
volumes (IBGE, 1977, Antongiovanni; Coelho, 2005; Silva et al., 2011).

The mean annual precipitation in the study area ranges from 973 to 1933 mm, with an average of 1394 mm
(Figure 2). The highest accumulations occur near the headwaters, with values around 1400 to 1600 mm yr7,
exceeding 1900 mm yr! in the Jucu River basin. Conversely, in the coastal portion, which encompasses the
downstream areas of the catchments, precipitation rates range between 1100 and 1300 mm yr* (Figure 3). In a
regional context, Nunes, Vicente and Candido (2009) point out that one of the main problems faced is concentrated
precipitation associated with the availability of relative air humidity driven by maritime influence. Rainfall
concentration may also explain a shift in interannual precipitation variability in the southeastern region of the
country, as indicated by Vasconcellos (2008) and Carvalho and Jones (2009), which can result in wetter summers
and drier winters, thereby potentiating extreme meteorological events in the area.
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Figure 2. Distribution of average annual precipitation for the years 1979 and 2013 extracted from CHELSA v1.2
(Karger et al. 2017) for BHSM and BHJC. Frequency histograms are presented on the left and boxplots indicating
interquartile ranges, mean and median are on the right.
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Figure 3. Average annual precipitation based on CHELSA 1.2 (Karger et al., 2017) and average monthly precipitation
and monthly rainy days at rain gauge stations in the INCAPER study area (2023) — Graphs of historical series from
1984 to 2014. Map prepared by the author.

3. Materials and Methods

3.1. Morphometric analysis

Since the early studies by Horton (1945), Strahler (1952), Miller (1953) and Schumm (1956), many researchers
have focused on the main parameters that influence catchment hydrodynamics. Broadly, catchments are the most
adequate analytical unit for geomorphological analyses, integrating hillslope processes, plains, and fluvial
channels (Christofoletti, 1999; Magalhaes Junior; Lopes, 2022), which can be quantitatively evaluated based on their
attributes and the relationships between these attributes.

Morphometric parameters encompass a series of analyses based on two distinct time scales. The first
corresponds to long-term analyses of catchment genesis and evolution (thousands/millions of years), such as their
lithostructural and tectonic conditioning, and river captures, responsible for shaping the relief. The second time
scale encompasses analyses of the characterization of recent/current fluvial dynamics with a view to understanding
how morphology acts on the hydrological events that occur within them. This second scale is the one addressed in
this article, considering parameters that are more closely related to the current dynamics of floods.

Even though the application of morphometric parameters in the investigation of fluvial floods has been
operational for more than half a century, there is no consensus in the literature on how many parameters
researchers should use to more accurately assess the flood potential in catchments, making it difficult to compare
studies, even those dealing with the same area (Adnan et al., 2020). However, one of the critical steps in choosing
parameters, as highlighted by Tehrany, Jones, and Shabani (2019), is the selection of the most relevant and
influential conditioning factors in flood generation. This is because, as observed in the studies by Abdel-Fattar et
al. (2017) and Shen et al. (2017), redundancy does not stem from the abundance of parameters itself, but from the
use of redundant parameters within the same study.

However, there are some fundamental parameters that reveal an interdependence between drainage network
characteristics, hydrological responses, and natural susceptibility to flooding. One of the basic parameters is the
fluvial hierarchy (Strahler, 1952), which involves the classification of watercourses according to the hierarchy of
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tributaries. Based on this hierarchy, it is possible to identify and map nested catchments of each stream order,
favoring a sectorization capable of indicating areas with greater or lesser morphometric susceptibility to fluvial
flooding at different scales. The other parameters were also extracted and calculated according to Strahler's (1952)
classification.

Based on the literature review on the subject, 15 attributes and parameters were listed (Table 1) in order to
understand the morphometric susceptibility to fluvial flooding in the catchments, deriving the values of these
parameters through the application of different mathematical procedures in a GIS (Geographic Information
System) environment. The values obtained for the Isp and Tc parameters are inversely related to fluvial flooding
generation potential, whereas the others are directly related.

Table 1. Morphometric attributes and parameters related to flood development selected for this analysis.

Attribute /
o Expression Definition Reference
Parameter
Indicates the hierarchical rank and branching complexity of the basin channels
according to the Strahler (1952) classification. It provides a means to assess the
Stream Order 123 hierarchical branching pattern of streams within a watershed, having a direct Strahler
(Su) relationship with water discharge capacity and being fundamental for identifying (1952)
sub-basins. The extraction of geomorphic parameters is intrinsically conditioned by
the stream order.
Stream A linear attribute that indicates the total number of stream segments of all orders Horton
Nu = N1+ N2...+Nn o .
Number (Nu) within each watershed according to Su. (1945)
First-order A parameter that relates the number of first-order streams to the total number of
stream Fsl = Nul streams in the basin. A high number of first-order streams reflects a rapid flow of Morisawa
frequency Nu water out of the basin, indicating that more water is being discharged as surface (1962)
(Fsl) runoff than is being infiltrated into the soil.
Main channel (k] A linear attribute that indicates the distance along the longest watercourse from the Schumm
m
length (Lm) mouth to the head of the channel. (1956)
Stream length A linear attribute corresponding to the sum of the lengths of all individual stream Horton
Lu = L1+ L2...+Ln .
(Lu) segments in the catchment. (1945)
A parameter that relates the length of the main channel (Lm) to the down-valley
Main stream Si = Lﬂ distance (straight-line distance) between its endpoints (Lv). It is a measure of how Christofoletti
sinuosity (Si) Lv much the channel deviates from a straight line, representing structural and (1980)
lithological controls over drainage, as well as the flow energy.
Basin area (km?] An attribute that corresponds to the total area of the catchment bounded by its Schumm
m
(A) topographic divides, projecting the catchment area available for runoff. (1956)
Basin . Horton
. [km] An attribute that corresponds to the total length of the catchment boundary.
perimeter (P) (1945)
Form factor Fe A A dimensionless parameter corresponding to the ratio between the basin area (4) Horton
(F) Lm? and the square of its basin length (Lm). (1932)
A dimensionless parameter that relates the shape of the basin to that of a circle of
Compactness ) ) ) )
. _ P equivalent area. Values closer to unity (1.0) correspond to perfectly circular basins, | Schumm
coefficient Kc = 0,28x— ] . ) o o
Ko) VA which are more susceptible to flooding, while higher values indicate an elongated (1956)
c
shape that favors runoff translation.
S A parameter corresponding to the ratio between the total number of stream (Nu) Horton
tream
Nu segments and the basin area (4). It serves as an indicator of the hydrological (1945);
Frequency Fs = e ) o .
(Fs) response to surface runoff, whereby high Fis values indicate a higher volume of Patton e
s
surface runoff and reduced infiltration capacity. Baker (1976)
A parameter that relates the total length of all stream channels to the drainage basin
Drainage Dd = L_u area. High Dd values constitute a significant indicator of greater surface runoff Horton
Density (Dd) A volumes and rapid flood peaks, often associated with impermeable subsurface and (1932, 1945)
mountainous terrain.
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Basin Relief An attribute corresponding to the difference in elevation between the highest and Schumm
R = Hmax — Hmin . .
R) lowest points (mouth) of the basin. (1956)

A dimensionless parameter corresponding to the ratio between the basin relief (R)

. . and the maximum stream length (Lm) measured parallel to the principal drainage
Relief Ratio R . . . . Schumm
Rr = m line. It provides an assessment of the overall steepness of a drainage basin and acts
(Rr) m _ - . . . (1956)
as a significant indicator of surface runoff velocity, flow gradients, and erosion

status, which ultimately influence hydrological behavior.

A dimensionless parameter representing the product of drainage density (Dd) and

Ruggedness R R+ Dd basin relief (R). It indicates the steepness of slopes and hydraulic transmissivity. Rn | Patton e
n =R=x

Number (Rn) is characteristically high in basins with steep, long slopes, creating a highly Baker (1976)

susceptible environment that favors erosion, quick peak flows, and flash floods.

A hydrologic parameter corresponding to the maximum time required for water to

Time of travel from the most distant point of the catchment to the mouth. 7c is a

Lm3\ %35 Kirpich,
Concentration Tc = <0,87 H ) fundamental parameter to estimate the peak discharge potential of a catchment; 19:% ’

(Tc) wherein higher 7c values imply a lower probability of sudden peak discharges and

attenuated flood hydrographs.

3.2. DEM processing and sub-catchment extraction

Topographic analysis techniques were applied to a DEM (Digital Elevation Model) to extract quantitative
information on the morphometric configuration of fluvial systems. The utilized model was the Copernicus-DEM,
obtained through the European Commission's online platform — PANDA, featuring TanDEM-X project data at a
spatial resolution of 1 ArcSec. The choice of this DEM is justified by its higher accuracy compared to other 1-arc-
second models, as compared by Guth and Geoffroy (2021).

The maps were created using the free and open-source software QGIS 3.22, in the UTM coordinate system
and SIRGAS 2000 reference datum, zone 24k. The TopoToolbox 2.4 toolset, a package of tools for quantitative
topographic analysis developed for the MATLAB environment (Schwanghart; Scherler, 2014), was also used.

To make the DEM hydrologically consistent, a pre-processing routine was performed in TopoToolbox 2.4,
using the 'carve' algorithm, which seeks to remove spurious depressions or flat regions that hinder the correct
delineation of the upstream drainage area and compromise all subsequent metric extraction steps. Subsequently,
the 'imposemin’ [0.0001] algorithm was applied, rendering the derived drainage to decrease monotonically
downstream along the longitudinal profile of the rivers. Furthermore, the Copernicus DEM with non-discretized
values was chosen.

The delineation of the catchment perimeter was performed using the TopoToolbox 2.4 'drainagebasins’
algorithm, which determines catchments based on a flow direction matrix. From this data, a 'streamorder’ matrix
was generated, allowing the generation of catchments based on the stream-order classification of their main
channel, according to the stream ordering of Strahler (1952). The output of this algorithm generated catchments
and sub-catchments (Figure 4), which, in turn, enabled the quantification of several attributes, such as the Basin
area (A) and the Basin Relief (R) of catchments and sub-catchments up to the sixth order.

In this study, first- and second-order catchments were not considered due to three factors: a) the low frequency
of fluvial flooding in headwater catchments; b) the difficulty in obtaining significant data for parameters in
catchments with an areal and drainage extent of only a few m? and c) the scale limitation of the data extracted
from the 1 ArcSec DEM.
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=
b

32 Order

Figure 4. Distribution of the catchments and sub-catchments in the study area classified from third- to sixth-order
according to the stream ordering of Strahler (1952). Map prepared by the author.

3.3. Metric extraction, statistical treatment, and definition of susceptibility classes

To identify morphometric susceptibility, several attributes were extracted, which, correlated among
themselves and with the relief, generating the morphometric parameters of the catchments and sub-catchments
(Table 1). The extraction of hypsometric attributes such as maximum elevation (Hmax), minimum elevation
(Hmin), and Basin Relief (R) was performed using the 'Zonal Statistics' algorithm in QGIS 3.22 on the pre-processed
and hydrologically consistent DEM. The main channels of the catchments were extracted using the 'trunk'
algorithm of TopoToolbox 2.4, based on the catchment hierarchical classification, generating main channels for
each sub-catchment up to the sixth-order.

The comparison of absolute values of each parameter across different catchments or sub-catchments can
generate inconsistencies in the results, due to the particularities of each system and the use of different scales. For
a consistent comparison, the derived values of the chosen morphometric parameters, corresponding to each
catchment, were converted to a new scale for susceptibility assessment.

To choose the number of classes, each parameter was initially subjected to an exploratory data analysis as a
normal distribution test to identify the behavior of the data distribution. Based on the analysis, the central tendency
(mean and median) and the dispersion (range, quartiles of the dataset, variance, and standard deviation as
measures of spread) were identified. This procedure made it possible to understand the data distribution behavior
of each parameter in order to choose the scale classification criterion and the most adequate number of classes.

As a result of the distribution analysis performed in the Jamovi 2.3.28 (2022) software, using the Shapiro-Wilk
test (Shapiro; Wilk, 1965), out of the 15 parameters, only the First-order stream frequency (Fs1) showed a normal
distribution in third-order catchments. In fourth-order catchments, only the Basin Relief (R), First-order stream
frequency (Fs1), Compactness coefficient (Kc), and Ruggedness Number (Rn) indicated a normal distribution,
whereas for fifth-order catchments all morphometric parameters indicated a p-value > 0.05, which was already
expected due to the limitation of normality tests for small samples (Razali; Wah, 2011). The normality test was not
applied to sixth-order catchments (Table 2).
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Table 2. Distribution of the morphometric data obtained for third- to fifth-order catchments. Normality significance
p-values extracted using the Shapiro-Wilk test. Highlights indicate the values with normal distribution.

Parameter A P R Lm Si Nu Lu Fs1 Kc F Dd Fs Rr Rn Tc

3*order <0001 <0001 <0001 <0001 <0001 <0001 <000l 0006 <0001 <0001 <0001 <0001 <0001 <0001 <O0,001
4*order <0001 <0001 0,117 <0001 <0001 <0001 <000l 0,063 0423 0,002 <0001 <0001 <0001 0046 < 0,001

5" order 0,008 0,145 0,095 0,047 0,874 0,005 0,007 0,031 0,811 0,342 0,006 0,129 0,018 0,092 0,077

Based on these tests, in which most data exhibit a p-value < 0.005, it was determined that the median and
interquartile ranges are the most adequate measures of spread to evaluate the obtained dataset, so that the classes
are adjusted according to the corresponding quartile. With the number of intervals and limit values identified, the
classification of each interval was performed according to its relative degree of susceptibility. For this purpose, it
was necessary to verify how each parameter relates - positively or negatively - to the potential for generating fluvial
flooding, such that each value is associated with a point scale:

a) very high = 4; b) high = 3; c¢) moderate =2; d) low =1

Finally, the cumulative value of the individual scores for each parameter according to the scale was used to
assess the degree of morphometric susceptibility of the catchment. Thus, the minimum point value that each
catchment can achieve is equal to ‘n’ evaluated parameters, whereas the maximum is ‘n’ x 4, further considering
that each parameter carries the same weight.

The catchments were labeled with an identification code to facilitate the visualization of the results for lower-
order catchments, where the first number corresponds to the stream-order according to Strahler (1952), followed
by the name of the main catchment: “SM” for BHSM and “JC” for BHJC. Finally, numbering followed in sequential
order, as presented below:

Catchment
1
9SM01
T T
Order  Sequential number

3.4. Precipitation data integration

After mapping the morphometric susceptibility, the integration of new information layers regarding
precipitation and the location of urban and rural communities was performed, forming a more detailed
composition of the sub-catchments considered at higher risk. This composition was achieved by overlaying the
mean precipitation values for each sub-catchment onto the morphometric susceptibility mapping, such that the
susceptibility to fluvial flooding result considered both the morphometric susceptibility class value and the
precipitation class value. Following the same class adjustment used for the morphometric parameters, the four
precipitation classes were defined based on the minimum and maximum values, as well as the quartiles and
interquartile ranges of the study area.

For this purpose, data from the CHELSA V1.2 model - Climatologies at High resolution for the Earth Land
Surface Areas were utilized, which is a high-resolution global climatic dataset referring to the 1979 to 2013 historical
series, made available in raster format with a spatial resolution of 30 ArcSec (KARGER et al., 2017). Since the
original database provides the climatological normals in monthly averages, the twelve layers were summed using
the Map Algebra tool (Raster Calculator) in the QGIS 3.22 software, generating a new raster surface representative
of the mean annual precipitation. Finally, to extract the mean precipitation value corresponding to the drainage
area of each specific sub-catchment, the Zonal Statistics algorithm was employed, allowing for cross-tabulation
and integration with the morphometric indices.
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4. Results and discussion

4.1. Morphometric susceptibility in sixth-order catchments

The BHSM and BHJC possess important hydrographic similarities as they present similar geological-
geomorphological conditions (Table 3).

Table 3. Basic attributes of the Santa Maria and Jucu river catchments.

Attributes BHSM BHJC
Area (km?) 1791.21 2129.46
Perimeter (km) 466.39 483.88
Main channel length (km) 143.22 172.51
Basin Relief (m) 1446.27 1889.10
Stream Number 2354 2771
Number of first-order streams 1812 2142
Number of second-order streams 419 477
Number of third-order streams 93 114
Number of fourth-order streams 23 30
Number of fifth-order streams 6 7
Number of sixth-order streams 1 1

The headwaters of the main streams are located in the mountainous relief of the northern portion of the
Mantiqueira Rangge, also draining the Patamares Escalonados do Sul Capixaba, in a predominant NW-SE direction,
and the coastal plains in the downstream areas. The BHJC stands out in relation to the BHSM for having a higher
number of parameters favorable to the development of fluvial flooding (Table 4). The BHJC has an area 18.9%
larger than the BHSM, which directly impacted parameters associated with its dimension, such as A, P, Lm, Nu,
Lu, making it more susceptible to fluvial flooding.

In absolute terms, both catchments possess topographic characteristics prone to the generation of fluvial
flooding given the steep slope associated with indicators that point to high surface runoff as Stream Frequency (Fs)
and Drainage Density (Dd), and time of concentration of the flows as Form factor (F) and Compactness coefficient
(Kc), in addition to the history of recurrent extreme fluvial flooding.

Table 4. Morphometric attributes and parameters of the Santa Maria and Jucu river catchments. Grey highlights
indicate the parameters most favorable to the development of fluvial flooding, based on the definitions presented

in Table 1.
Parameter A P R Lm Si Nu Lu Fs1 Kc F Dd Fs Rr Rn Tc
BHSM 1791.21  466.391 144627 14322 1919 2354 252381 0.770  3.086 0.087 1.409 1314 0.010 2.038 17.791
BHJC 212946 483.886 1889.10 172.51 2.294 2771 300545 0.773 2936 0.072 1.411 1.301  0.011 2.666 19.901

The parameter analysis in sixth-order catchments incurs, however, in a homogenization and generalization of
their susceptibility to fluvial flooding, hiding internal differences that may occur due to hydrogeomorphological
differences along the catchments. Thus, based on the drainage stream ordering of the BHSM and BHJC, 3941 first-
order, 896 second-order, 207 third-order, 53 fourth-order, and 13 fifth-order sub-catchments were obtained (Table
5). However, for the purpose of morphometric susceptibility analysis, as presented in the methodology of this
paper, the parameters of the first- and second-order sub-catchments were not analyzed.
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Table 5. Number of third- to sixth-order sub-catchments and percentage of the total catchment area for each stream-
order.

BHSM % of the area BHJC % of the area

Third-order 93 64.97% 114 59.48%
Fourth-order 23 63.53% 30 73.01%

Fifth-order 6 56.83% 7 59.77%

Sixth-order 1 100% 1 100%

4.2. Morphometric susceptibility in fifth- and fourth-order catchments

In fifth-order catchments, a distinction in the susceptibility pattern occurs, in which the highest values are
concentrated in the drainage divides to the south of the BHJC. The morphometric parameters A (425.1 km?; 379.1
km?; 182.9 km?), P (169.1 km; 195.8 km; 121.6 km), R (1173.6 m; 1836.5 m; 901.3 m), Lm (51.1 km; 74.5 km; 29.5 km),
Nu (569; 484; 221), Lu (584.1 km; 528.7 km; 257.1 km) and Kc (2.297; 2.816; 2.518) for the 5JC5, 5]C6 and 5JC7
catchments, respectively, were decisive in determining their susceptibility to fluvial flooding, placing them in the
upper quartile as they possess cumulative values above 41 (Figure 5).

The 55M4, 55M5 and 5JC4 catchments belong to the third quartile, with cumulative values of 39, 35 and 41,
respectively, followed by the 55M2, 55SM6 and 5JC3 catchments, with 33, 36 and 33, respectively. The fifth-order
catchments with the lowest morphometric susceptibility to fluvial flooding have cumulative values below 32:
55M1, 55M3, 5]C1 and 5]JC2.

LEGEND Morphometric Susceptibility
—— 6th-Order Streams [ 1st Quartile 25.0 - 32.0
[] Catchment Boundaries [ 2nd Quartile 32.0 - 36.0 N

B 3rd Quartie 36.0-41.0 0 5 10 km A
1
H 4th Quartile 41.0 - 46.0

Figure 5. Morphometric susceptibility to fluvial flooding in fifth-order sub-catchments. Map prepared by the author.

The detailing of susceptibility in fourth-order catchments demonstrates that there is an important correlation
with the degree of susceptibility in catchments of the immediately higher stream-order, corroborating the premise
that hierarchical delineation and analysis at the sub-catchment level are fundamental for the spatial assessment of
hydrological responsiveness and for the identification of homogeneous risk areas (Souza, 2005). An example can
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be observed in the catchments to the south of the BHJC that remain with high cumulative values, while fourth-
order sub-catchments of low morphometric susceptibility are spatially distributed in association with fifth-order
sub-catchments that also possess low susceptibility, or previously unclassified areas.

It is noted that, in the mapping of fifth-order catchments, 41.6% of the area was not classified, whereas in
fourth-order catchments this percentage decreased to 31.2%, reflecting the existence of fourth-order sub-
catchments draining directly into sixth-order channels (Figure 6). A total of 13.9% of the area that comprised fifth-
order catchments of the upper quartile remained with the same classification in the analysis of fourth-order
catchments, which reflects a concentration of morphometric conditions prone to the development of fluvial
flooding in these areas, confirming that the detailed spatial assessment of these parameters is critical for the
prediction and identification of specific sites highly susceptible to fluvial flooding (Tola; Shetty, 2022; Servidoni et
al., 2023).

5th ORDER 4th ORDER
[}
@ 1]
S o
e =z
31,2%
41,6% Q1
e 8,7%
_ -
Q1
10,7% — — @
— - — 10,5%
Q2 -
5,6%
. Q3
Q3 24,3%
16,9%
Q4
o4 25,3%

25,2%

Figure 6. Representation of the spatial transition (area) of the morphometric susceptibility quartiles from fifth-order
catchments to fourth-order catchments. In the diagram, the percentage represents the total area occupied by the
catchments of each quartile in relation to the study area.

Among the fourth-order sub-catchments with the highest degree of susceptibility to fluvial flooding are those
that possess cumulative values above 42. In the upper quartile, there are 12 sub-catchments, of which only 3
(4SM17; 45M19; 45M21) are located in the BHSM (Figure 7). The sub-catchments with the highest morphometric
susceptibility follow the same pattern with high values of A, P, R, Nu, Lu, and Rn, whereas the other parameters
show greater variation, such as the parameters F, Fs, and Dd.

The 13 sub-catchments of the third quartile possess cumulative values between 38 and 42, among which 8 are
located in the BHSM and 5 in the BHJC. It is noted that smaller catchments are found in this quartile, such as 4SM20
and 45M13, with cumulative values of 38 and 40, respectively, which have high susceptibility to fluvial flooding
due to the steep slope and parameters such as Tc, Dd, Fs, and Rr. This finding is corroborated by the literature,
which demonstrates that the combination of steep slopes (high Rr), high drainage network density, and short Tc
are the primary causes for the acceleration of surface runoff and generation of peak flows (Ali et al., 2023; Tola;
Shetty, 2022). Among the sub-catchments of the third quartile, 5 are located in the BHSM whereas 8 are located in
the BHJC. The sub-catchments of the lower quartile gather cumulative values between 24 and 32 and are
concentrated along the left bank of the BHJC, whereas in the BHSM the sub-catchments of this quartile are located
in higher elevation areas of the catchment.
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Figure 7. Morphometric susceptibility map to fluvial flooding in fourth-order sub-catchments. Map prepared by the
author.

4.3. Susceptibility to fluvial flooding in third-order catchments

The third-order sub-catchments possess dimensions ranging from 2.4 km? to 54.6 km? and are irregularly
distributed throughout the study area. At this level of morphometric susceptibility detailing, it is possible to
identify the contribution level that each sub-catchment has in the generation of fluvial flooding, forming a more
detailed mosaic of the fluvial flooding susceptibility potential to which the population residing in these areas is
subjected.

There is a higher concentration of sub-catchments more susceptible to fluvial flooding near the drainage
divide between the BHSM and BHJC, which is not necessarily associated with their mean elevation (Figure 8A),
whereas the less susceptible ones do not present a well-defined spatial pattern. However, it is notable that the
catchments in the upper quartile possess parameters associated with their dimension, generating a greater
influence on the susceptibility classification, with emphasis on the sub-catchments of the right bank of the BHSM.
The hydrogeomorphological literature confirms that the absolute size of the catchment is a primary conditioning
factor, since it dictates the amount of captured excess rainfall and the response time, influencing the development
of fluvial flooding (Souza, 2005).

In addition to the parameters associated with the catchment area (Figure 8B), there is also a positive correlation
between the degree of susceptibility and the relief of the third-order sub-catchments (Figure 8C), indicating an
important influence on the runoff velocity. In fact, it is understood that a greater altimetric amplitude acts by
increasing the energy gradient of the waters, which induces faster flows, significantly shortens the concentration
time, and intensifies the surface runoff peaks (Dutal, 2023; Tola; Shetty, 2022).
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Figure 8. Correlation (Spearman) between morphometric susceptibility and the parameters of (A) mean elevation
(Rho -0.010), area (A) (Rho 0.775), and (C) basin relief (Rho 0.668) of the third-order sub-catchments.

The cumulative morphometric susceptibility values range from 24 to 53, with a higher frequency near the

median, indicating a distribution closer to normal, whereas extreme values present a lower frequency and greater
variation (Figure 9). Among the sub-catchments belonging to the lower quartile, 29 are located in the BHSM,
whereas 30 are located in the BHJC. Among the 48 belonging to the second quartile, there is a greater concentration
in the BHJC with 29 sub-catchments. The third quartile also concentrates most of the sub-catchments in the BHJC,
with 29 out of the 50. The sub-catchments of the upper quartile, with higher susceptibility, possess greater
variation, with values between 41 and 53, and are concentrated in the BHSM.

It is important to highlight that larger catchments also tend to receive a greater volume of precipitation, while,
on the other hand, they possess a greater attenuation capacity due to high values of Tc (Bajabaa; Masoud; Al-Amri,
2014). However, the Relief (R) associated with these areas and the higher channel slope value can lead to lower
infiltration and higher associated surface runoff, raising the potential for sudden fluvial flooding in steeper sub-
catchments.
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Figure 9. Morphometric susceptibility map to fluvial flooding in third-order sub-catchments and distribution graph
of the value counts in the histogram. Map prepared by the author.

4.4. Fluvial flooding susceptibility zoning

The mean annual precipitation in the study area ranges between 973 and 1933 mm yr'. However, the BHJC
possesses a greater range, whereas the BHSM concentrates its values near the median (1392 mm yr™). Even with
minor variations in the maximum and minimum values, both possess similarities given the geomorphological and
climatic context prone to the development of orographic rainfall, since the presence of mountain massifs and
escarpments near the coast acts as an orographic barrier to the circulation of humid fronts, increasing rainfall
volumes in the highest parts (Souza, 2005, Nascimento, 2017; Servidoni et al., 2023). However, the literature
consolidates that rainfall incidence, although acting as a triggering mechanism, is not the sole determinant of the
hydrogeomorphological system's criticality (Mendiondo; Tucci, 1997). When dealing with small and mountainous
catchments, the high topographic ruggedness and steep slopes drastically reduce the time of concentration,
accelerating the conversion of the climatic input into surface runoff and establishing the dominance of the relief
over the hydrological dynamics (Hallema et al., 2016; Freitas, 2018).

This premise is empirically demonstrated by the precipitation distribution against the susceptibility of these
sub-catchments. Figure 10 presents a slight tendency of increasing precipitation medians towards the upper
quartiles of third-order sub-catchments; however, it is accompanied by an expressive overlap of the ranges and
interquartile ranges among all classes (Q1 to Q4). In the BHJC, for instance, the highest hazard quartile (Q4)
presents a median comparable to that of Q3, but exhibits the greatest sample dispersion, with volumes ranging
from values close to 1000 mm yr~! to the absolute maximum ceiling. This statistical behavior provides evidence
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that spatial units subjected to equivalent rainfall loads can be framed into diametrically opposed degrees of
susceptibility (from Q1 to Q4). The absence of an isolation of the highest rainfall volumes restricted to the highest
hazard level demonstrates that the degree of susceptibility to fluvial flooding is not solely governed by the water
surplus. Such evidence reaffirms that the integration of the spatial distribution of rainfall acts to spatialize the
climatic trigger (Tola; Shetty, 2022), proving to be essential precisely because the morphological and topographic
arrangement acts decisively in the amplification or mitigation of this local runoff (Lavarini; Magalhaes Jnior,
2013).
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Figure 10. Distribution of the mean annual precipitation based on CHELSA v.1.2 as a function of the quartiles of
morphometric susceptibility to fluvial flooding for the third-order catchments. Prepared by the author.

By combining the mean precipitation values of each sub-catchment up to the sixth-order with the obtained
morphometric susceptibility, it was possible to generate a synthesis map with the susceptibility to fluvial flooding
classes in the study area (Figure 11A). In order to cover the entire area, the results obtained for each hierarchical
order were overlaid, such that the third-order sub-catchments overlay the other classes, followed by fourth-, fifth-
, and sixth-order sub-catchments (Figure 11B). In this overlay, there was no reclassification of the morphometric
susceptibility values, so that each class remained classified according to its stream order.

When comparing the dimensionless parameters such as Si, F, Kc, Dd, Fs, Rr, Rn, and Tc of the sixth-order
catchments to the values found for them in fifth-order catchments, it was observed that the BHSM and BHJC both
possess values that indicate a very high morphometric potential to generate fluvial flooding. The integrated
analysis of these parameters proves to be fundamental to identify the hydrological behavior of a catchment,
specifically the clustering of high values of Dd and Fs, allied to specific form factors such as Kc and F, which
indicate a high propensity for the rapid concentration of surface runoff and point to a hydrological behavior prone
to the generation of severe fluvial flooding (Servidoni et al., 2023)."
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Figure 11. Synthesis map with (A) Distribution of the susceptibility classes to fluvial flooding considering the
morphometric susceptibility values and the mean precipitation for each sub-catchment; (B) Overlay of third- to sixth-
order sub-catchments. Map prepared by the author.

As a result of the assessment, areas with very high susceptibility were found in both catchments, especially in
the middle course of the BHSM and along the right bank of the BHJC, representing, respectively, 32.6% and 43.7%
of the catchment area. In these areas of higher susceptibility, 213 urban and rural communities are located (IJSN,
1994), belonging to the municipalities of Santa Leopoldina, Santa Maria de Jetiba, Domingos Martins, Marechal
Floriano, Vila Velha, Cariacica, Guarapari, and Vitoria. The areas of high susceptibility comprise 28.9% of the
BHSM and 20.0% of the BHJC and encompass 99 communities.

The areas of moderate susceptibility are fragmented in both catchments and encompass 166 urban and rural
communities. The coverage area of this class corresponds to 27.2% of the BHSM and 21.6% of the BHJC. The
catchments of low susceptibility, in turn, possess the lowest area percentage with 11.3% and 14.7%, respectively,
and encompass 80 urban and 50 rural communities.

5. Conclusions

The results reinforce the relevance of morphometric parameters, such as the A and the R, as well as correlated
attributes, the P and main channel slope, in defining areas more susceptible to fluvial flooding. In a mountainous
setting, the geomorphological context proves to be the dominant factor in the hydrological dynamics over the
absolute precipitation amounts. It is necessary to highlight that, although the predominantly elongated shapes of
these sub-catchments tend to favor the translation and attenuation of the flow, the small dimensions and the
extremely steep slopes and topographic ruggedness supplant this morphological attenuation, drastically
accelerating the surface runoff.

Besides the morphometric characteristics of the BHSM and BHJC, the consideration of the topographic effects
at the sub-catchment level, classified based on their stream-order, enabled a detailing that until then had not been
performed for the study area, providing a more precise local analysis of areas more susceptible to fluvial flooding.
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In both catchments, a significant percentage of areas with very high susceptibility was identified, which converges
with the local history of these events. In the BHSM, the most susceptible areas are concentrated in the middle and
lower courses, whereas in the BHJC these areas, which comprise most of the catchment, are better distributed.
However, the predominance of more susceptible areas on the right bank of the main channels of both catchments
is a strong indication that the drainage axis, convex to the North, may have generated an asymmetry in the
morphometric configuration of the sub-catchments, generating a greater potential for fluvial flooding on the right
bank.

The identified morphometric susceptibility points to areas more prone to natural fluvial flooding. However,
risk managers must consider that alterations in fluvial systems, such as soil sealing and channelization in urbanized
areas, can generate hydrological distortions that significantly amplify peak flows and the severity of the events. In
this sense, the main contribution of this study relies on the methodological robustness of the multiscale analysis,
down to the third-order, for the regionalization of risk areas, overcoming the homogenization limitation inherent
to macroscale studies and providing more precise mapping in a scenario of hydrological data scarcity in channels
of lower stream-order. The achieved results guide the territorial planning and the development of fluvial flooding
mitigation policies for the study area, offering a critical analytical basis for understanding the
hydrogeomorphological vulnerability in the contact zone between the mountainous belt and the coastal plain.
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