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In recent years, the incidence of floods has increased in
magnitude and frequency due to the combination of human-
caused climate change and inadequate land management (Das
and Gupta, 2021; Hagos et al., 2022). Because of the rapid
urbanization, urban flooding has received more attention from the
scientific community. The increase in frequency and magnitude of
urban flooding has been linked to the increased impervious areas,
changes in natural river channel morphology due to anthropogenic
interventions, excessive urban sprawl, irrational urban planning,
and inadequate flood management (Abebe et al., 2018; Miller and
Hutchins, 2017; Choubin et al., 2019).

Sustainable management of flood risk is dependent upon the
development of knowledge of the risk and probability of flood
events (Binns, 2022). In recent years, potential flood risk area
mapping has been considered as the major strategic component
to effectively manage, reduce, and mitigate the potential impacts
of flood hazards since these products provide residents and
stakeholders with information on potential flood-prone areas
(Abdelkarim et al., 2020; Rahmati et al., 2015; Mohanty and
Simonovic, 2022).

Rapid urbanization has also been a major feature in Brazil.
According to the 2022 Demographic Census (IBGE, 2022), of the
total of more than 200 million people living in Brazil, 87.4% live in
urban areas, while 12.6% reside in rural areas. Compared to 2010,
when the degree of urbanization was 84.4%, there was an increase
of 16.6 million people living in urban areas and a decrease of 4.3
million living in rural areas. The MapBiomas Project (MapBiomas,
2022) estimated that urbanized areas totalized 37 thousand km² (0.4
% of the whole area of Brazil), and approximately 4.2 thousand
km² of urbanized areas were located within 3 m height above
the nearest drainage. Moreover, 68% of the occupation of areas
within this threshold occurred in the last 38 years, pointing to an
intensification of the occupation of prone-flooded areas.

The increased frequency of flood events has led the Brazilian
government to approve new legislation in 2012 (law 12,608) (Brasil,
2012) which established standards and guidelines to reduce the
risks of disasters. Under this law, municipalities must identify and
map areas susceptible to landslides, flash floods, and gradual floods,
among other geological and hydrological relevant events. Despite
the well-intention expressed in the law, the practical application of
its principles after more than 10 years has been quite limited, due
to the lack of high-resolution digital terrain models. The available
DEM covering the whole country is often based on satellite-based
low-resolution surface models with errors in altitude of the order
of 2–5 m, which is clearly insufficient for the identification of
prone-flooded areas and for flood risk mapping.

Because surveying flood-prone areas requires expensive
topographic surveys, flood vulnerability studies, or even mapping is
virtually non-existent in most of the 5,000 country’s municipalities.
Remote sensing and traditional photogrammetry are generally
unable to achieve the level of detail required for applications
in flood scenarios. On the other hand, conventional topographic
surveying, using total stations or theodolites, or the use of GNSS
receivers, usually provides greater accuracy, but in hard-to-reach
isolated places, it can significantly increase costs or even be
physically unfeasible.

Although urbanized areas tripled in magnitude over the period
1985–2022, only 97 of the 5,570 municipalities of Brazil have an

urbanized area greater than 50 km², which indicates that despite the
increase in urbanization of the country, a large proportion of the
population still lives in smaller urban areas (less than 100 thousand
inhabitants) which presented the higher rate of area expansion
(MapBiomas, 2022). In addition, most of these municipalities
are located in remote areas, with limited access to financial,
technological, and human resources, where cost and availability
of detailed topographic surveys became the main constraint for
identifying flood-prone areas.

In this context, the use of unmanned aerial vehicles
(UAV) platforms for environmental monitoring in recent years
make possible the acquisition of spatial information on the
river environment with high precision and high sampling
frequency (Anderson and Gaston, 2013). The development of UAV
technologies creates opportunities to generate sufficiently faster and
more accurate data at much lower costs for the assessment of flood-
prone areas (Feng et al., 2015). Moreover, UAVs can be used for
acquiring high resolution data under complex urban landscapes as
well as inaccessible areas due to hazardous environments (Boccardo
et al., 2015; Feng et al., 2015).

Another way of producing maps of flooded areas is through the
use of citizen science. This approach involves different types of data
acquisition (Assumpção et al., 2018), which has been successfully
used not only in data-scarce areas of least developed countries
(Fohringer et al., 2015; Walker et al., 2016; Garrote, 2022) as well
as in developed regions (Smith et al., 2015). As demonstrated by Sy
et al. (2020), the use of citizen science could help reconstruct past
flood events and help obtain useful information in areas of scarce
or unavailable flow data records.

Several studies have already explored UAV applications for
flood assessment, including delineation of floodwater extent
(Mazzoleni et al., 2020), rapid post-event mapping (Boccardo et al.,
2015), and hydraulic model support (Feng et al., 2015). However,
fewer studies have evaluated how DEM accuracy, affected by
flight altitude, GCP configuration, and platform type, propagates
into errors in flood extent reconstruction. Recent research has
emphasized that the suitability of Digital Elevation Models for
hydrological applications must be carefully assessed, as DEM
resolution and processing choices can significantly influence
model outcomes (Vujović et al., 2024). In addition, Valjarević
(2024) emphasized that the suitability of DEMs for hydrological
applications should be evaluated not only in terms of geometric
accuracy, but also in their ability to reproduce realistic drainage
networks and basin characteristics. Moreover, almost no studies
combine UAV-derived terrain models with citizen science flood
recollections as an independent validation source. This gap
motivated the integrated approach developed in the present study.

Therefore, the objective of this study is to evaluate the
accuracy of DEMs obtained under different UAV acquisition
configurations and compare them with free satellite-based DEMs
using a geodetic reference; and to examine how DEM accuracy
influences topography-based reconstruction of historical flood
extents when combined with citizen-contributed recollections.

It is important to mention that in this study UAVs were not
used to map water surfaces directly. Instead, UAV-derived DEMs
were evaluated as the static topographic input controlling the
delineation of historical flood extents, based on the premise that
urban areas located in isolated areas are generally not accessible
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during extreme flood events, and carrying out surveys can be
dangerous and unfeasible due to flood damage to infrastructure.
Therefore, maximum water levels recorded on utility poles after
major floods provided the reference elevation of past events. Citizen
science interviews were then used as an independent validation
dataset, allowing us to compare the agreement between community
recollections and DEM-based flood reconstructions.

By linking UAV-derived terrain data, open-access DEMs, and
participatory information, this study advances the understanding
of how topographic accuracy drives flood delineation and offers a
practical methodology for data-scarce regions seeking to improve
flood risk assessment.

In this study, we present an innovative flood inundation
mapping framework that moves beyond conventional DEM–
topographic survey comparisons by enabling realistic and
operationally robust flood extent mapping using low-cost optical
UAV data, validated against citizen-science flood observations. The
methodological approach offers an effective alternative to costly
LiDAR/GNSS surveys and outperforms geodetic surveys in urban
areas by imaging and documenting information of hard-to-access
flood-relevant constructed areas.

2 Materials and methods

2.1 Study area

The drone surveys of this study were conducted in the Alto
Paranapanema basin, in a region with a history of flooding, close
to the confluence of the Itapetininga and Paranapanema rivers.
The study area is dominated by a large floodplain, which extends
to the south bank of the Itapetininga and at both margins of the
Paranapanema, where the river morphology is characterized by
meanders with several abandoned loops. Within the study site, two
survey areas of the floodplain were delimited: the first site has a total
area of 17.79 hectares and is located in the rural area dominated
by pasture (top panel Figure 1), hereafter referred as rural site;
the second is an area of 54.75 ha of the urban district where the
landscape is a mixture of housing and riparian vegetation (bottom
panel Figure 1), referred in the text as urban site.

The landscape of the rural site is dominated by pastures for
grazing beef cattle. The area presents gentle relief, dominated
by pasture with low surface roughness, with few buildings and
trees, favoring the drone survey and aerial photogrammetric
reconstruction. These features facilitate the geodetic and aerial
survey and the construction of the digital model.

In contrast, the urban sector is much more challenging for
both surveys. In this site, geodetic measurements were only
possible in the fronts of properties, streets, and the back of some
properties located on riverbanks. In addition, the presence of
buildings, walls, riparian vegetation, power lines, and other man-
made objects obstructs sightlines and jams GNSS signals, posing
additional constraints to surveying. Because of this, levels within
the properties were obtained by interpolation between the front
and back.

2.2 Citizen science data

In this study, historical flood data consist of post-event,
community-generated evidence of past floods, including flood
marks on utility poles and resident-reported maximum water
levels, which were used to reconstruct flood extents in the absence
of instrumental hydrometric records.

In order to evaluate drone survey products regarding flooded
area extension, a citizen science–based approach was employed
to reconstruct historical flood events in the urban site. Semi-
structured interviews, indicated by pink triangles of Figure 1, were
conducted. These interviews were guided by a script, which sought
citizens’ memories regarding floods that had hit the property or that
had occurred in the region. The questions included: name; address;
contact; relationship with the house; length of time living in the
region; length of time living in the property; date and height of the
flood water that affected housing; date and height of the flood water
that had occurred in the region; and other reports or experiences.
A total of 28 interviews were conducted to recover the flooded
area of the historical floods of 1983, 1990, 1991, 1997, 1998, 2004,
2010, and 2016. The study was approved by the Research Ethics
Committee (CEP) in accordance with Brazilian National Health
Council Resolution No. 510/2016 (CAAE 61253522.3.0000.5504).

A more detailed discussion of the citizen science data collection
used in this study and its inherent uncertainties is provided in
Vasconcelos et al. (2025), where the authors explicitly acknowledge
the qualitative and memory-dependent nature of interview-based
flood reconstruction. The study emphasizes that such data are
intended to validate recurring spatial patterns of inundation rather
than precise water levels, and that recall uncertainty is mitigated
through spatial redundancy of interviews and consistency with
physical evidence and topographic controls.

In addition, this information was augmented by flood marks
on utility poles (indicated by the red triangles and shown at the
left of Figure 1) painted by local residents, which include dates
and maximum water levels during past major floods beginning
in 1983. These watermarks were geolocated using the RTK-GPS
system to determine the altitude of each flood mark, and were used
as a reference to determine the flooded area of past events for the
derived DEMs.

Although citizen science typically involves public engagement
throughout the scientific process, the concept is recognized as
broad and flexible (Bonney et al., 2016; Njue et al., 2019).
Participation may range from fully collaborative frameworks,
where citizens contribute to study design, data collection,
and interpretation, to simpler, yet still meaningful, forms of
involvement, such as providing local observations or interpreting
environmental information (Haklay, 2013; Nardi et al., 2022).
In this study, we adopted this broader view and used the
term citizen science to refer specifically to the contribution of
local knowledge and community-generated flood evidence. These
qualitative data, provided directly by residents, function as an
independent validation layer for the flood extents reconstructed
from DEMs. We therefore adopt a narrow definition of citizen
science focused on participatory data contribution, consistent with
approaches used in flood memory studies (Sy et al., 2020; Walker
et al., 2016).
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FIGURE 1

Location of the survey areas within the Upper Paranapanema Basin. The top panel corresponds to the rural site, while the bottom indicates the urban
site. The pink triangles indicate the locations of the interviews with local residents regarding past flood events, while the red triangles indicate the
locations of utility poles where water marks of past floods were recorded (shown in detail at the left). Basemap: Google Satellite. Imagery © Google.

2.3 Geodesic and drone surveys

Aerial photogrammetric used imagery from unmanned aerial
vehicles (UAVs) of two commercial low-cost equipment: A DJI
manufactured drone (model Phantom 4 Pro), equipped with a
4K resolution camera and a 20-megapixel sensor (DJI, 2021); and
second drone of the same manufacturer (model Mavic 3E RTK),
also equipped with a 20-megapixel sensor and an integrated real-
time kinematic positional correction (RTK) system.

The Phantom 4 Pro and the Mavic 3E RTK were selected
because they represent two widely adopted commercial
UAV platforms in Brazil, encompassing both conventional
photogrammetric and RTK-enabled survey workflows commonly
used in operational terrain mapping. In the literature, DJI UAV
platforms such as the Phantom and Mavic series are frequently
used for photogrammetric mapping applications, demonstrating
their broad adoption in scientific and applied UAV-based terrain
surveys (Kovanič et al., 2023).

For the rural site, three flight configurations were executed
with the Phantom 4 Pro to evaluate the influence of flight
altitude and the use of ground control points (GCPs) on DEM

accuracy. The configurations were: P4PRO250—flight at 250 m
altitude, without GCPs; P4PRO120wGCP—flight at 120 m altitude,
with GCPs; P4PRO120woGCP – flight at 120 m altitude, without
GCPs. In addition, the Mavic 3E RTK also performed a full
photogrammetric survey at the rural site, and a detailed geodetic
survey was conducted in the area.

These combinations enabled assessing how flight height affects
image geometry and how the presence or absence of GCPs impacts
the accuracy of the resulting DEMs.

For the urban site, photogrammetric data were obtained
exclusively using the Mavic 3E RTK drone, complemented by a
detailed geodetic survey.

For the geodetic survey in both areas, a pair of Geomax
GNSS RTK receivers, model Zenith35PRO, was used. One of the
receivers acted as a fixed base station, while the other operated
as a mobile (rover), responsible for collecting the elevation points
and ground control points (GCPs). For the rural site, which has
a total area of 17.79 hectares, a total of 32 GCPs (indicated as
white crosses painted on the ground) and 291 elevation points
were implemented. GCPs were deployed in such a way as to
homogeneously cover most of the area, in order to create a mesh
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allowing correction of the flight. With regard to the urban site, 644
elevations points were surveyed in an area of 54.75 ha.

The use of ground control points (GCPs) is a critical factor in
increasing the accuracy of three-dimensional information obtained
by aerial surveying (Oniga et al., 2018). Although three GCPs are, in
principle, sufficient for basic georeferencing of images, increasing
the number of points directly contributes to improving the final
accuracy of the products generated, such as the point cloud, three-
dimensional mesh, orthomosaic and digital surface model.

Oniga et al. (2018) conducted a controlled test in an area of
approximately 1 hectare, where 50 control points were established,
resulting in a density of 50 GCPs per ha. However, previous studies
suggested uniformly distributed GCPs with a density ranging from
1 point per 3 to 5 ha, which ensures planimetric accuracy and meets
engineering and mapping requirements (James and Robson, 2012;
Westoby et al., 2012; Colomina and Molina, 2014).

2.4 Remote sensing products

We compared the DEM from the drone surveys to two products
which are free available: The first is the version 3 of the Shuttle
Radar Topography Mission (SRTM), which is a 30 m resolution
digital topographic database (Farr et al., 2007); and the second
is the ANADEM, which is a digital terrain model based on the
Copernicus GLO-30 digital elevation model but with vegetation
bias removal. With a spatial resolution of 30 meters and available
for all of South America, the product is made freely available by
the Brazilian National Water and Sanitation Agency (Laipelt et al.,
2024).

2.5 Image and data processing

To ensure comparability, spatial consistency, and
reproducibility of results, Remote Sensing for data acquisition
and Geographic Information System (GIS) for analysis and
visualization were fully integrated in the same software
environment. In this study, the term DEM is used as a generic
designation for gridded elevation datasets; however, all UAV-
derived DEMs correspond to bare-earth Digital Terrain Models
(DTMs), as vegetation and built structures were removed during
the photogrammetric processing.

For the Mavic 3E RTK, raw data were corrected in Emlid
Studio 1.9 (EMLID, 2024) using RTK with post-processing and
integrated GNSS database files. After coordinate correction, the
Mavic 3E RTK data followed the same initial processing workflow
applied to the Phantom 4 Pro, based on the principles established
by Buffon et al. (2018). The images were processed using Agisoft
PhotoScan (AGISOFT L.L.C., 2014). The workflow began with
image alignment, during which overlapping features were identified
and matched between consecutive photographs, resulting in the
generation of an initial sparse point cloud. This point cloud was
subsequently densified to produce a dense point cloud.

Based on the dense point cloud, the DEMs from drone
surveys were generated by classifying the dense point cloud in
Agisoft Metashape with a spatial resolution of 1 m. The automatic

classification was then visually inspected to detect inconsistencies,
and manual editing was performed to refine the separation between
soil, vegetation, and built structures. Only points classified as
“ground” were retained for model generation, ensuring the effective
removal of trees, buildings, and other aboveground objects from
the elevation surface. Using this filtered dataset, a set of DEMs
representing the bare-earth surface was generated.

In the geodetic survey, GNSS observations were post-
processed using the PPP-IBGE service, which applies Precise Point
Positioning (PPP) corrections based on precise satellite orbits and
clock products. Elevation points were corrected by precise point
positioning and imported into AutoCAD Civil 3D software, and
a DEM with spatial resolution of 1 m was created using the TIN
(Triangulated Irregular Network) method.

2.6 Deriving historical flood extent

Before reconstructing historical flood extents in the urban area,
we first evaluated the relative performance of the available DEM
products in a controlled environment, as described in Section 2.3.
The rural site was selected for this initial assessment because its
flat and geomorphologically simple terrain reduces topographic
complexity and minimizes potential sources of error. This setting
allowed a robust comparison among the DEM products considered
in this study.

From this evaluation, we identified two products that showed
the strongest concordance with the geodetic survey: (a) the free
DEM with the highest overall agreement, and (b) the drone-
derived DEM with the lowest elevation error. These two DEM
configurations were then also produced for the urban site, where
a geodetic survey was likewise conducted (as described in Section
2.3). This allowed their performance to be assessed in a more
complex terrain with recurrent flooding. In doing so, we established
an evaluation framework that moves beyond a conventional DEM-
topographic survey comparison by testing the suitability of these
products in a real flood-mapping application.

Using each selected DEM as a static topographic input, we
reconstructed the historical flood extents for major events. Water
marks painted on utility poles provided the maximum water surface
elevation (in meters). Assuming a horizontal water surface at this
elevation, an approach commonly adopted in studies with limited
hydrodynamic data, we delineated flooded areas by identifying all
DEM cells with elevation lower than or equal to the observed water
level. This produced topography-based flood extent maps using
consistent hydraulic assumptions across DEM sources.

Since the extensions of the flooded area of each event were
determined assuming a horizontal water elevation projected from
the maximum water level recorded in the utility poles, this
approach neglects the effects of hydraulic gradients and the
blockage effects of vegetation and urban construction on the
water surface. However, this simplification is justified by the
fact that the utility poles are located close to the flooded area,
minimizing the effects of the surface gradients and providing an
equal base of comparisons among DEM products with different
native resolutions. Although the local effect of urban obstruction
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can be assessed through hydrodynamic modeling, the purpose of
this study was to test simple approaches for data-scarce conditions.

Finally, citizen-science interviews served as an independent
validation dataset. For each interview location, we classified the
reported point as “flooded” or “not flooded” based on the flood
maps generated from each DEM. This enabled a categorical
accuracy assessment comparing modeled flood occurrence with
residents’ accounts.

2.7 Performance evaluation

To assess the accuracy of the drone-based DEMs, a series of
surveys was conducted at the rural site using the Phantom 4 PRO
and Mavic 3E drones at different flight altitudes, since altitude
is a determining factor in imagery post-processing time. For the
Phantom 4 PRO, post-processing was performed both with and
without ground control points, enabling evaluation of the influence
of field control on the results. The complete set of DEMs tested is
presented in Table 1.

The comparison of the elevation models was performed using,
as reference DEM, the high-resolution geodetic surface (1 m spatial
resolution). All DEMs, including those derived from satellite data
(SRTM and ANADEM), drone-based surveys with the Phantom 4
PRO (at both flight altitudes and with and without ground control
points), and the RTK-based Mavic 3E, were transformed to the
UTM (Universal Transverse Mercator) coordinate system (zone
22S, central meridian −51◦W), and resampled and spatially aligned
to match the extent and resolution of the reference DEM.

The analysis was conducted in the R programming
environment, where all rasters were adjusted to a common
1-meter spatial resolution and compared on a pixel-by-pixel
basis. For each cell, the elevation value from the tested DEMs was
compared to the corresponding value from the reference surface,
enabling the generation of error maps. Accuracy was evaluated
through statistical metrics, Root Mean Squared Error (RMSE),
Mean Absolute Error (MAE), and Percent Bias (PBIAS), calculated
using the hydroGOF package. The workflow was fully scripted
and reproducible, using the terra and raster packages for spatial
data manipulation, hydroGOF for accuracy metrics, ggplot2 for
data visualization, and reshape2 for restructuring the data for
graphical analysis. The full R script used for processing, spatial
alignment, and accuracy assessment is openly available at Benso
(2025), allowing reproducibility and further exploration of the
methodology. Performance statistics were calculated as follows:

MAE = 1
n

n∑
i=1

∣∣yi − ŷi
∣∣ (1)

RMSE=
√√√√ 1

n

n∑
i=1

(
yi−ŷi

)2 (2)

PBIAS=100×
∑n

i=1
(
yi−ŷi

)
∑n

i=1 yi
(3)

Where:
yi = observed value (reference elevation)
ŷi = predicted value (elevation from the DEM)
n = total number of observations (pixels)
Finally, an additional evaluation was carried out in the

urban site using citizens’ recollection of past events gathered
in the questionnaires described in item 2.2. Based on the
water marks registered in the utility poles of Figure 1, the
extension of the flooded area for major past flood events was
determined for each DEM. Then, for the location of each
interview, it was verified if the flooded area matched the
information reported by the local population. Statistics in this
case were categorically, indicating the overall accuracy and the
omission percentages.

3 Results

The comparison of the altimetric errors of the different Digital
Elevation Models (DEMs) for the rural site, represented in Figure 2,
shows significant variations between the analyzed products. The
errors were expressed in meters and the color scale varies from
−5 to +15 m, where darker tones (green) indicate smaller errors,
and lighter tones (yellow to pink) represent greater discrepancies in
relation to the reference model.

The spatial distribution of altimetric errors revealed significant
differences among the models evaluated. The SRTM model
presented the largest altimetric errors, with values exceeding 15
meters in several regions of the study area.

The ANADEM model, despite having the same spatial
resolution, showed better performance to the SRTM, with errors
concentrated between 0 and 5 meters and a more homogeneous
spatial distribution, although still limited in the representation of
small-scale surface variations.

Except for the Phantom 4PRO without ground control points,
the DEMs derived from drone surveys outperformed satellite
products. Visual comparisons of Figure 2 between the DEMs
produced by the Phantom 4 PRO flying at different altitudes
(P4PRO250 against P4PRO120woGCP) indicates that the accuracy
of the DEM is quite sensitive to the flight height. The DEM
generated with images at 120 meters altitude without GCPs showed
greater spatial variation of errors, with distortions at the edges. The
flight at 250 meters, although it presented reasonable performance,
resulted in more significant errors compared to the flight at
120 meters.

The use of ground control points produces major
improvements in the accuracy of the DEM, as revealed by
the low errors of the P4PRO120wGCP in comparison with the
P4PRO120woGCP, highlighting the relevance of calibration by
control points.

The DEM generated with the MAVIC 3E drone presented
consistent performance, with low errors and good representation
of topographic variations, being one of the positive highlights. The
MAVIC3E DEM showed the lowest errors, with values close to zero
and uniform distribution, standing out as the most accurate among
those tested.

These qualitative patterns are consistent with the quantitative
error metrics summarized in Table 2, which presents the RMSE,
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TABLE 1 Details about the drone surveys and the DEMs evaluated.

Code Equipment Flight height (m) Ground control points Platform

SRTM Radar (C-band) onboard Space Shuttle - No Satellite based

ANADEM ALOS PALSAR/SRTM/Cartographic sources - No Satellite based

P4PRO250 Phantom 4 Pro 250 No Drone

P4PRO120wGCP Phantom 4 Pro 120 Yes Drone

P4PRO120woGCP Phantom 4 Pro 120 No Drone

MAVIC3E Mavic 3E RTK 120 No Drone

FIGURE 2

Spatial distribution of altimetric errors of the evaluated DEMs for the rural site.

MAE, and PBIAS values for all DEMs. The numerical results
reinforce the superior performance of drone-derived DEMs,
especially the MAVIC 3E and the Phantom 4 PRO with GCPs,
compared to satellite products.

Additionally, Figure 3 presents the statistical distribution of
altimetric errors using boxplots for the different DEMs evaluated.
The graphical analysis reinforces the conclusions obtained in
the spatial evaluation, highlighting the inferior performance of
the SRTM model, which presents the greatest dispersion of
errors, with maximum values exceeding 15 meters and a positive
median, indicating a tendency to overestimate altitude. The
ANADEM DEM presents much less dispersion of errors, with
a median close to zero and few outliers, which corroborates its
superior performance.

The Phantom 4 Pro models also showed consistent behavior in
terms of the flight height and use of GCPs. Flight at 120 meters with
GCPs presents the lowest variability and practically zero median,
indicating excellent accuracy. Without GCPs, there is an increase
in error variability and occurrence of outliers, highlighting the
importance of ground points in post-processing of the survey. The
model obtained at 250 meters, although presenting a median close
to zero, has greater dispersion and presence of negative outliers,
indicating a loss of altimetric precision associated with the higher
flight height.

The drone-derived models (MAVIC3E and Phantom 4
Pro) demonstrate superiority in relation to orbital data.
The MAVIC3E presents good accuracy with a symmetrical
distribution concentrated around the zero error, reinforcing its
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TABLE 2 Performance statistics for each of the DEMs evaluated
compared to the geodetic reference DEM in the rural site.

DEM RMSE (m) MAE (m) PBIAS (%)

SRTM 4.8106 3.4139 0.5

ANADEM 0.9332 0.7519 −0.1

P4PRO250 2.1048 1.8500 −0.3

P4PRO120wGCP 0.4487 0.3150 0.0

P4PRO120woGCP 1.2154 0.9823 0.1

MAVIC3E 0.4072 0.2953 0.0

FIGURE 3

Boxplots of the altimetric errors of the different elevation models.

good performance already observed in the spatial analysis. As
also confirmed by the performance statistics in Table 2, the DEM
generated with the MAVIC 3E showed the lowest RMSE and MAE
values, with errors close to zero and uniform distribution, standing
out as the most accurate among those tested.

Figure 4 shows the spatial distribution of errors for the urban
site for both the ANADEM and the MAVIC3E, which were the
surveys that presented the best performance in the rural site. Again,
comparisons of both DEMs against the geodetic reference indicate
a better performance of the drone survey (Table 3). However, errors
are comparatively higher compared to the rural site, indicating the
difficulties in dealing with the interferences created by vegetation
and housing. In general, the MAVIC3E DEMs show lower altitude
than the geodetic reference, while the ANADEM showed an
overestimation. Discrepancies for both DEMs are more evident in
the south of the urban site, which is the area more populated.

Finally, Table 4 presents a validation for the urban site based
on citizen science data. The interviews with the local population
were used to reconstruct the area flooded for the events from 1983
through 2016, totaling 28 flooded points. As mentioned before,
using the water marks of the utility poles of Figure 1 for each
historical flood, the extension of the flooded area was determined,
and the accuracy of each DEM was checked against the geolocated
interviews with the local population. In this specific case the

percentage of omission errors were, respectively, 14 %, 4 %, and
57 % for the Geodetic Survey, MAVIC 3E and ANADEM, while in
terms of agreement, the values were, respectively, 86%, 96 %, and 43
%. Contrary to the expectations, the MAVIC3E DEM showed better
performance compared to the geodetic survey.

Figure 5 illustrates the result of this analysis, showing the
location of the interviews and the flooded areas projected from the
water mark of the 2004 flood, which was the largest recorded in the
area. It is clear that both the Geodetic survey and the MAVIC3E
DEMs produce continuous flood areas, while the flooded area
from the ANADEM shows discontinuities (isolated flooded—non
flooded pixels). The surface generated by the MAVIC3E captured
the events reported in the interviews in the area of higher density
of housing at the center of the urban site, while the Geodetic survey
missed these occurrences.

4 Discussion

The assessment in the rural site indicated that the SRTM-
derived DEM showed lower performance compared to the other
products tested. This performance is attributed to its low spatial
resolution (∼30 meters) and the radar acquisition methodology,
which tends to capture the top of the vegetation instead of the
actual surface of the terrain, compromising altimetric accuracy in
environments with vegetation cover.

The ANADEM DEM showed better performance than SRTM,
and even in the case of drone-derived DEMs, which did not
employ ground correction points. In agreement with the results
of this study, Garrote (2022) has shown that results related to the
Copernicus DEM (which is the basis for the ANADEM product),
provide better results compared to other free global DEMs.

In this context, it is worth noting that the SRTM model has
limitations for applications that demand high precision and is more
suitable for analyses on a regional scale. The ANADEM model,
although it does not reach the performance of products derived
from platforms with differential correction, proved to be a viable
alternative for projects that require intermediate precision, superior
to that offered by SRTM.

Comparing the DEMs generated from the flights performed
with the Phantom 4 Pro, without the use of differential correction
(RTK) or ground control points (GCPs), a significant difference
in altimetric accuracy was observed as a function of flight height.
These results show that increasing altitude compromises point
cloud density, reduces spatial resolution, and increases altimetric
errors, negatively impacting model accuracy.

Although both flights were carried out without precise
georeferencing support, altitude proved to be a determining factor
in the degradation of the positional quality of the generated models.

In the specific case of the model generated with the Phantom
4 Pro at 250 meters, the lack of precise georeferencing, combined
with the higher flight altitude, compromised the positional quality
of the product, making it unsuitable for technical applications
that require greater accuracy. On the other hand, the models
created using differential correction—Phantom 4 Pro with GCPs
and MAVIC3E RTK—showed significantly superior performance
when compared to a reference topographic model.
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FIGURE 4

Spatial distribution of altimetric errors of the ANADEM and MAVIC3E evaluated in the urban site compared to the geodetic reference DEM.

TABLE 3 Performance statistics for each of the ANADEM and MAVIC3E
evaluated in the urban site compared to the geodetic reference DEM.

DEM RMSE (m) MAE (m) PBIAS (%)

ANADEM 3.559473 3.036681 −0.4

MAVIC3E 2.429736 1.737273 0.1

TABLE 4 Comparison between the flooded area determined for the DEMs
from the geodetic survey, MAVIC3E and ANADEM in terms of number of
omissions and agreement of historical events registered by the local
population in the urban site.

Classification ANADEM Geodetic
survey

MAVIC 3E

Omission 16 4 1

Agreement 12 24 27

Data obtained by Martins et al. (2020), in a survey at 120
meters with GCPs, indicated errors of 0.97 m for longitude, 0.67 m
for latitude, and 0.96 m for altitude. In contrast, in the present
study, a flight at the same height, but without GCPs, presented
errors of 5.61 m for latitude, 1.68 m for longitude, and 1.65 m for
altitude. The Mavic 3E RTK demonstrated excellent performance,
with errors of only 0.08 m for latitude, 0.08 m for longitude,
and 0.27 m for altitude. The Phantom 4 Pro with GCPs also
obtained expressive results, with errors of 0.08 m (latitude), 0.14 m
(longitude), and 0.29 m (altitude), reinforcing the importance of
using positional correction techniques to ensure the quality of
cartographic products generated by UAVs.

Comparisons of the historical events based on citizen science
information revealed discontinuities (i.e. isolated non-floodable
pixels or small pixel clusters in floodable areas and vice
versa) in the flooded area identified with the ANADEM. These
discontinuities result from the interference of urban buildings and
riparian vegetation. Although the ANADEM map is corrected for
vegetation, it is clear that it has limitations in complex areas due
to its coarser spatial resolution and the combination of vegetation
and building which makes particularly challenging high altitude
corrections. These isolated pixels are responsible for the lower

metrics obtained by the ANADEM in the validation of historical
events based on citizen science data. In contrast, discontinuities are
not present in the flooded area resulting from both the geodetic
survey and the MAVIC3E products.

The better performance of the MAVIC3E is concentrated in
the area with a higher density of buildings. The reason for this
is related to the fact that the geodetic survey measurements are
limited to the main street that provides access to this neighbor, and
the Geodetic survey used for comparisons was derived from the
interpolation of the altitudes between the access roads and the rear
property lines. In the case of the MAVIC3E, however, the images
captured information of the backyards of the housing, allowing for
a more continuous representation of the flooded areas. Figure 6
shows an aerial image of the urban areas, indicating in red crosses
the altitude measured by the geodetic survey. Altitude information
revealed that the access road is elevated compared to the terrain
at the housing, and that there is a sudden drop in altitude at the
front of the housing. Because the interpolation of the geodetic
survey includes only information of the road and at the back of the
housing, these features cannot be captured with enough accuracy.

The promising results obtained from the MAVIC3E DEM
highlight the potential for rapid surveys in risk areas, especially
when there are limitations for implementing ground control
points due to vegetation or difficult access. In practical terms,
the MAVIC3E can represent the best solution between quality
and operational cost, especially in surveys in regions that are
difficult to access. More importantly, the use of UAVs has important
economic implications: Mazzoleni et al. (2020) compared data
obtained by drone, LiDAR and SRTM, highlighting the respective
spatial resolutions: 6.0 cm for drone, 1.0 m for LiDAR, and 30.0 m
for SRTM. In the study conducted in the Limpopo River plain,
in Botswana, a cost of approximately 1,000 dollars was estimated
for drone mapping, while complete coverage of the area with
LiDAR would reach a cost close to 1,000,000 dollars, evidencing the
cost-benefit of aerial photogrammetry with UAVs.

This study has identified flooded area based entirely on the
altitude the water marks of past events, and projected the inundated
area assuming a horizontal water surface, without considering
hydrodynamic effects on the flood waves, or local effects related to
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FIGURE 5

Flooded area projected using different DEMs from the water mark of the largest event recorded in the urban site. The dots indicate the location of
the interviews from past events, highlighting in green color the agreements between the flooded area and the interviews, while the omissions are
shown in red. Basemap: Google Satellite. Imagery © Google.
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