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Abstract: In February 2023, the Sao Sebastidao municipality (Sdo Paulo State, Brazil) was hit by an extreme rainfall event that
triggered hundreds of shallow landslides on the Serra do Mar slopes, outlining the necessity for detailed landslide hazard
cartography. This research aims to quantitatively assess the hazard posed by landslides to the exposed elements of the
Camburi river basin, located in Sao Sebastiao. Susceptibility was evaluated through the SHALSTAB model, achieving good
results (sensitivity = 0,865, specificity = 0,457, and F1-score = 0,720), allowing to identify unstable areas associated with rainfall
thresholds up to 50mm/day. Hazard was assessed using the Gravitational Process Path (GPP) model, with reasonable
accuracy for the final coupled model (ROC-AUC = 0,720). Approximatively 69% of the basin was classified as low and very
low hazard areas, with 8% associated with high and very high hazard zones. We were able to identify buildings located in
areas classified as both unstable and in the landslide runout zones, highlighting the coupling between irregular land tenure

and geomorphological risk.

Keywords: SHALTAB; Gravitational Process Path; Serra do Mar.

Resumo: Em fevereiro de 2023, o municipio de Sao Sebastidao (SP) foi fortemente afetado por um evento extremo de
precipitacao que deflagrou centenas de escorregamentos rasos nas vertentes da Serra do Mar, evidenciando a necessidade de
cartografias de perigo em maior detalhe. O objetivo desta pesquisa foi avaliar quantitativamente o perigo aos elementos
expostos na bacia do rio Camburi, no municipio de Sao Sebastido. A suscetibilidade foi analisada através do modelo
SHALSTAB, com bom desempenho (sensitividade 0,865; especificidade 0,457; escore F1 0,720), identificando areas instaveis
associadas, sobretudo, a limiares de precipitagao até os 50mm/dia. O perigo foi estimado a partir do Gravitational Process
Path (GPP), com desempenho razoavel para o modelo com ambas as suas componentes acopladas (AAC-ROC =0,720). Assim,
69% da bacia possui perigo baixo ou muito baixo, e 8%, alto ou muito alto. Foram identificadas edificagdes em setores instaveis
e em trajetdrias de escorregamentos, evidenciando sobreposi¢ao entre ocupacao irregular e risco geomorfoldgico.

Palavras-chave: SHALSTAB; Gravitational Process Path; Serra do Mar.
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1. Introduction

Mass movements are natural processes that can cause significant impacts, leading to economic, social, and
environmental damage. The trend of increasing fatalities over the past century primarily reflects the expansion of
human occupation in areas prone to these processes (Gémez; Garcia; Aristizabal, 2023; Alcantara-Ayala, 2025).
Although Brazil ranks twentieth in terms of the density of mass movements per square kilometer, it ranks eleventh
in the global ranking when considering the number of deaths per million inhabitants (Gomez; Garcia; Aristizabal,
2023). Considering the vast territorial extent of the country and the high population density in the most affected
regions — such as the Serra do Mar, the Serra da Mantiqueira, and the Serra Geral — the number of fatalities
becomes even more concerning.

In the Serra do Mar region, the existence of steep slopes with shallow soils, combined with prolonged rainfall
and high total precipitation, leads to the frequent occurrence of mass movement events (Avelar et al., 2013; Bonini
et al.,, 2021; Bonini; Vieira; Martins, 2022; Kanji; Cruz; Massad, 2008). Between 1928 and 2013, approximately 3,330
fatalities were reported in the Serra do Mar region due to mass movements, with about 43% of that total occurring
between 2000 and 2013 alone (Vieira; Gramani, 2015). In February 2023, the municipalities of Sao Sebastidao and
Ilhabela, in the State of Sdo Paulo, were severely affected by shallow landslides, debris flows, and floods, resulting
in 46 fatalities, 1,686 displaced people, and 40 missing persons (Marengo et al., 2024), in addition to damage to
infrastructure and tourism activities (Figure 1). Previous research shows that at least 585 landslides were triggered
during this event (Bonini et al., 2025), a total rainfall of 626 mm was recorded in 24 hours. (Marengo et al., 2024).

Since 2014, the Brazilian Geological Survey (SGB-CPRM) and the Institute for Technological Research (IPT)
have been working to map susceptibility to mass movements and hydrodynamic processes and to carry out risk
zoning of Brazilian municipalities (Vieira et al., 2024). The landslide susceptibility maps developed by CPRM were
produced using statistical methods, considering slope, curvature, and density of structural lineaments as
conditioning factors (IPT; CPRM, 2014). The susceptibility mapping for the municipality of Sao Sebastido (CPRM,
2017), produced at a scale of 1:25,000, shows that approximately 53% of the municipality's area is in areas mapped
as having medium to high susceptibility to shallow landslides, and these areas encompass approximately 4.5% of
the municipality's urbanized area.

The analysis of natural susceptibility to shallow landslides represents a fundamental step in the assessment
of risk scenarios, indicating a potential probability of spatial occurrence of the process in unaffected areas, but with
similar physiographic conditions, based on different morphological and hydrological parameters (Corominas et
al., 2013; Guzzetti et al., 1999). Among the different methods employed, physically-based models stand out, which
rely on a deterministic approach, allowing the quantification of critical values from mathematical equations
supported by a set of physical parameters. One of these models is SHALSTAB (Shallow Landsliding Stability Model),
developed by Montgomery and Dietrich (1994), which has been widely adopted in the Serra do Mar region,
producing positive results in terms of susceptibility linked to a precipitation threshold (Vieira; Ramos, 2015;
Martins et al., 2016; Bonini et al., 2020).

However, to assess a risk scenario, based on natural susceptibility to the occurrence of the process, it is
necessary to prepare hazard maps. Risk is understood as "the expected number of lives lost, people injured, damage
to property and disruption of economic activities due to a harmful phenomenon, in a given area and for a given
period" (Varnes, 1984). Risk assessments result from the interaction between the hazard, the vulnerability of the
exposed elements, and the potential damage resulting from a natural phenomenon (Hungr et al,, 2001). As a
subsequent step to susceptibility analysis, hazard mapping aims to identify the spatial and temporal probability of
the occurrence of mass movements, as well as to estimate their trajectory and magnitude (Corominas et al., 2013).

Regarding the identification of potential mass movement trajectories, empirical (geomorphological and
geometric) and rational (discrete or continuous) methods can be applied. Discrete rational methods have been
developed for mass movements that move individually (e.g., rockfalls) and can be based on simplified geometries
of the moving bodies (Agliardi; Crosta, 2003) or in the rigid body ballistics (Azzoni; Barbera; Zaninetti, 1995;
Dorren; Kiihne, 2016). Continuous rational methods, on the other hand, vary in the complexity of simulating the
displacement mechanisms of mass movements, and may include: a) Three-dimensional models based on mixture
theory that simulate all phases of matter that make up the material (solid, liquid, and gas) using systems of
mathematical equations for fluid mixtures; b) Three-dimensional velocity-pressure models that analyze variations
in pore pressure and velocity along the trajectory; and c) Two-dimensional models using depth approximation,
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which assume hydrostatic pressure and estimate mass displacement along channels from depth sequences
simulations (McDougall, 2017; Rickenmann, 2007).

Stochastic methods can also be employed to examine the trajectory of mass movements (Gruber & Mergili,
2013; Mergili, Krenn & Chu, 2015; Mergili, Schwarz & Kocius, 2019). Such simulations can be combined with
physically-based models within a conceptual framework that allows for adaptation to different types of mass
movements. In the latter case, the Gravitational Process Path (GPP) model (Wichmann, 2017) can be included. This
model simulates trajectories based on stochastic simulations and the propagation of transported material based on
simplified physical parameters such as basal friction, mass loss and directional variability. Goetz et al., (2021) and
Klade (2022) demonstrated the model's effectiveness by calibrating its parameters for specific geomorphological
contexts and obtaining results that were consistent with their field observations.

The GPP model application is restricted in Brazil, especially when it comes to optimization in tropical regions
and validation based on mass movement events. This research therefore aimed to assess the shallow landslide
hazard in a watershed in the municipality of Sdo Sebastidao (SP), which was severely affected by mass movements
in 2023, using a physically-based model for trajectory simulation, as well sought to identify buildings in the

watershed at risk of landslides.

Figure 1. February 2023 event in the municipality of Sao Sebastidao. Source: (a/b) Authors; (c) Fernando Marron/AFP;
(d) André Luis Rosa/TV Vanguarda.

2. Study Area

The municipality of Sao Sebastido, located on the northern coast of Sao Paulo State and approximately 200 km
from the state capital, hosts a population of nearly 82,000 inhabitants distributed across 400 km? (IBGE, 2022). The
study area comprises the Camburi River watershed, which includes the neighborhood of the same name.
Encompassing roughly 37 km?, the basin was among the sectors most severely impacted by the extreme rainfall
event of February 2023, during which 51 landslide scars were mapped on hillslopes adjacent to densely occupied
areas (Figure 2).

In 2018, the Institute for Technological Research (IPT) conducted a risk-sector mapping for the municipality,
which identified, within the Camburi neighborhood, housing units situated near cut slopes and natural hillslopes,
exhibiting construction patterns ranging from adequate to high quality. The area was subdivided into three sectors,
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two of which are associated with the Sol Maior Condominium: one classified as High Risk and another designated

as a Monitoring Sector. The third sector was likewise classified as a Monitoring Sector.
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Figure 2. Location of the study area. A) Camburi River watershed, indicating the lithostratigraphic units present; B)
Hypsometric representation of the basin area, showing the 2023 landslide scars and the residential structures within
the affected zone.

The lithostratigraphic units of the basin are divided into two main domains (IBGE, 2023): the coastal complex,
dated to the Neoproterozoic Cryogenian and composed of crystalline rocks such as granite, gneiss, and migmatite;
and the Upper Pleistocene Quaternary detrital cover. Furthermore, the area can be subdivided into three regional
geomorphological compartments—the Serra do Mar, the Coastal Plain, and the Paraitinga Plateau. Pedologically,
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the basin is predominantly characterized by aluminic haplic Cambisols with clayey to medium textures (IBGE,
2023).

In Sao Sebastido, the stretch between Boracéia and Maresias beaches—where the neighborhoods of Sahy and
Camburi are located, the most affected by the mass movements that occurred in 2023 —stands out for its high
rainfall rates, which vary between 1,500 mm and 2,500 mm per year. This coastal strip is the wettest region in the
state of Sao Paulo (Monteiro, 1973), with a significant orographic influence on rainfall distribution (Pellegatti;
Galvani, 2010).

3. Materials and Methods
3.1. Data sources

Three types of data were used in this research: a) elevation data; b) the location of the 2023 landslide
occurrences; and c) land use data and the location of exposed elements. Elevation data were obtained from the
TanDEM-X Digital Elevation Model (DEM) (Krieger et al., 2013). The location of the landslides occurred in the 2023
event were derived from the inventory compiled by Bonini et al. (2025). Land use was evaluated with the
MapBiomas Collection 2 Beta (10m) (MapBiomas, 2025), and the exposed elements were identified using the
OpenStreetMap database.

3.2. Susceptibility map

The physically-based, mathematical model SHALSTAB (Shallow Landsliding Stability Model) (Montgomery;
Dietrich, 1994) was deployed to assess susceptibility. The model establishes critical daily rainfall thresholds by
combining a slope stability model based on the Mohr-Coulomb failure criterion with a steady-state hydrological
model, and has been used in several researches in the Serra do Mar (Vieira; Ramos, 2015; Martins et al., 2016; Vieira
et al.,, 2018; Bonini et al., 2020; Pinho; Augusto Filho, 2022).

In this research, susceptibility assessed with the SHALSTAB model relied on minimum and maximum values
for the geotechnical and hydrological properties obtained in the literature (Vieira; Ferreira; Gomes, 2015; Wolle,
1988). For each model iteration (1000 iterations), a value for the geotechnical and hydrological properties was
selected within the range of the minimum and maximum values (Table 1); the final value of each property is
computed by the mean of the selected values across all iterations, resulting in the final susceptibility map.

The SHALSTAB model defines six stability classes. For this research, we considered as unstable the
unconditionally unstable class and the class with critical rainfall threshold up to 50 mm/day. Using these classes
and the landslide scars identified in the inventory, a confusion matrix was derived to compute the following model
accuracy metrics: a) sensitivity (the proportion of correctly classified unstable areas in relation to the total area
classified as unstable); b) specificity (the proportion of correctly classified unstable areas in relation to the total area
classified as stable; and c) the F1-score (the harmonic mean between model precision and sensitivity). These classes
were chosen due to the necessity of establishing their mapping quality level, mainly because these two classes were
used as potential shallow landslide release areas for the landslide’s runout and velocity estimations in the following
step of the methods.

Table 1. Geotechnical and hydrological properties used in the susceptibility model iterations

Geotechnical/hydrological property Minimum Maximum Reference
Soil density (g/cm?) 1.46 1.74 Wolle (1988)
Soil thickness (m) 0 2.5
Saturated hydraulic conductivity (m/h) 0.00036 0.36 Vieira, Ferreira, Gomes
Internal friction angle (degrees) 25 37 (2015)
Cohesion (MPa) 0 0.011
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3.3. Runout simulation and hazard mapping

The hazard analysis was performed by estimating the shallow landslides potential trajectories and velocities
using the GPP model (Wichmann, 2017), that has in its structure two main modules: the first one used to define
the potential trajectories using a Random Walk stochastic method, used in other models for the assessment of mass
movements trajectories (Mergili et al., 2015; Mergili; Schwarz; Kociu, 2019); and the second one, to constrain the
potential trajectories by simulating friction between the landslide material and the surface. Different friction
models are available within the GPP model, given that the model can be used for the simulation of different mass
movement types. For shallow landslides simulation, the literature recommends the two-parameter friction model
(PCM) (Perla; Chung; McClung, 1980).

In this paper, a two-step full factorial experiment design was used to optimize the GPP modules, following
an approach adapted from Goetz et al. (2021). During the first step, the parameter values for the Random Walk
simulation were optimized, with an initial experiment to identify the optimal values for each of the three
parameters, followed by a second experiment to evaluate the sensibility of the model to small variations of the
values of the parameters identified as the most important for the simulation accuracy.

The two parameters of the friction model were optimized during the second step of the optimization process,
evaluating all possible parameter value combinations. Both steps of the optimization were carried out in a test area
and using parameter ranges obtained from the literature (Goetz et al., 2021; Klade, 2022).

Simulation’s adherence to the areas mapped in the landslide inventory was evaluated using the Area Under
the Receiver Operating Characteristics curve (AUC-ROC) (Zweig; Campbell, 1993). The optimal parametrization
of the coupled two-module model was defined to be the one with the highest value of AUC-ROC. Finally, the
landslides trajectories and velocities were computed across the whole study area using this parametrization,
considering as release areas for the process initiation the terrains with critical rainfall threshold up to 50 mm/day,
as classified by the SHALSTAB model. The hazard map was obtained by classifying the trajectory frequency map
into five hazard classes (very low, low, medium, high, and very high), each one of them containing 20% of the
simulated trajectories.

Table 2. Input data for the optimization of the trajectory and velocity simulations

Value
Input data Description Source
range
DEM - Digital Elevation Model (Krieger et al., 2013)
Release areas for process initiation, coded as
Release Areas - unique IDs. Rest of the cells classified as No  (Bonini et al., 2025)
Data.
Slope angle threshold (%) 20 - 40 Deterr.nines .the permissivity for divergent
flow simulation
Random Controls the lateral dispersi f th
Exponent of divergence (-) 1.0-28 .on ro S ¢ atena 1spersion 0 ¢
Walk simulation.
. Influences the continuity of the landslide
Persistence factor (-) 1.0-1.5 .
trajectory .
- (Wichmann, 2017)
L o Surface resistance to the flow movement
Global friction coefficient (u1) o
0.2-0.8 (controls how much the surface friction slows

©)
FeM ﬁlown' the’cProcles’cS )<;1t thed ted by th
Mass-to-drag  ratio (M/D) ow inertia related to the drag exerted by the

(m)

100-200 mass (controls the tendency of movement
persistence

3.4. Exposed elements

First, the exposed elements were analyzed by considering the land use classes, identified in the MapBiomas
database. Next, buildings inside the Camburi basin were defined using OpenStreetMap data, and the location of
each building was intersected with the trajectory frequency class. Elements located in areas classified as high and
very high hazard were considered threatened.
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4. Results

4.1. Landslide Susceptibility Modeling

The susceptibility model demonstrated satisfactory performance in identifying the landslides recorded in the
inventory, achieving a sensitivity of 0.865, a specificity of 0.457, and an F1 score of 0.720. This outcome is likely
linked to the sampling iterations incorporated into the model, which account for the minimum and maximum
values of geotechnical and hydrological parameters, allowing them to vary within a defined range informed by
the specialized literature. The maximum critical rainfall threshold for the initiation of shallow landslides estimated
by SHALSTAB reached 218 mm/day, with no cells falling within threshold classes exceeding 400 mm/day (Figure
3). Approximately 35% of the basin area was classified as unconditionally stable, whereas 24% was identified as
unconditionally unstable (Figure 4). Thresholds between 0 and 50 mm/day predominate (31% of the area), while
nearly 6% of the basin exhibits thresholds between 50 and 100 mm/day, 3% between 100 and 200 mm/day, and
only 0.15% between 200 and 400 mm/day.

432000 435000 438000

Legend
I Unstable Condition

7 0-50mm/day
1 50-100mm/day
71 100-200mm/day
Y 200-400mm/day
R R | | Stable Condition
T — B Landslide Scars

SRC: WGS 84/ UTM zone 23S

Figure 3. Landslide susceptibility map of the Camburi River basin.
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4.2. Runout Simulation

During the GPP optimization, a total of 102 parameter combinations were generated for the potential-
trajectory module. Initially, 90 unique parameter sets were produced. This first experiment revealed a stronger
sensitivity to variations in the angle threshold and the exponent of divergence, with the persistence factor exerting
comparatively less influence (Figure 5a). The lowest AUC-ROC values (i.e., below 0.500) were associated with
angle-threshold values under 30°, whereas the best model performances were obtained for thresholds of 35° (AUC-
ROC = 0.604) and 40° (AUC-ROC = 0.628) (Figure 5a). Regarding the exponent of divergence, the first experiment
did not allow its individual influence to be clearly distinguished. Consequently, in the second optimization phase
of the potential-trajectory module, the angle threshold was restricted to the range that had produced the strongest
results (35-40°), while the exponent of divergence was tested between 1.0 and 2.0 in increments of 0.2, with the
persistence factor held constant at 1.5. This generated twelve additional parameter combinations (Figure 5b). The
outcomes of this procedure pointed to optimal values of 35° for the angle threshold and 1.0 for the exponent of
divergence (AUC-ROC = 0.854).

For the optimization of the second GPP module, which corresponds to the PCM friction model, 42 unique
parameter combinations were tested (Figure 5c), yielding AUC-ROC values ranging from 0.465 to 0.720. The results
indicate that the PCM exhibits greater sensitivity to the friction coefficient than to the mass-to-drag ratio (Figure
5c¢). The best performance was achieved with a friction coefficient of 0.20 and a mass-to-drag ratio of 180. Using the
optimized parameters (Table 3), potential landslide trajectories were then simulated for initiation areas associated
with cells exhibiting critical rainfall thresholds equal to or below 50 mm/day (Figure 3).

Table 3. Optimized GPP parameter values.

GPP Module Parameter Optimized Value
Potential Trajectories Slope-ang]le threshold 35°
Exponent of divergence 1
Persistence factor 1.5
PCM Friction Model Friction coefficient 0.2
Mass-to-drag ratio 180
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Maximum velocities along the simulated trajectories ranged from zero (in areas not intersected by any
simulation) to 32 m/s, with a mean of 11 m/s and a standard deviation of 8.0 m/s. The highest velocities — thus
representing the greatest destructive potential — were concentrated on steep upper hillslopes associated with
landslide source zones, whereas terminal velocities were observed near or directly within valley bottoms (Figure
6). The area—frequency distribution of simulated trajectories showed an inverse relationship with flow-path
convergence (Figure 7). Approximately 92% of the basin is intersected by fewer than 50% of the potential
trajectories, while areas affected by more than 80% of possible trajectories account for less than 1% of the total basin
area. These highly impacted zones are primarily associated with initiation areas on steep and moderately steep
hillslopes, as well as valley-bottom sectors where displaced material tends to accumulate.

The final hazard map, based on the frequency of trajectories, shows that 40% of the basin area is classified
as low hazard, followed by 29% and 22% in the very low and moderate hazard classes, respectively. High hazard
covers 6% of the basin area, while very high hazard covers only 2%.
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4.3. Exposed Elements

In terms of land use, the Forest Formation class occupies the largest share of the Camburi Basin, covering
approximately 76% of its area and occurring predominantly along the steep hillslopes of the Serra do Mar and the
Paraitinga Plateau. The wooded sandbank vegetation, Urban Area, and Mosaic of Uses classes constitute
substantial portions of the Coastal Plain, accounting for 15.8%, 4.9%, and 2.56% of the basin area, respectively. All
remaining classes together cover less than 0.3% of the Camburi Basin. With respect to exposed elements, a total of
3,667 structures were identified within the basin, concentrated mainly in the Coastal Plain (91%) and, to a lesser
extent, along the Serra do Mar hillslopes (9%).

The susceptibility results indicate that the most prone areas are located primarily within the Forest
Formation class (Figure 9). A similar pattern is observed for the hazard classes — ranging from very low to very
high — which also occur most frequently within this same land-use category. In contrast, the wooded sandbank
vegetation, Urban Area, and Mosaic of Uses classes are predominantly associated with the unconditionally stable
susceptibility class. With respect to hazard, these land-use categories are mostly situated in areas classified as no
hazard, meaning sectors not intersected by any of the simulated trajectories.

With regard to the built structures, the vast majority are located within areas classified as unconditionally
stable (94.4%), while only 1.28% (47 structures) fall within zones mapped as unconditionally unstable. In the
susceptibility class with thresholds up to 50 mm/day, 113 structures were identified (3.08%), whereas the 50-100
mm/day and 100-200 mm/day classes contain only 0.9% (33) and 0.33% (12) of the structures, respectively (Figure
8).

Similarly, approximately 89.4% of the area occupied by the structures lies within the no-hazard zone.
However, 3.12% of the building area falls within the very-low hazard class, 4.53% within the low hazard class, and
2.38% within the moderate hazard class. Only 0.57% of the total building area corresponds to the high (0.55%) and
very high (0.02%) hazard classes. It is important to note that a single structure may span areas associated with
different hazard levels.
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Figure 8. (a) Susceptibility classes and structures; (b) hazard classes and structures.
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Figure 9. SHALSTAB classes and trajectory-frequency classes in relation to land use.

5.1 Shalstab

The model was deemed satisfactory in identifying areas susceptible to landslides, despite its lower specificity,
which indicates a substantial number of false positives —that is, stable areas incorrectly classified as unstable. This
result, however, is understandable given that the mapped scars are concentrated in the southern portion of the
basin and occupy a very small area relative to the total extent evaluated by the model. Even so, the F1 score reflects
a balanced trade-off between precision and recall, reinforcing the model’s usefulness for susceptibility mapping.

The low cohesion values, as previously demonstrated by Guimaraes (2000), reinforce the predominant role of
topographic control in the triggering of landslides. Because no spatially distributed data on soil properties were
available, simplifying the model by assuming near-zero cohesion proved methodologically more appropriate,
allowing SHALSTAB, whose formulation inherently emphasizes topographic control, to operate more efficiently.
In contrast, the friction angles used were relatively high on average, which helped constrain the overestimation of
unstable areas. The saturated hydraulic conductivity values reflect the challenges posed by the high spatial
variability of this parameter, largely due to the absence of spatially distributed measurements and to the presence
of hydraulic discontinuities at critical depths (between 1 m and 2.5 m) (Vieira, Ferreira, & Gomes, 2015). Soil depth
exhibited little variation among the tested parameters, a pattern that can be attributed to the predominance of
Cambisols within the basin.

The areas classified as unconditionally unstable are concentrated mainly along the upper hillslopes of the
Serra do Mar, at elevations above 400 meters, where steep gradients predominate and land cover is dominated by
forest formations. These sectors also coincide with the occurrence of Cambisols, which are shallow and poorly
developed soils whose characteristics promote rapid water infiltration and, consequently, increase hillslope
instability. The susceptibility zones located closer to inhabited areas are associated with critical rainfall thresholds
of up to 100 mm per day, extend for roughly 200 meters, and occur mostly on Cambisols.

One of the main limitations of the model concerns the definition of susceptibility classes based on rainfall
thresholds. In this study, a large portion of the basin was classified as susceptible under rainfall events of up to 50
mm per day. However, because annual precipitation in the area can reach 2,500 mm, events of this magnitude
occur frequently throughout the year and do not necessarily result in landslides. Previous studies in the Serra do
Mar have already highlighted this tendency to overestimate unstable areas, which is largely explained by the fact
that SHALSTAB models the potential for instability under idealized and generalized conditions that depend
heavily on topography and incorporate simplified hydrological assumptions (Bonini et al., 2020; Guimaraes, 2000;
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Vieira et al., 2018; Vieira and Ramos, 2015). Model accuracy is also constrained by the limited availability of
detailed, spatially distributed data on soil properties, vegetation cover, and local hydrological dynamics. Even so,
given the need to incorporate rainfall values into hazard modeling, the approach adopted here proved more
suitable than alternative methods that rely on long historical rainfall series, which are not always available.

5.2. Gravitational Process Path — GPP

The persistence factor governs how closely a simulated trajectory follows its previous direction, effectively
representing the inertia of the moving material. Given its limited variation across the simulations, the results
suggest that the modeled paths tend to follow relatively continuous trajectories with few abrupt changes in
direction, especially because they traverse the steep hillslopes of the Serra do Mar, where terrain geometry strongly
constrains movement. The slope-angle threshold determines the extent to which the flow path can deviate laterally,
thereby allowing or restricting areas of greater lateral spreading. The higher AUC-ROC values obtained for steeper
angle thresholds indicate that the trajectories do not necessarily follow the cell with the lowest local gradient;
instead, they spread laterally with some frequency, consequently enlarging the affected area. In light of these
results, the exponent of divergence, which controls the likelihood of lateral spreading, particularly in gentler
terrain, reached a lower optimal value that balances the higher angle-threshold parameter (Wichmann, 2017).

The friction coefficient, which plays a central role in shaping process behavior along the simulated paths,
determines where the moving material comes to rest and deposition begins. The optimal value obtained was 0.2,
which is close to that suggested by Wichmann (2017) for agricultural areas. This result is consistent with the
mapped scars, as many of them are located in zones classified as mosaics of land use. This discontinuous land
cover, combined with the presence of shallow cambisols and steep slopes, facilitates downslope movement and
contributes to longer runout distances. The mass-to-drag ratio mainly influences velocity along the steeper portions
of the path. However, this parameter exerts limited control on the trajectory calculations, which can be attributed
to the well-known uniqueness problem associated with this ratio. Different combinations of p and M/D can
produce the same runout distance, introducing mathematical redundancy into the model (Perla, Cheng, and
McClung, 1980).

It is important to note that the trajectories simulated by the GPP model are generated from a prior landslide
susceptibility map, which defines the rupture areas. Because shallow landslides tend to exhibit relatively short
runout distances compared with debris flows, the paths simulated by the GPP remain largely confined to the zones
previously classified as unstable by the susceptibility model. Consequently, the effectiveness of the GPP is directly
conditioned by the quality and accuracy of the input model.

5.3. Exposed Elements

Approximately 77 percent of the structures are located in areas classified as urbanized, which correspond to
places with human occupation and built surfaces, that is, areas identified as impervious by the MapBiomas land-
cover mapping. The Serra do Mar is predominantly covered by areas classified as Forest Formation and contains
several conservation units and legally protected areas, including the Serra do Mar State Park, Atlantic Forest
Reserves, and Permanent Preservation Areas (APPs), all situated on steep terrain. These legal restrictions are
intended to prevent settlement in environmentally sensitive regions. It is important to note that these steep areas
also coincide with zones of higher landslide susceptibility. In this context, at least 160 structures were identified
within zones classified as unconditionally unstable, even under rainfall conditions below 50 mm per day.

Regarding the hazard, roughly 5% of the structures lie within sectors showing some indication of hazard,
although fewer than 1% are located in areas classified as high or very high hazard. This pattern suggests that
buildings tend to be affected by specific landslide trajectories rather than by all potential rupture zones. Even so,
despite the low frequency of simulated trajectories, structures may still be impacted by sporadic events that carry
a high potential for damage.

Although most buildings are situated within zones classified as no hazard or low hazard, chiefly on the coastal
plain, it is important to emphasize that extreme events often lead to complex mass-movement processes. In such
cases, landslides may transition into debris or mud flows, substantially increasing the affected area. This study did
not include the modeling or analysis of such flow processes, which represents a limitation in the comprehensive
assessment of hazard conditions.
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A comparison between susceptibility classes and the risk sectors mapped by the IPT in 2018 for the Camburi
watershed shows that Sector 1, classified as R3, is identified by SHALSTAB as unconditionally unstable, as is Sector
2, which is designated as a monitoring sector. Sector 3, also classified as a monitoring sector, falls within the
instability class associated with rainfall thresholds of up to 50 mm per day for landslide triggering. Regarding
hazard, the sectors mapped by the IPT are situated within areas classified as low to moderate hazard, although
other areas classified as high hazard were not formally designated as risk sectors by the agency.

6. Conclusions

Landslides are natural processes that become hazards when they occur in areas near human settlements,
which underscores the importance of tools capable of mapping susceptibility and hazard in order to guide
preventive measures. In this study, the models applied for susceptibility and hazard analysis were considered
satisfactory. It is important to emphasize, however, that these models are subject to significant limitations due to
the lack of spatially distributed hydrological and geotechnical data, which reduces their overall effectiveness.
Moreover, the study demonstrated the feasibility of calibrating models through statistical procedures, highlighting
the practicality of this approach for defining optimal parameters in models that are still seldom used in Brazil, such
as the Gravitational Process Path.

With respect to the exposed elements, although the difference is subtle, the hazard level associated with the
structures is higher than their susceptibility, indicating that the runout of the landslides exerts a more significant
influence than the location of their initiation. The relatively small number of exposed elements can be partly
attributed to the fact that the model calibration was specifically oriented toward predicting the runout of shallow
landslides. Nevertheless, during extreme events, cascading processes are common, in which initial landslides may
trigger subsequent debris flows.

The workflow implemented in this study and the results obtained can support future hazard assessments in
the municipality of Sdo Sebastido and in other areas of the Serra do Mar. In addition, the analysis of exposed
elements may assist in the development of preventive measures for the Camburi River basin.
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