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Abstract: This paper presents a multi-temporal comparison of high-resolution 3D digital models
from two urban areas susceptible to landslides in three time periods. The study areas belong to
the São Paulo landslide risk mapping database and are named “CEU Paz” (CP) and “Parque Santa
Madalena I” (PSM). For each area, a lidar digital surface model (DSM) (2017) and two structure-
from-motion multi-view stereo DSMs (2019 and 2022) built from drone imagery were combined
using raster algebra to generate three digital surface models of differences (DoDs). The DoDs were
able to highlight changes in vegetation cover and buildings, which are important characteristics for
evaluating geological risks in an urban context. Still, they were unable to highlight changes in the
ground surface. The results demonstrate that the method greatly supports monitoring, allowing for
greater detail and ease of detecting large-scale changes. Even with promising results, this technique
should be understood as one more tool for mapping risk areas without replacing fieldwork.

Keywords: geological risk; RPA; risk monitoring; slums; structure-from-motion multi-view stereo; landslide

1. Introduction

Human vulnerability to natural hazards results from the socio-economic, physical,
and environmental processes that characterize a social–ecological system and is thus socially
constructed [1]. This view of hazards is even more relevant in urban areas where the environ-
ment is highly modified by physical infrastructures and socio-economic activities [2–4].

Risk mapping in scientific research involves understanding the concept of “hazard”
and its evolving definition. According to the United Nations General Assembly (UNGA)
of 2017 [5,6], a hazard is defined as a process, phenomenon, or human activity that can
cause loss of life, injury, health impacts, property damage, social and economic disruption,
or environmental degradation. This definition reflects the broader scope of hazards in
the field of disaster risk reduction, encompassing both natural phenomena and human
activities that can have short- and long-term effects [7].

The same document defines disaster risk as “the potential loss of life, injury, or de-
stroyed or damaged assets which could occur to a system, society or a community in a
specific period, determined probabilistically as a function of hazard, exposure, vulnerability,
and capacity” [5]. To accurately assess risks, it is crucial to examine the interplay between
hazard, exposure, vulnerability, and capacity. Hazard refers to the potential occurrence
of an event within a specified time and space, while exposure involves the assets at risk,

Remote Sens. 2023, 15, 3028. https://doi.org/10.3390/rs15123028 https://www.mdpi.com/journal/remotesensing

https://doi.org/10.3390/rs15123028
https://doi.org/10.3390/rs15123028
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0003-2264-5531
https://orcid.org/0000-0001-7093-0244
https://orcid.org/0000-0003-1209-7842
https://orcid.org/0000-0001-5073-5572
https://doi.org/10.3390/rs15123028
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs15123028?type=check_update&version=2


Remote Sens. 2023, 15, 3028 2 of 19

such as the environment, economy, buildings, or people. Vulnerability represents the
susceptibility of these assets to damage or impact, and capacity encompasses the strengths,
attributes, and resources available to manage and mitigate disaster risks [7].

The expanded definition of hazard includes human activities, necessitating re-evaluating
how we perceive hazards, vulnerabilities, and exposures. For example, depending on the
perspective, urban infrastructure system failure can be seen as both a vulnerability and a
hazard. This perspective shift allows for a more comprehensive understanding of risks
and their potential consequences. While the fundamental concepts of hazard, vulnerability,
and exposure remain significant, their application varies depending on the specific problem
context [7].

In summary, risk mapping necessitates a comprehensive understanding of hazards,
considering both natural phenomena and human activities. Researchers can assess risks
more effectively by examining the relationships between hazard, exposure, vulnerability,
and capacity. This approach acknowledges the dynamic nature of hazards and allows for a
nuanced evaluation of risks in various contexts. With this in mind, urban sprawl reserves
growing challenges for the coming decades as the population growth projection will lead
to cities’ growth. However, if not accompanied by adequate planning, urban management,
and ecological balance, the impacts of disasters may increase [8]. This, in addition to climate
change, may cause cities in developing countries to face higher impacts.

At the international level, natural disaster management gained more prominence
when the United Nations (UN) General Assembly designated the 1990s as the International
Decade for Natural Disaster Reduction (IDNDR) to decrease the loss of life, property
destruction, and social and economic disruption caused by natural disasters. New global
initiatives related to disaster risk reduction were proposed in the following years. Two
of them are currently worth mentioning. The first is the Sendai Framework, adopted at
the Third UN World Conference on Disaster Risk Reduction, which aims to achieve a
substantial reduction in disaster risk and losses in lives, livelihoods, and health, as well as
the economic, physical, social, cultural, and environmental assets of persons, businesses,
communities, and countries between 2015 and 2030. The framework outlines seven clear
targets and four priorities for action to prevent new and reduce existing disaster risks:
(i) understanding disaster risk; (ii) strengthening disaster risk governance to manage
disaster risk; (iii) investing in disaster reduction for resilience; and (iv) enhancing disaster
preparedness for an effective response to “Build Back Better” in recovery, rehabilitation,
and reconstruction. The second one is the 2030 Agenda for Sustainable Development. At its
core are the seventeen Sustainable Development Goals (SDGs), an urgent call for action by
all developed and developing countries in a global partnership. Since hazards are a product
of societal constructions, disaster risk reduction (DRR) can be linked to multiple SDGs. Its
primary association is with Goal 11—“Make cities and human settlements inclusive, safe,
resilient and sustainable”.

Landslides are part of the natural processes of Earth’s surface dynamic, which can
be accelerated or triggered by anthropic interference [9]. The most widely used classifica-
tion [10] defines landslides as the downslope movement of soil, rock, and organic materials
under the effects of gravity, which occurs when the gravitational driving forces exceed the
frictional resistance of the material resisting on the slope. In urbanization conducted in a
disorganized way, such as in informal settlements (also known as slums, or favelas–favela or
aglomerado subnormal is defined by [11] as “forms of irregular occupation of land owned by
others (public or private) for housing purposes in urban areas and, in general, characterized
by an irregular urban pattern, lack of essential public services (official garbage collection,
sewage network, water network, energy network, and street lighting) and location in areas
with restrictions on occupation”), the stresses acting downslope can easily exceed the
available strength of the soil, rock, or sediment. As development expands into unstable
hillslope areas under the pressures of increasing population and urbanization, human
activities have become important triggers for landslide occurrence [12], where commonly
observed examples are cut and fills, which expose soil to more water infiltration, that
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may have inadequate geometry that favors its instability; removal of vegetation, which
increases water infiltration and surface erosion processes; excess load due to the increase
in the number of floors in houses without proper foundation structures; and increased
discharge of wastewater onto slopes, due to leaks in pipes and the absence of adequate
water supply and sewage systems. The same factors influence vulnerabilities and exposures
in complex ways. For example, suppose a floor is added to a house. In this case, the house’s
vulnerability may be increased due to its inadequate structure and building materials,
and by accommodating more people, more people will be exposed. In this way, surface
changes and interventions observed during the occupation process modify the conditions
that determine the risk, that is, the probability of losses.

The disaster risk management cycle can be divided into five main stages: prevention,
mitigation, preparedness, response, and reconstruction, with the first two occurring before
a disaster occurs. In the prevention phase, priority measures and activities are executed
to prevent or reduce the installation of new disaster risks. The first activity is risk iden-
tification via the mapping process, which produces cartographic instruments that help
in the diagnosis of the physical environment and land occupation and can provide more
quality and efficiency to risk and disaster reduction measures, directing mitigation and
preparedness activities, as well as public policies [13]. However, cities change more quickly
than the government manages to implement the planned measures, causing risk mapping
to have its own update cycle, which involves both identifying new areas and monitoring
changes in the existing conditions, with the latter being the object of study of this work.

Monitoring the risk areas in cities such as São Paulo, Brazil, is not a simple task, due
to the reduced number of technicians, the large number of areas, the size of the territory,
the density of occupations, and the diversity in conditioning factors in the landslide
process [9,14]. Thus, it is necessary to develop a method that allows for monitoring on
an adequate scale, in a reduced time, compatible with the city’s current risk mapping
methodology, that is easily reproducible throughout the territory. As part of an integrated
approach, monitoring via remote sensing methods is an efficient tool to gather information
related to changes in human and environmental factors in areas of social fragility and prone
to landslides [4].

With this in mind, structure-from-motion multi-view stereo (SfM-MVS) photogram-
metry has great potential to be beneficial as a technology that hastens terrain modeling for
these purposes [15,16]. SfM-MVS is a digital photogrammetry technique for high-resolution
topographic reconstruction, ideally suited for low-budget research and application in re-
mote areas. It operates under the same basic tenets as stereoscopic photogrammetry,
namely, that a 3D structure can be resolved from a series of overlapping, offset images [15].
It has been gaining diverse applications in the most varied disciplines, including landslide
studies [17], for being low-cost (regarding both hardware and software), being easy to learn
and use, and providing point density and accuracy comparable to that obtained via lidar
(light detection and ranging). When paired with remotely piloted aircrafts (RPAs), it can be
even more efficient [18,19], as RPA-based SfM-MSV has proven to be extremely powerful
for hazard mapping and landslide-related data collection [17,20–34]. For these reasons,
RPA SfM-MVS is an excellent option for those applications that benefit from frequently
revised terrain models for landslide risk monitoring.

This research, developed in partnership with the São Paulo Civil Protection office,
aimed to present a fast, easily replicable method that uses images collected recurrently
via RPAs and can increase the efficiency of geological risk mapping carried out by the
municipal agency. The mapping generically named as “geological risk” by the São Paulo
Civil Protection Office, using the classification proposed by UNDRR [35], comprises the
hazards of landscape creep, rockfall, and riverbank erosion (geohazard type), as well
as rock slide (meteorological and hydrological type/terrestrial cluster), in other words, the
hazards related to soil and rock movement in the São Paulo context. Hence, throughout the
article, geological risk will refer to to the mapping procedure surrounding these specific
hazards, and landslide will refer to the particular process to be monitored in the study
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areas. Therefore, a comparison of 3D digital models, lidar (municipal reference data),
and RPA (2019 and 2022 surveys) from two urban areas susceptible to landslides from three
different periods was performed. The study areas belong to the geological risk mapping
database and are named “CEU Paz” (CP) and “Parque Santa Madalena I” (PSM), located in
São Paulo.

The remainder of this paper is organized as follows. Section 2 outlines the geographical
location of the study areas and their geological, geomorphological, and socio-economic
characteristics, factors that directly influence the risk classification according to the method
adopted by the municipal agency. Section 3 presents an overview of the methodological
framework, datasets, and products. Section 4 describes the results. Section 5 discusses
the results and analyzes the proposed method’s advantages, disadvantages, challenges,
and implementations within the municipal agency. Finally, Section 6 highlights the paper’s
major findings.

2. Case Study

Brazil is a developing country with continental dimensions (ca. 8,500,000 km2) and an
estimated population of over 213 million [36]. The country is divided into five regions (i.e.,
north, northeast, central-west, southeast, and south). The northeast, southeast, and south
regions are most heavily affected by disasters. The population distribution along the
territory and human development index suggest a panorama in which nearly one third of
the Brazilian population could experience socio-economic weakness in a disaster. In urban
areas with a higher population density, these conditions are intensified [36]. The expressive
increase in the urban population, the lack of a national disaster policy until 2012 [37], and the
nonexistence or inefficiency of plans, laws, and regulations to reduce the risk of disasters
(<25% of municipalities) are elements that contribute the most to maintaining a high disaster
risk [38]. The lack of urban planning and infrastructure has led the most underprivileged
individuals to occupy naturally unsuitable areas or those highly susceptible to unstable
slopes, primarily due to the low real estate value of the land [9].

São Paulo, located in the southeast region, is the most populous city in the country,
with a projected population of over 12 million people living in a 1521 km2 territory. The city
has over 500 mapped landslide risk areas, challenging risk management, and DRR. To con-
front risk successfully, it is essential to shift from unplanned and ad hoc responses when
crises occur to proactive, systematic, and integrated risk management [39].

2.1. Landslide Risk Mapping in São Paulo

In Brazil, there is a national guidance document [40] that presents methodological
procedures for landslide risk mapping in Brazilian slums, developed by the Institute for
Technological Research (Instituto de Pesquisas Tecnológicas—IPT), and distributed by the
Ministry of Cities. In this context, the risk is the relationship between the possibility of oc-
currence of a given process or phenomenon and the magnitude of damages or social and/or
economic consequences regarding a given element, group, or community. The higher the
vulnerability, the greater the risk.

São Paulo has adopted the ’risk zoning‘ procedure since 2010 [41]. It aims to support
risk management and establish technical and social parameters to promote greater security
and/or eliminate risks, as well as the adequacy of the products to be generated, given
the municipal government’s need to devise intervention plans to control the identified
risks [42]. In summary, risk zoning is a qualitative analysis that defines the probability
degree of occurrence of an accident based on three factors: the typology of the expected
process and its probability of occurrence, the vulnerability of urban settlements, and the
potential damage.

During the field survey, the technicians evaluated a series of characteristics that related
to the following factors: the categories of occupation, which characterize the occupation
density and basic infrastructure; geological and geotechnical surface investigations, to
identify the types of gravitational mass movements; the constraints of the destabilizing
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processes (e.g., slope characteristics and presence of debris, water, and vegetation); evi-
dence of instability (e.g., house cracks, tree/wall inclinations, and erosion features), and
indications of the development of destructive processes. Land use and land cover play an
essential role in the methodology adopted, since they directly influence the vulnerability
and the potential damage in urban settlements. After the analysis, the houses were grouped
according to similar characteristics in sectors, and each one was appointed a probability
degree according to the associated criteria [42]: low risk (R1), medium risk (R2), R3 high
risk (R3), and very high risk (R4).

2.2. Study Areas

For the present research, two mapped areas with landslide risk were chosen: “CEU
Paz”, located in the Brasilândia district, northern São Paulo, and “Parque Santa Madalena
I”, situated in the Sapopemba district, eastern São Paulo (Figures 1 and 2). The study
areas were chosen mainly due to the complexity of the settlements in these areas, which
are highly urbanized and have recurrent landslide records. Both areas are featured in the
Special Zone of Social Interest 1 (Zona Especial de Interesse Social—ZEIS 1) by the Urban
Development Policy (Política de Desenvolvimento Urbano) and the Strategic Master Plan for
the city of São Paulo (Plano Diretor Estratégico do Município de São Paulo) (Municipal Law
16.050/2014). The ZEIS 1 areas are described in Article 45 of the Strategic Master Plan:

Areas characterized by slums, irregular allotments, social interest housing, and popular
settlements mainly inhabited by low-income populations. The public interest is in
maintaining inhabitants and promoting land and urban regularization, environmental
recovery, and construction of Social Interest Housing.

Both areas are composed of metamorphic rocks, mainly schists [43], and intrusive
igneous rocks [44], resulting in relief with convex summits, deep valleys, high drainage
density, and steep slopes, resulting in high landslide susceptibility [45].

Figure 1. Overview of the study areas. (a) CEU Paz, photographed in 2019 via helicopter. (b) Parque
Santa Madalena I, photographed via RPA in 2023.

Popular settlements have significantly increased in “CEU Paz” from 2004, when the
CEU building was built. According to the local Social Vulnerability Index (Índice Paulista
de Vulnerabilidade Social—IPVS), which indicates citizens’ living conditions using social
inequality parameters [46,47], and has emerged over the past decade as a quantitative
measure of the social dimensions of natural hazard vulnerability [48], the “CEU Paz” area
is classified as highly vulnerable. Places of high vulnerability are those located in urban
census sectors and in subnormal agglomerations, where the socio-economic dimensions are
low, with the family life cycle of young families living in subnormal agglomerates having
an average nominal income of BRL 1401.
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Figure 2. Images and locations of the study areas. (a) Map of South America with the location of
São Paulo. (b) CEU Paz and Parque Santa Madalena I in respect to São Paulo. (c) Geological risk
areas in São Paulo, with the study areas in yellow. (d) CEU Paz area. (e) Parque Santa Madalena
area. (f) Geological map of CEU Paz area and legend. (g) Geological map of Santa Madalena area
and legend. Geological maps after [49].

The “Parque Santa Madalena I” area is composed of alluvial plains in valleys and
sericite schist in hillslopes (sericite phyllite, metarenite, carbonaceous phyllite, and sericite-
quartz shale), and is part of the Embu Complex [43,49]. It is inserted in the Ribeirão
do Oratório watershed, crossed by an unnamed stream (N–NW), whose head is located
at the northern limit of the area and is limited to the south by an unnamed tributary.
The settlement is established on a headwater hillside. Topographic data show elevations
ranging from 770 m in the valley to 820 m in the NW hillslopes.
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Popular settlements in “Parque Santa Madalena I” started in 1972, and the IPVS ranges
from medium to very high, with them being classified as settlements in subnormal urban
clustering sectors [43,46].

3. Data Collection and Methods

To achieve this project’s goals, two digital surface models (DSMs [50]) were gener-
ated using structure-from-motion multi-view stereo (SfM-MVS) photogrammetry. These
SfM-MVS DSMs and another DSM generated via lidar were applied in a multi-temporal
analysis to identify changes in the study areas and thus indicate possible soil instabilities.
The complete workflow can be seen in Figure 3.

Figure 3. Proposed workflow for multi-temporal analysis in the study areas. Lidar DSM was
converted to WGS84 and used as a reference for 2019 and 2022 RPA DSM georeferencing. Finally,
the three DSMs were subtracted in pairs generating DSM Time 1 to 3 to identify changes in the
study areas.

The images for the SfM-MVS were collected using an RGB FC6310 (8.8 mm) camera
mounted on an RPA, known for its flexibility and cost efficiency which allow for high-
quality cartographic surveys. The flights occurred in November 2019 and April 2022, using
the DJI Phantom 4 Pro as a platform in both study areas and the parameters presented in
Table 1. Image acquisition was automatically performed following a flight plan created
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using the MapPilotPro app, which facilitates data survey and allows for replication over
time. Considering the rough terrain in both areas, the flights were programmed at a
constant height relative to the ground to maintain a homogeneous spatial resolution.

Table 1. Flight parameters for CEU Paz (CP) and Parque Santa Madalena (PSM).

CP 2019 CP 2022 PSM 2019 PSM 2022

Number of images 145 150 71 78
Flying altitude 186 m 168 m 104 m 112 m

Ground resolution 4.66 cm/pix 4.15 cm/pix 2.63 cm/pix 2.77 cm/pix
Coverage area 0.348 km2 0.328 km2 0.167 km2 0.173 km2

For the CEU Paz area, the first flight was carried out in November 2019 in two
perpendicular flight lines (N–S and W–E) at 186 m height, resulting in 145 images. The two
flight lines were made by slightly adjusting the flight height relative to the topography
to maintain a more homogeneous ground resolution in places with steeper topography.
Initially, the second flight campaign was planned to take place after the rainy season
(around April 2020), but it was postponed due to the restrictions imposed by the COVID-19
pandemic. Therefore, the second flight in the CP area was carried out in April 2022.
The N–S and W–E flight paths were repeated at 168 m height, resulting in 150 images.
For the Parque Santa Madalena area, the flight executed in November 2019 at 104 m
height resulted in 71 images. In this case, the correction of the flight height regarding the
topography was not performed. The second flight, in April 2022, was carried out at a height
above ground of 112 m, resulting in 78 images.

In December of 2019, an airborne lidar survey of São Paulo made in 2017 was released
as an open access dataset by the São Paulo City Hall [47]. This dataset is part of the survey
that updates the official city hall database (municipal reference data). It comprises a dense
point cloud with x, y, and z coordinates covering the São Paulo municipality, and served
as the basis for georeferencing the RPA surveys. For DSM generation, first, the dataset
was uploaded in GRASS-GIS 7.8 [51] and filtered to preserve the highest elevation points
in 0.5 m cells. After that, a bilinear spline interpolation [52] was performed to generate
the final DSM with 0.5 m spatial resolution. To match the lidar DSM with the RPA DSM,
the original coordinate reference system (CRS) was converted from UTM SIRGAS 2000 23 K
to UTM WGS84 23 K.

As the studied areas present significant social conflicts, collecting ground control point
(GCP) coordinates for precise georeferencing was unsafe. This is a common reality in
Brazilian geological risk areas, where there are also risks of damage and equipment theft.
Thus, it was appropriate that the developed method did not rely on GCP.

For the RPA DSM generation, the image sets were processed using Agisoft Metashape
Professional 1.7 [53] with default parameters. Metashape is based on SfM-MVS algorithms
that can automatically create high-resolution 3D models from a set of 2D images obtained
from different points of view [15]. High-density point clouds, photorealistic 3D models
(textured mesh), orthomosaics, and DSMs were generated, with the latter being used for
comparison and evaluation in the workflow (Figure 3).

In the next step, we evaluated all of the DSMs, lidar, and RPA to verify their georefer-
encing in the X, Y, and Z axes.

Analyzing the histograms and topography profiles of the 2019 and 2022 DSMs, we
saw the need to correct the X and Y coordinates to compare the 2017, 2019, and 2022 models.
Using 2017 as the reference, we identified fixed notable features, such as gutters and
buildings, to perform the manual georeferencing of the 2019 and 2022 RPA DSMs.

Afterward, we compared the topographic profiles of the 2019 RPA DSM and the 2017
lidar DSM, which evidenced a substantial difference in the Z coordinate, mainly in the CEU
Paz area. DoDs (DSMs of difference), computed using the raster calculator in QGIS, showed
values of +1.56 m for Santa Madalena Park and −21.63 m for the CEU Paz area. With these
DoD values, we adjusted the elevation from the SfM-MVS DSMs, adding 21.63 m to the
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CEU Paz DSM and subtracting 1.56 m from the Parque Santa Madalena DSM. After the
adjustment, new DoDs were computed.

The same procedure was applied to the 2022 DSM. After calculations in QGIS, we
adjusted the elevation from the SfM-MVS DSM, adding 91.27 m to the CEU Paz DSM and
subtracting 73.47 m from the Parque Santa Madalena DSM.

The next step was to compare the DSMs from the different years using map algebra
to identify changes in the study areas. This method sought to make simulations (models)
of real-world phenomena, their aspects, and their parameters. The operation combined
raster data pixel by pixel, resulting in a new information layer arising from arithmetic
operations involving, as well as traditional algebra, a set of mathematical operators applied
to geographic variables, such as the raster pixel [54].

To achieve this, we subtracted the 2017 lidar DSM from the 2019 SfM-MVS DSM (Time 1),
the 2019 SfM-MVS DSM from the 2022 SfM-MVS DSM (Time 2), and the 2017 lidar DSM from
the 2022 SfM-MVS DSM (Time 3). In this configuration, positive values in the resulting DSM
indicate new structures and objects (e.g., new houses), and negative values indicate structures
and objects that have been removed (e.g., suppressed trees).

4. Results
4.1. Digital Surface Models

The digital surface models were generated from the dense point cloud in Agisoft
Metashape, using its default processing workflow and parameters set to high-quality.
The total cloud points, their density, and the spatial resolution of the DSM obtained for
each area and flight are shown in Table 2.

Table 2. DSM results for CEU Paz (CP) and Parque Santa Madalena (PSM).

CP 2019 CP 2022 PSM 2019 PSM 2022

Number of points 65,233,187 73,239,679 73,386,998 71,916,148
Point density (pts/m2) 115 145 362 327

Spatial resolution (cm/pixel) 9.33 8.31 5.25 5.53

4.2. Orthomosaics

An intermediate product considered to be important in the proposed analysis is the
orthomosaic. In addition to being used as a basis for delimiting risk sectors in the daily
practice of risk mapping, especially in places where occupation is recent and it is not
possible to be observed via satellite images or previous surveys, the proposed method
serves as visual support in the more precise identification of places where there were
changes in the terrain, indicated by the DoDs. For the orthomosaic generation, we used all
of the images from each flight. The results obtained can be viewed in Table 3.

Table 3. Orthomosaics results for CEU Paz (CP) and Parque Santa Madalena (PSM).

CP 2019 CP 2022 PSM 2019 PSM 2022

Reprojection error (pixel) 0.824 0.929 0.717 0.709
Covered area (km2) 0.348 0.328 0.167 0.173

Spatial resolution (cm/pixel) 4.66 4.15 2.63 2.77

4.3. Digital Surface Models of Difference—DoDs

To identify the highlighted changes in the DoDs, they were analyzed in conjunction
with the orthomosaic corresponding to the surveys used in their construction.

In the built DoDs, vegetation and buildings were the most easily identifiable changes.
Even with the high level of detail of the created models, it was impossible to identify
ground movements clearly. Below, we highlight the main observations in each of the areas
of study.
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4.3.1. CEU Paz

For the “CEU Paz” area (Figure 4), it is essential to note that most of the changes
detected occurred in the risk sector mapped as being very high (R4), where the terrain
slope is steeper and the occupation is more recent.

Regarding vegetation cover, DoD Time 1 (2017–2019) and Time 3 (2017–2022) high-
lighted tree suppression in most of the area, while Time 2 (2019–2022) highlighted an
increase in the existing tree canopy size (Figure 5).

The increase in the number of houses and floors of buildings is more prominent in the
models with the highest temporal interval, i.e., Time 2 (Figure 6) and Time 3 (Figure 7).

In 2019, a stepped spillway built in the southeast corner of the CEU Paz building
was extended toward the base of the slope to direct water from the building’s superficial
drainage system and assist in the dissipation of the energy of the descending water to avoid
superficial erosion of the slope. Despite its significant length (approximately 94.2 m), DoD
Time 3 did not highlight the structure (Figure 7).

Figure 4. DSMs of “CEU Paz” (CP) area. (a) Lidar 2017. (b) SfM-MVS 2019. (c) SfM-MVS 2022.
(d) DoD 2019–2017. (e) DoD 2022–2019. (f) DoD 2022–2017.
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Figure 5. Notable differences with DoD Time 1 for CP area. (a) DoD Time 1 highlights the increase in
the number of floors in buildings (orange circles) and the reduction in the vegetation cover (green
circles). (b) Orthomosaic of 2019. (c) Orthomosaic of 2017.

Figure 6. Notable differences with DoD Time 2 for CP area. (a) DoD Time 2 highlights denser
settlement and increased vegetation size. (b) Orthomosaic of 2022. (c) Orthomosaic of 2019.

Figure 7. Notable differences with DoD Time 3 for CP area. (a) DoD Time 3 highlights the increase
in the number of floors in buildings (orange circles) and the reduction in the vegetation cover
(green circles). (b) Orthomosaic of 2022, with the implemented stepped spillway highlighted in blue.
(c) Orthomosaic of 2017.

4.3.2. Parque Santa Madalena

In the “Parque Santa Madalena I” area (Figure 8), the two main risk sectors are
the slopes along the main access road (west and east), built over the unnamed stream.
The houses are more sparse in these places due to the challenging conditions.

Regarding vegetation cover, all of the DoDs highlighted its decrease on the slopes
(Figures 9–11). In Time 2 (2019–2022) (Figure 10) and Time 3 (2017–2022) (Figure 11), it is
possible to notice an increase in the canopy size for the trees along the southmost street,
Custódio de Sá e Faria Avenue.

As for the CP area, the increase in the number of houses and floors of buildings is
more prominent in the models with the highest temporal interval, i.e., Time 2 (Figure 10)
and Time 3 (Figure 11).

Slope stabilization work occurred on the east slope from late 2021 to early 2022. For this
reason, DoD Time 2 (Figure 10) and Time 3 (Figure 11) showed negative changes on the
ground due to slope regrading.
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Figure 8. DSMs of “Parque Santa Madalena I” (PSM). (a) Lidar 2017. (b) SfM-MVS 2019. (c) SfM-MVS
2022. (d) DoD 2019–2017. (e) DoD 2022–2019. (f) DoD 2022–2017.

Figure 9. Notable differences with DoD Time 1 for PSM area. (a) DoD Time 1 highlights the increase
in the number of floors in buildings (orange circles) and the reduction in the vegetation cover (green
circles). (b) Orthomosaic of 2019. (c) Orthomosaic of 2017.

Figure 10. Notable differences with DoD Time 2 for PSM area. (a) DoD Time 2 highlights the increase
in the number of floors in buildings (orange circle), the increase in tree canopy size (green ellipse),
and the execution of slope containment work (blue ellipse). (b) Orthomosaic of 2022. (c) Orthomosaic
of 2019.
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Figure 11. Notable differences with DoD Time 3 for PSM area. (a) DoD Time 3 highlights the increase
in the number of floors in buildings (orange circles) and the execution of slope stabilization work
(blue ellipse). (b) Orthomosaic of 2022. (c) Orthomosaic of 2017.

5. Discussion

The main objective of this study was not to identify landslides but rather changes
in their conditioning factors, mainly land use and cover in this highly urbanized context,
which may change the risk classification to increase the efficiency of mapping updating
according to the method adopted by the city. Therefore, in this section, the authors apply
their experience working in Civil Protection to discuss if and how the city of São Paulo
can broadly adopt the proposed method and its current state regarding regulations and
technical training. This analysis is mainly aimed at drawing attention to the challenges
that the municipality will have to address if it chooses to incorporate the proposed method
into the current mapping and monitoring process, and describing the favorable conditions
that São Paulo already has and the challenges that it still has to overcome, so that other
municipalities can outline their methods and incorporate them into their public policies.

The presented results and methodology developed for the São Paulo context were
proven to help in identifying changes in two of the main elements evaluated during
landslide risk mapping: vegetation cover, which relates to occupation expansion, water
infiltration, and runoff, and building characteristics, which refer to vulnerability and
potential damage (exposure).

Another important element of the mapping process, which was expected to be high-
lighted in the high-resolution DoDs, was the change in terrain. During fieldwork, the main
observed changes were slope cuts, landfills, and the accumulation of garbage and debris on
the slope, which, as they are loose material, generally slide after rain episodes (Figure 12).

There are two possible reasons as to why such changes were not highlighted in the
DoDs. The first is related to the adjustment between the models used in their calculation,
which is discussed in detail in Section 5.1. The second is that the differences caused
by terrain movement are smaller than those observed for vegetation and buildings, and
therefore are masked in the overall result.

The ease of carrying out surveys for data collection in inaccessible areas is probably
the most outstanding advantage of the RPA SfM-MVS technique. In daily practice, the im-
ages obtained using RPA are already used by the São Paulo Civil Protection Agency to
complement the analysis and classification of risk sectors (Figure 13). Its use is essential
due to the high degree of urbanization, where the disorderly construction of housing often
leaves places susceptible to landslides inaccessible for field inspection.

Another advantage of this approach is the agility in identifying changes in the territory.
Traditionally, changes in risk areas are identified using field surveys and visual analysis of
oblique images captured via helicopter or RPA, with the latter being used more extensively
in recent years. However, this method is not entirely efficient, as it may not cover all of the
sites within an area, potentially leading to overlooking important changes during analysis.
In contrast, the proposed method uses free software and the map algebra technique to
compare the DSMs, which produces rapid responses with minimal processing effort, while
ensuring complete coverage of the area and highlighting the most significant changes.
Although not the focus of this study, it is important to highlight that this approach can
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be applied in quantitative analysis based on measurements of changes in volumes and
distances in urban occupation.

Figure 12. Occurrences of small landslides in the study areas. (a) East slope of CP area in February
2020. (b) Southwest slope of the CP area in February 2019. (c) East slope of PSM area in February
2019. The yellow dot on the insets shows the landslide location.
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Figure 13. Example of RPA oblique image from CP area with risk sectors delimited by the São Paulo
Civil Protection Agency [55].

The deployment of the RPA does not have to occur within the study area, which can
sometimes be difficult to access. Instead, the only requirement is to have a location whereby
the aircraft can operate within a visual line of sight (VLOS), as prescribed by national
regulations [56]. This approach accelerates data collection surveys, eliminating the need
for physical access to the study area. Moreover, taking off from outside the study area
decreases the risk of damage to the aircraft resulting from hostile activities in areas with
higher crime rates.

Monitoring geological risk areas using 3D elevation models has proven to be valuable
and necessary in guiding risk management policies. The results have been significant
enough that variations in this method can be applied in other phases of risk management,
such as planning contingency plans (preparedness) and emergency response.

From a technical perspective, modifying the proposed method to improve the results
is possible. The data collected using RPA can serve as inputs for other terrain analyses
and tracking changes over time, allowing the models to serve as an integrating tool for
planning changes and actions in the territory, e.g., housing, vegetation recovery, sanitation,
and urbanization. Additionally, operationalization must also consider institutional charac-
teristics and limitations. Some suggestions regarding these two fields are presented in the
following items.

5.1. Technical Challenges

Although the results achieved were satisfactory for the proposed objective, analyz-
ing the application of the method in the selected risk areas, the results were unable to
detect small changes relevant to risk monitoring, e.g., leaning walls and trees. For in-
stance, the construction of the stepped spillway in the CP area was not detected in the
results. Such changes are important to be observed, as they may interfere positively (in
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the case of construction) or negatively (in the case of walls and leaning trees) in geological
risk evaluation.

This difficulty can be attributed to the small differences that occur due to the position-
ing of the DSM and georeferencing. A possible solution to correct this situation and refine
the analysis is to collect ground control points (GCPs) throughout the study areas, even if
they are sparse.

Collecting GCPs scattered around the study areas, even if only a few, could allow
precise DSM positioning and georeferencing to enhance model evaluation accuracy. Using
GCPs during data collection surveys improves data quality and reduces the need for post-
processing actions. Evaluating the feasibility of implementing fixed landmarks within
communities is possible. The joint assessment is important to increase residents’ knowledge
about their territory and protect structures against vandalism. This adjustment in the
proposed flow should significantly improve the accuracy of the coordinates of the collected
data and reduce or eliminate the need for manual adjustments with georeferencing.

It is important to emphasize that the slope gradient of the study area must be consid-
ered in RPA flight planning. RPA flights are usually planned to be performed at a standard
elevation above ground, which can affect the spatial resolution of the collected images and
their derived products in areas with large hillslope elevation variations, as observed in the
studied areas.

The large-scale use of RPA for image acquisition is hindered by the extension of São
Paulo and its dynamics. The batteries of the chosen RPA last for around 20 min each
under fair weather conditions, which affects mission planning and monitoring campaigns.
During the rainy season (Nov.–Mar.), when landslides are more likely to occur, increases in
field surveys and monitoring campaigns are needed. To enable RPA support during these
recurrent monitoring campaigns, spare batteries or constant recharging are required.

Finally, to make the workflow even faster, it is possible to search for the automation of
the presented processes, including creating a database with the models built over time.

5.2. Institutional Challenges

Despite the technical challenges concerning the use of the RPA SfM-MVS technique
for risk management, there are also institutional challenges related to permissions and
municipal public agency resources to make the use of this method feasible.

In the Brazilian context, the city of São Paulo has advantages over other municipalities
regarding the number of trained technicians and equipment required. The use of RPAs,
for example, is already a consolidated reality in activities in different areas, made possible
by the creation of Dronepol [57] in 2017, a specific department of the Municipal Secretariat
of Urban Security which brings together RPA and pilots who provide support to other
municipal bodies, being the one that operates drones the most in the country.

The lower costs of using RPA for data collection compared to conventional airborne
image acquisition platforms are a relevant benefit. The development in digital photogram-
metry, computer vision, and new image acquisition platforms has enabled the emergence
and maturation of RPA for high-quality topographic surveys [58].

However, for risk monitoring based on the presented method to become part of daily
practice, some previous preparation is required: the acquisition of RPA equipment, com-
puters, and commercial software to perform SfM-MVS; an improvement in data processing
and storage capacity; the technical training of employees for data collection, process-
ing, and analysis; and the provision of infrastructure that supports the storage, analysis,
and processing of data.

Currently, the city has over 500 geological risk areas, and the amount of resources
invested must be proportional to this number. To adapt to the available resources, it is
possible to prioritize the areas with a higher degree of risk, the area in square meters,
and access difficulty.

Even with these institutional issues for city-scale adoption of the RPA SfM-MVS tech-
nique, the high cost-effectiveness compensates for the investment. The results achieved
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are crucial for monitoring risk areas and developing more efficient natural disaster preven-
tion policies.

6. Conclusions

This study proposed applying high-resolution RPA-based SfM-MVS models to monitor
geological risk areas and help with updating mapping by comparing 3D digital models from
two urban areas susceptible to landslides from the city’s landslide risk mapping database
from three different periods. Although the proposed technique has limitations and needs
improvements, it successfully monitored the selected highly populated urban areas. We
demonstrated that the method applied to landslide risk areas offers the following benefits:

• It is fast, easily replicable, and uses images collected recurrently via RPA. The munici-
pal body can define the flight frequency according to its planning criteria.

• It greatly supports monitoring, allowing for greater detail and ease of detecting large-
scale land use and land cover changes. This is essential information for risk mapping
and disaster prevention.

• It can be adapted by other municipalities, using their reference data instead of li-
dar data.

Even with promising results, this technique should be understood as one more tool
for mapping risk areas without replacing fieldwork. In the context of risk management,
especially prevention activities in densely urbanized environments, the available tools
must cover a wide range of scales, ranging from regional to house-to-house detail.
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