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Abstract

The volcanic Trindade Island is a remote Brazilian offshore territory in the South Atlantic, located ca. 1.140 kilometers east of the southeast
coast of Brazil. The island’s permanent exposure to geological hazards requires assessment. However, the lack of erosion and landslides tem-
poral data impedes predictive geohazard analyses. Therefore, we compiled pre-existing data from nautical charts and surveyed the surface
terrain on Trindade Island to generate Digital Terrain Models (DTMs) and comparative accuracy analyses. The DTM based on pre-existing
data shows the lowest accuracy (root mean square error - RMSE: 12.3 m) yet is adequate for regional studies. In contrast, the DTM devel-
oped from real-time kinematic global navigation satellite systems (RTK-GNSS) has the highest vertical accuracy (RMSE: 0.48 m), but spatial
variability of ground elements was underestimated and limited to meter-sized (and larger) elements. The DTM obtained using the unmanned
aerial vehicle (UAV) with ground control points (GCP), on the other hand, presented lower accuracy (RMSE: 2.37 m) than the RTK-GNSS
model but still allowed observation of centimetric (and larger) ground features. For geohazard assessment on Trindade Island, models that
allow fine-scale studies are needed. A UAV with GCP provides such standards and proved to be the most viable option in remote and complex
sites as well. Hence, this study, the first to allow multi-temporal analysis of geohazard assessment on Trindade Island, offers a viable solution
for similar analyses in other remote locations.
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INTRODUCTION monitoring and mapping erosive and gravitational processes

Geotechnology is a scientific approach that comprises in geohazards assessments (Hashemi-Beni et al. 2018, Guenzi
technologies linked to survey, database archiving, process- et al. 2019, Hu et al. 2019, Tan et al. 2021). These depend on
ing, and development of applications using geo-referenced the ability to accurately measure changes in the landscape
data (Souza Filho and Crésta 2003). The geotechnologies according to specific rock or soil processes (Wernette et al.
applied in the earth surface data survey are efficient tools for 2020). The geohazards can be evaluated in detail using a dig-
ital terrain model (DTM) generated from topographic maps,
real-time kinematic global navigation satellite systems (RTK-
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et al. 2019, Mohammadi et al. 2020, Chaudhry et al. 2021).

Oceanicvolcanicislands (e.g, Santos etal. 2019), like Trindade
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with distinct erodibility (e.g., basaltic lava flows interspersed
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global high-resolution DTM of the volcanic environment, thus
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for geohazards studies on Trindade Island is the lack of temporal
data since the small-scale resolution of the available remote sens-
ing images hinders the visualization of terrain features in detail.
In this sense, our goal is to produce a comparative analysis of
the quality and accuracy of digital models generated from pre-ex-
isting data, RTK-GNSS, and UAV for relief characterization and
inventory of natural processes on a fine scale. Thereby, we enable
the first multi-temporal database for assessing and monitoring the
evolution of erosional and depositional features for future geo-
hazards prediction analyses on Trindade Island. Furthermore,
we contribute to the attainment of relief data in remote and difhi-
cult-to-access regions with rugged terrain with minimal human
resources and field materials, and relatively low cost to perform.

TC: Trindade Complex; MVE: Morro Vermelho Formation.

STUDY AREA SETTINGS

The study area, approximately 2 km?, 20°30°40” S latitude
and 29°18’40” W longitude, is located upstream of the Trindade
Island’s anthropogenic activities and constructions (Fig. 1). Such
area comprises active erosive processes and slopes with the talus
and debris flow deposits, with the possibility of instability pro-
cesses (Fig. 2), classified as geohazards according to the definition
by UNESCO (2019). The crucial issues to be considered before
applying field techniques for geological hazards studies are sum-
marized below. Such issues refer to geology (relief and the study
object), geomorphology (essential for planning the field walk),
and environmental settings (vegetation size and climatic condi-
tions that are essential for the use of technologies in the field).

Figure 1. Location of the study site: (A) South Atlantic Brazilian oceanic islands between 0.9°N and 20.47°S, the location of Trindade Island
(latitude 20.5°S, longitude 29.3°W) at the easternmost of the Vitéria-Trindade Ridge (GEBCO Image); (B) the topography model of Trindade
Island (vertical exaggeration: 2) produced from contour lines of the nautical chart (Marinha do Brasil 2011); (C) aerial image by the Brazilian
Navy (Marinha do Brasil 2011) with the areas covered through different acquisition methods; (D) local geological map of the study area.
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Figure 2. The study area (delimited by the red dashed line) indicating occupation downstream, MVF outcropping with the prevalence of
linear erosive features, and outflow of the erosive valley. Also, the important volcanic landforms from the Trindade Complex (Preto, Pontudo,
and Grazinas peaks) that supply the large boulder to debris flow and talus deposits are indicated.

Almeida (1961) delimited the island into five units com-
posed oflava flows, dikes and necks, and pyroclastic deposits.
However, quaternary deposits (e.g., debris flow, talus, alluvial
fans) cover most of the terrain surface in the study area (Fig.
1D). The Trindade Complex (TC), the basement of the island,
occurs at Preto Peak and is covered by debris flow deposits in
the western portion of the study area. Also, the Morro Vermelho
Formation (MVF) occurs in the eastern portion, composed
of lava flows and pyroclastic deposits.

Most of the Trindade Island terrain presents steeply slop-
ing hills surrounded by talus slope deposits, alluvial fans/cones
(Almeida 1961,2002, Angulo et al. 2018), and debris flow depos-
its. Gully erosion occurs in the eastern part of the study area,
with a maximum depth of 17 m near the anthropogenic infra-
structure (Fig. 2). The western portion consists of deposits of
large debris flow, with boulders up to 30 m in diameter, derived
from volcanic necks and dome from the TC, named: Preto Peak,
Pontudo Peak, and Grazinas Peak, respectively (Fig. 2).

Trindade Island is under the Tropical Oceanic climate that
occurs in the South Atlantic Subtropical Anticyclone region
(Cavalcanti et al. 2009). It consists of elevated temperatures
between 22.9 and 27.7°C, high humidity levels due to ocean
evaporation, annual average rainfall of 921 mm, and monthly
averages with a minimum of 64 mm and a maximum of 215
mm (Pedroso et al. 2017). According to Pedroso et al. (2017),
such weather conditions make the island vulnerable to extra-
tropical cyclones, instability lines, and cold fronts. Moreover,
the study area has shrub vegetation (e.g,, Silva and Alves 2017)
and large exotic trees that exceed 3 m in height (Fig. 2).

MATERIALS AND METHODS

As Trindade Island is a restricted and remote area, the
activities performed in the study area present difficulties.
Transportation, for example, is pre-defined a few times a year
by the Brazilian government with programmed residence
time. Therefore, the research strategy employed is crucial,

especially regarding fieldwork planning. In this sense, the
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fieldwork took place in 2018 and 2019. We used the pieces of
equipment according to the availability of the Coastal Studies
Laboratory of the Universidade Federal do Paran4. In the next
section, the methodology steps followed in the present study

were summarized.
Data acquisition and processing

Pre-existent data

The topographic base available on Trindade Island refers
to the nautical chart, data collected by the Brazilian Navy until
1968 on a 1:15,000 scale (contour lines: 20 m equidistance)
(Fig. 3A). However, the Suppl. Mat. (also from the Brazilian
Navy) that llustrates access to the occupation area and topogra-
phy (contour lines: 2 m equidistance) has a 1:5,000 scale (Fig.
3B). Therefore, both cartographic bases display an altimetric
data gap (see Fig. 3). In the present study, such contours were
digitized and merged to generate the elevation model. We used
the ArcGIS 10.6.1 software to interpolate contour lines with
Topo to Raster method (with 3 m input cell size, determined
from the software’s algorithm). The photogrammetric data (30
cm resolution) from 2011 was provided by the Brazilian Navy
(see Ramos et al. 2008); however, altimetric data is lacking.

Global navigation satellite system

We used the single-base method for RTK-GNSS position-
ing, which consists of one master station (with well-known
coordinates), and a rover device for measuring the points
(with unknown coordinates) in real-time (Dabove et al. 2019)
(Fig. 4). Itis an attractive technique since signals are available
in all-weather conditions and are continuous. Therefore, the
method represents a near-real-time sensing tool (Jin et al.
2014, Mendez-Astudillo ef al. 2021), which plays a crucial
role in far-off sites such as Trindade Island.

The equipment model used was Stonex Plus 8, and the
acquisition software was SurvCe. The horizontal and vertical
accuracies were specified at 0.014 m and 0.039 m, respectively.

The base transmits observation corrections to a rover receiver
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via UHF radio in the field, with a distance of 470 m to the far-
thest point. No level reference was defined, so we determined
the base coordinates in a static survey of 600 readings. Next, we
surveyed the rover points using the static-kinematic method
(stop and go) along the surface on which trekking was viable.

The post-processing step consisted in converting geometric
(or ellipsoidal) altitudes into orthometric ones. The ellipsoi-
dal height (h) corresponds to the RTK-GNSS surveying, and
we calculated the orthometric height through the mean sea
level (e.g., Mohamad et al. 2019, Abdalla and Mustafa 2021).
We performed the conversion from waterline measurements
in which the tidal level determined the orthometric altitude
to fill the gap of a high-resolution geoidal model for Trindade
Island. The value measured was 0.6 m ( June 20,2019, at 3:30
p-m.). The tide level was based on the 2019 tide table of the

Source: modified from DHN (1971).

Brazilian Navy for Trindade Island (Coordinated Universal
Time - UTC: +02). We used the Equation 1:
H =h-Natall points acquired (1)

Where:
N = the geoid height.

We used ArcGIS 10.6.1 software to interpolate the acquired
and corrected points and create a surface model. The sample
data around the study area boundary were extrapolated at
the interpolation step, totalizing 11,270 points. Due to the
density and high resolution of the data acquired in the field,
the cell size chosen for the digital models of the terrain sur-

face was 2 m, a value determined by the software’s algorithm.

Figure 3. Pre-existing topographic data of the study area (delimited by the red line) on Trindade Island: (A) nautical chart (1:15,000 scale)
and (B) supplementary nautical chart in the occupation area (1: 5,000 scale). Note the lack of topographic data in both data sources.

Figure 4. RTK-GNSS surveying: (A) density of points acquired in the study area; (B) master station of single-base RTK-GNSS positioning

to determine coordinates in a static survey.
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We produced DTMs with nine elevation classes according
to six spatial interpolation methods. We compared the ver-
tical accuracy of DTMs with checkpoints and spatial accu-
racy with field observations (see Suppl. Mat.), and evaluated
the most appropriate model to represent the terrain (e.g.,
Aguilar et al. 2005).

We used and compared the following techniques described
by Childs (2004):
* Triangulated Irregular Network (TIN): a set of irregularly
spaced data points that are connected by edges that form
contiguous, nonoverlapping triangles and create a contin-
uous surface to produce terrain models;
Inverse Distance Weighted (IDW): the cell values are deter-
mined using a linear-weighted combination set of sample
points, in which the weight assigned is a function of the
distance of an input point from the output cell location;
Kriging: it fits a function of points within a specified radius
to determine the output value for each location and assumes
that the distance or direction between the sample points
reflects a spatial correlation;
Topo to Raster: designed to work with contour inputs, it uses
an interactive finite difference interpolation technique that
optimizes the computational efficiency oflocal interpolation;
Natural Neighbor: linear-weighted method (IDW-like
interpolation), but the local coordinates define the amount
of influence any scatter point will have on output cells;
Spline: through a mathematical function, the values are
estimated and enable a smooth surface that passes exactly
on input points, and there are two variations (regularized
and tension).

Unmanned aerial vehicle photogrammetry

An UAV is a standard platform for photogrammetric data
capture (e.g,, Haala et al. 2011, Uysal et al. 2015). We borrowed
the term UAV from computer science and artificial intelligence

communities. We utilized Phantom 3 Advanced — DJI UAV
equipped with an FC300S camera with a focal length of 3.61
mm, pixel size 1.56 x 1.56 llm, and image size (pixels) 4,000 x
3,000, and used the PIX4D Capture software for flight surveys.

However, the GPS of the UAV onboard navigation sys-
tem (resolution: 10 m) is inappropriate for detailed studies.
In this sense, RTK-GNSS data are crucial for the geo-referenc-
ing step (Mohamad et al. 2019). Before image acquisition, we
scattered 14 coded targets on the studied surface and selected
two anthropogenic structures, measured with RTK-GNSS, to
improve the precision and accuracy of UAV photogrammetry.
Autonomous flight data acquisition recorded an area of 0.2
km? within six flight stripes. Each flight had approximately five
control points. However, winds above 16 knots made the flight
survey to the Calheta beach area impossible on the last day
of acquisition. Figure 5 shows the details of field acquisition.

A 3D flight planning provided a constant flight altitude of
about 20 m above the ground level from the take-off position.
The survey orientation followed areas with similar altimetry to
maintain a relative flight height. We programmed a coverage of
80% along the flight lines and 60% between flights. The length
of each flight was 20 minutes according to the battery auton-
omy. However, the natural conditions of Trindade Island led
to variations in altitude and in the flight directions previously
determined. We summarized information regarding survey
data and camera calibration in the supplementary material.

The images were processed using the Agisoft Photoscan
software with Structure from Motion-Multi View Stereo (SfM-
MVS) algorithm and GCP procedure (Fig. 6). We chose set-
ting options according to the computational resources (16 GB
of Random-Access Memory-RAM) and the particularities of
the Trindade Island landscape. The workflow required about
50 hours and 40 minutes to process 2,328 photos (12,3 GB),
and the steps that required the longest processing time were
building dense clouds (30 h) and texturing (11 h).

Figure 5. UAV and GNSS vertical data surveying: (A) density of points acquired; (B) the quadcopter UAV equipped with an autonomous
control system ready for launch; (C) control points (encoded target) measured using RTK-GNSS (total: 14 targets); (D) aerial view of the

encoded target.
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ACCUI’CIC_V assessment

We carried out a vertical and spatial variability accuracy
assessment of the DTM:s using the techniques described
above to compare the quality of the data generated. First, we
validated the vertical accuracy of the DTMs via field-based
measurements on bare surfaces. For this purpose, 20 check-
points measured by RTK-GNSS were selected (Suppl. Mat.
Table 4). We generated the following standard accuracy sta-
tistics: mean absolute error (MAE) , root mean square error
(RMSE), and RMSE/MAE ratio as a complementary result
(e.g., Karunasingha 2022). The second approach analyzed
spatial variability according to the erosional and gravitational
features observed on-field and in 3D models.

RESULTS

RTK-GNSS: spatial interpolation algorithm

Although the RTK-GNSS equipment had a high collec-
tion accuracy; it is expected that the DTM presents lower accu-
racy due to irregular sampling distribution resulting from the
complexlandscape. Therefore, it was helpful to analyze which
interpolation method provided the finest DTM for surface
representation. We compared six interpolation algorithms

(Fig. 7) enabled in the ArcGIS software from this irregular
data. In addition, we compared the vertical accuracy of the
DTMs generated with checkpoints (Suppl. Mat. Table 5) and
spatial accuracy with field observations, such as terrain rough-
ness in the eastern portion, three main drainages, and lower
slope in the area near the coastal region (between altitudes of
approximately 0 and 20 m).

The spline method presented the highest vertical accuracy
with an RMSE o0f 0.48 m. The TIN showed the second-highest
accuracy with an RMSE of 1.68. The natural neighbor, IDW,
and topo to raster methods provided an RMSE of 1.71,2.01,
and 2.13 m, respectively. The kriging method showed the low-
est accuracy with an RMSE of 2.2 m. Regarding the spatial
variability of terrain features, all interpolation methods pre-
sented the main linear features and had a similar range of alti-
tudes in each class. However, the DTM of the spline method
presented a smoothly varying surface, minimizing overall sur-
face curvatures, and predicting ridges and valleys. Therefore,
we selected the MDT from the spline method for comparative

analyses between different data sources.

Digital terrain models
DTMs were processed from different databases applied
to relief characterization and inventory of natural processes

SfM: Structure from Motion; GCP: Ground Control Points; DTM: Digital Terrain Model.
Figure 6. The workflow presents a multi-step process to generate orthophoto images and models through a UAV survey.
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(Fig. 8, Table 1). The attributes considered in the description
were erosion (e.g., rill, gully) and gravitational features (e.g.,
landslides, deposits of debris, and boulders), drainages, geo-
logical contacts, anthropogenic infrastructure, and vegetation.
The DTM based on pre-existing data from 1967 had a raster
resolution of 3 m (Fig. 8A) and enabled the visualization of
the most prominent linear features of the terrain. It consisted
of three erosive drainages in the central and eastern portions
of the area, with width variation between 5 m (watercourse)
and 20 m (deep erosive valley), and presented a minimum
length of 310 m.

The DTM based on RTK-GNSS data processing had a
raster resolution of 2 m (Fig. 8B). The altitude ranged from
0 to 93 m. The DTM highlighted the mean erosive and grav-
itational ground features, such as prominent linear erosive
features (length: 8 to 228 m) in the southeast portion of the
study area, the boundaries of the large debris flow deposits in
the western portion (the measured volume ranged between
78,349-154,461 m*®), and the boundary of outflow of the deep
valley on the eastern portion (volume below 118,137 m?).
The DTM obtained through UAV photogrammetry had a ras-
ter resolution of 7.15 cm (Fig. 8C). The difference between
the highest and lowest point was 92 m. Landform analysis
detected significant erosion on the southeast portion, and
dynamic slope mass movements occurred with well-defined
scars in the eastern boundary. The UAV-DTM also presented
large debris flow deposits in the western portion (measured
volume between 693 to 9,089 m?), a significant number of lin-
ear erosions (0.2 to 320 m length) in the southeast part, and a
precise outflow boundary of a deep valley on the eastern area
(volume below 27,292 m?).

Comparative analyses of pre-existing
data, RTK GNSS, and UAV DTMs

Vertical accuracy

We measured the discrepancy between the DTM:s via 20
independent reference points scattered in the pilot area (Table
2). According to the comparison results, the DTM produced
from RTK-GNSS had the highest vertical accuracy in bare ter-
rain conditions, with an RMSE 0f 0.48 m. On the other hand,
the UAV-GNSS also provided acceptable accuracy, with an
RMSE of2.37 m. The DTM from pre-existing data provided
the lowest accuracy with an RMSE of 12.3 m.

In the DTM based on pre-existing data, the highest dis-
crepancies compared with checkpoints occurred where a topo-
graphic data gap was observed in the nautical charts (see Fig.
3). The discrepancies in the DTM based on RTK-GNSS were
generally low (< 1 m). However, the highest (> 2 m) discrep-
ancies were located in the slopes downstream, with high veg-
etation density and buildings. In the DTM from UAV-GNSS,
the highest disparities referred to the boundaries of the area
surveyed and the northeast region (slope downstream), where
a lack of image overlapping occurred (see Fig. SA) that coin-
cided with the tallest trees zone. Like the RTK-GNSS, the
UAV-GNSS also presented the lowest discrepancies in bare
terrain, referring to upstream portions of the slopes.

Also, for the vertical accuracy assessment, two profiles —
600 m and 550 m in length — were evaluated on the same
portions for each technique (Fig. 9). A topographic data gap
in the DTM from the nautical charts was evident in profile
A-A (Fig. 9), in which the software randomly performed the
topographic profile between the distance of 0-450 m due to

Figure 7. Spatial interpolation algorithm employed with the ArcGIS software to evaluate the most appropriate model to portray the study area
compared to field-based measurements: (A) Triangulated Irregular Network (TIN); (B) Inverse Distance Weighted (IDW); (C) Kriging;

(D) Spline; (E) Topo to Raster; (F) Natural Neighbor interpolation.
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the lack of altitude data. However, despite the pre-existing data
error being higher than RTK and UAV (Table 2), the three
techniques provided similar results in profiles B-B'

The RTK-GNSS profiles revealed the main abrupt relief

differential erosion of the MVEF, especially in the outflow of
the valley (east area) where large-scale landslides occurred.
The elevation profiles of the UAV-DTM elucidated the rugged
terrain in detail, relief breaks (valley, linear erosions, streams),

changes in these lands compared to field-based measurements. and landform prominences caused by debris flow deposition.

These allowed us to correlate the significant relief breaks with Moreover, the profiles also incorporated obstacles — besides

Figure 8. DTMs from different metadata: (A) contour lines data extracted from nautical charts (1968): model, performed by GIS software,
overgeneralized the ground surface; (B) RTK-GNSS: model, performed by GIS software through spline-based interpolation method,
highlighted the most prominent terrain roughness; (C) UAV photogrammetry with GNSS vertical data: model, performed by the Agisoft
software, showed rich detail of the terrain surface, such as linear erosion and rock deposits. We eliminated the vegetation cover and buildings

in the processing step.

Table 1. Summarized inventory of spatial variability of terrain features (types and size) according to each data source and time spent on data processing.

Time spent (h) Visualized features
Data type
Field survey* Processing data** Types Size (m)
Topographic . . . . Decameter or
charts (1968) _ Few minutes Main drainages, large geologic contacts larger
RTK-GNSS Days - weeks Minutes Grav1tat1«.;>na1 deposits (larlldshdes), erosion Meter or larger
(rill, gully), geologic contacts

Gravitational deposits (landslides), Centimeter.

UAV-GNSS Few hours - days Hours (S0h 40min) erosion (sheet, rill, gully), anthropogenic ’

. . meter, or larger
infrastructure, vegetation

*Depends on the size and accessibility of the site, work scale, duration of field acquisition, equipment autonomy, and weather conditions; **Depends on

computer power, resolution settings, and point cloud density.
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Table 2. Checkpoints (CP), altitude (m) of each checkpoint, and
differences between the respective DTMs and checkpoints in
meters (m) were listed by pre-existing data from nautical charts
(1968), RTK-GNSS, and UAV (phantom 3).

cP Altimde PSS checkpoints
P1 53.72 -2.65 -0.18 -0.41
P2 10.82 14.66 -0.14 -0.82
P3 28.53 5.27 0 -0.49
P4 24.87 8.05 0 -0.85
PS 13.71 14.56 0.11 1.95
P6 38.84 6.45 0.11 -0.69
pP7 63.31 7.01 -0.31 -0.27
P8 77.97 243 0.37 -0.63
P9 10.26 17.95 0.02 1.36
P10 12.29 19.62 0.12 -0.98
P11 42.93 8 0.02 0.9
P12 22.72 17.59 2.07 1.0
P13 20.82 10.87 0.01 2.6
P14 74.50 8.97 0 0.03
P15 51.40 -1.95 -0.02 -4.92
P16 60.92 10.57 0.02 -1.85
P17 3.30 17.12 0 1.02
P18 40.77 S.75 0 -7.36
P19 14.95 10.31 -0.05 -0.93
P20 47.93 23.92 0.02 -3.27
MAE 10.7 0.18 1.61
RMSE 12.3 0.48 2.37
RMSE/MAE 1.15 2.6 1.47

MAE: mean absolute error; RMSE: root mean square error.

boulder deposits — located on the ground surface, such as
vegetation cover and anthropogenic infrastructure (build-
ings), which were eliminated for the comparative analyses of

the profiles.

Spatial variability accuracy

The DTMs based on pre-existing data, RTK-GNSS, and
UAV photogrammetry presented distinct spatial distribution
patterns of ground features in fine-scale analysis. In the com-
parative assessment of 3D models with field observations,
some discrepancies were detected, mainly concerning the
slope curvature and the linear erosion density (see Figs. 2 and
10). The slope curvature based on pre-existing data (Fig. 10A)
was divergent from the convex curvature classified in the field
and hid linear erosion features. The 3D model of RTK-GNSS
(Fig. 10B) elucidated a similar slope curvature but presented
low linear erosion density as gullies (< 10) compared to field
observations (> 20). The UAV-GNSS 3D model (Fig. 10C)
represented the slope curvature of the study area more accu-
rately. As observed in the field, the model showed a similar
density of gullies (> 15).

Orthophotos: pre-existing data and UAV
The pre-existing orthophoto (2011) had a 30 cm sampling
distance. It showed the landscape change processes, such as
linear erosion, rock deposits, main streams, vegetation density,
and occupation infrastructure (Fig. 11A). Despite the photo-
grammetry’s centimetric accuracy, the orthophoto was limited
to the spatial distribution of surface data. This gap in vertical
data hinders the morphometric assessment of the landscape
(e.g., elevation and slope gradient) and leads to less accurate
digital models (Figs. 11B and 11C). On the other hand, the

Figure 9. Comparative assessment of the topographic profiles A-A’and B-B’ (see location in Fig. 8) from pre-existing data (blue), RTK-GNSS

(black), and UAV-GNSS (green).
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UAYV orthomosaic, with a ground sampling distance of 0,0179
m (1,79 cm per px), presented consistency in the cell-by-cell
continuity, satisfactorily smoothening the ground (Fig. 12).
Thus, the DTM was more realistic when compared to check-
points and field observations.

DISCUSSION

Trindade Island is part of Brazil’s territory that has natural
hazardous environments with human occupation (requiring
geohazards assessments) and unique geology that comprises
a recent volcanic landscape. So far, surface temporal data are
unavailable and prevent predictive geohazard analyses. Also,
reaching the island is difficult and has limited the fieldwork
for most researchers. We selected a pilot area on watersheds
with anthropogenic infrastructure and carried out a practical
assessment of three different geospatial data sources. The main
points of this study, that require discussion, are summarized

below, including the accuracy issues and limitations of each
technique, besides the challenges and complexities of con-
ducting a spatial (aerial and terrestrial) survey on the Trindade
Island landscape.

Pre-existent data: nautical charts
and orthophoto

The pre-existing surveys included a nautical chart of DHN
(1968) with 20 and 5 m interval contour lines and a 2011 pho-
togrammetry survey with a 30 cm sampling distance. Therefore,
the photogrammetry survey regarded the spatial distribution
of ground features, which avoided visualizing morphometric
variations, such as elevation and slope gradient. Thus, the 3D
model of Trindade Island based on pre-existing data is inade-
quate for detailed analyses; after all, the model overgeneralizes
fine-scale changes in the landscape. Such inadequacy highlights
the importance of surveying data with high vertical accuracy
on Trindade Island to study the terrain surface in detail.

Figure 10. The selected site area to compare the 3D models generated in the GIS environment according to different techniques: (A) pre-
existing topographic data of Trindade Island; (B) RTK GNSS survey; (C) UAV photogrammetry survey. The main differences are terrain

curvature and terrain roughness.

Figure 11. Geo-referenced orthophotos: (A) generated in 2011 from the pre-existing data (topographic map with contour lines 20 m-interval
and orthophoto with 30cm-resolution), and the red outline refers to the study area; (B) and (C) detail of the 3D model performed from pre-

existing data of Trindade Island (2x vertical exaggeration).
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Whereas the topographic data of nautical charts (from
1968) are frequently used for geomorphology and geology
studies on Trindade Island (e.g., Angulo et al. 2018, Bario
et al. 2020, Nogueira et al. 2020), our results evaluate the
accuracy of such data and allow discussion about the work
scales that should be used. Despite the overall mean error of
the DTM from pre-existing data being significantly higher
than the overall mean error of the RTK-GNSS and UAV
data, the profiles produced demonstrated that the vertical
data were compatible with accurate methods, especially
where it presents contour lines. Therefore, considering the
precision of the data source and the DTM error, it is rec-
ommended to use nautical charts for regional studies on an
analysis scale > 1:10,000.

RTK-GNSS: irregular data from rugged temrain

RTK-GNSS is a current technique used in different
approaches due to high-accuracy positioning, such as surface
mapping, relief modeling, monitoring the dynamic displace-
ments while roving, monitoring of structures, and cadastral
surveys (e.g., Gili et al. 2000, Sun et al. 2010, Im et al. 2013, Jin
et al. 2014, Dabove et al. 2019, Mohamed et al. 2020).

In the present study, the DTM from RTK-GNSS data pres-
ents centimetric vertical accuracy. This accuracy is significantly
higher than that of the UAV (meter) or the pre-existing data
(decameter). In this regard, our comparative analyses of the
interpolation procedure — in the ArcGIS software — eluci-
date that the interpolation method of choice is crucial. For
instance, the spline method provided the DTM with the high-
est vertical accuracy on a centimeter scale, differently from
kriging, TIN, IDW, and topo to raster. Therefore, the spline
is an adequate tool for modeling irregular sampling (e.g., Lee
et al. 1997) regarding vertical analysis — presumably due to
the mathematical functions of the method (see Childs 2004,
Paramasivam and Venkatramanan 2019).

Although the DTM has centimetric vertical accuracy, the
spatial variability of the surface features was underestimated
and limited to sizes in meters. However, we expected this
result from the sampling theory point of view (e.g., Stehman
1999, De Gruijter et al. 2006, Gregoire and Valentine 2007,
Stehman and Foody 2009, Brus et al. 2011), as the sampling
spatial density, distribution, and frequency of our survey did
not enable a spatial object with centimetric detail. This sce-
nario regarding the RTK-GNSS application as a terrestrial
method presents limitations when used on rugged terrains. In
this sense, the main challenges that influenced field surveying
and, consequently, post-processing, already reported by previ-
ous researchers (e.g., Roosevelt 2014, Tokura and Kubo 2017,
Deng et al. 2019), are summarized below:

* Rugged relief and heterogeneous landscape, which lim-
ited access in the study area, resulted in an irregular grid
of points cloud (Fig. 4A);

* The stony ground (roughened land surface) and higher
slope led to dangerous walking (high probability of oper-
ator injury and equipment damage) (Fig. 13A);

* Largerock deposits (Fig. 13B) hindered or even impaired
data acquisition resulting in a discontinuous point grid,
besides the dangerous trek and the operator being required
to be physically trained;

* A deep valley with large landslides (Fig. 13C) resulted in
gaps in the density of points due to the impossibility of
walking with the rover;

* The high density of vegetation on foot slopes (Fig. 13D)
affected trekking and interfered with the satellite signal,
thus reducing the accuracy of the survey.

The DTM from RTK-GNSS data is excellent for analyses
requiring vertical scale accuracy, such as morphometrics stud-
ies (e.g., Brasington et al. 2013, Rodrigues ef al. 2019). In the
present study, considering the precision of the data source and

Figure 12. Geo-referenced orthophotos: (A) generated in 2019 from UAV photogrammetry (Sfm) with 1,79cm-resolution; (B and C) detail
of a 3D model performed from UAV photogrammetry (Sfm) (1x vertical exaggeration).
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the error of the DTM, it is recommended to use RTK-GNSS
on slope surface analyses on a scale > 1:1,500. On the other
hand, such data have proven to be inadequate for fine-scale
investigation of spatial ground variability on landscapes with
a high density of linear erosion.

UAV with high-accuracy positioning using
RTK-GNSS

The UAV has an advantage over traditional data capture
in mapping or monitoring applications due to high spatial and
temporal resolution, besides representing a low-cost alter-
native to the classical crewed aircraft (Colomina et al. 2008,
Remondino et al. 2011, Gongalves and Henriques 2015).

Herein, the data quality from UAV with GCP measured by
RTK-GNSS (e.g., Stempfhuber and Buchholz 2011, Mohamad
et al. 2019) is appropriate for a detailed terrain surface inven-
tory. In the models, the microtopography is visible, such as
individual boulders, erosion, anthropogenic infrastructure,
and vegetation (Fig. 7). In this sense, the high density (196
points/m?) and homogenous survey sampling led to high spa-
tial accuracy (Fig. SA) (e.g, Roosevelt 2014). On the other
hand, vertical accuracy was probably affected by the distri-
bution and density of the GCPs (e.g., Martinez-Carricondo
et al. 2018, Oniga et al. 2020), which was low (five per flight)
and heterogeneous. Like in the RTK-GNSS survey, the data

collected from the UAV also presented challenges that influ-

enced field acquisition time, such as:

*  Scarce places on the terrain to attach the coded target, since
surfaces were usually covered by large debris flow deposits
or mainly formed by rock outcrops (Figs. 14A and 14B),
which is complex even with natural targets;

* Sunlight reflected on the target, making it impossible for
the program to recognize the code (Fig. 14C);

*  Natural obstacles, such as steeply sloping hills (Fig. 14D)
and large trees (Fig. 14E) in the survey area, obstructed
the UAV’s flight. As a result, the gap in image overlapping
in the northeast of the pilot area coincided with the tall-
est trees zone;

* Numerous curious birds flying near the UAV created a
severe risk of accidentally striking the equipment, which
interfered with the survey (Fig. 14F);

*  Orthomosaic gaps linked to the survey’s boundaries (Figs.
14G, 14H and 141) indicated that the survey area should
be slightly larger than the actual area of interest.

From all of the above, the DTM from UAV data is excel-
lent for analysis requiring a centimetric spatial scale, in which a
detailed description of terrain features is crucial. Considering
the precision of the data source and the error of the DTM,
the UAV data can be used in analyses with a scale < 1:1,500.

Figure 13. Challenges faced during the RTK-GNSS surveying: (A) data acquisition with rover within the static-kinematic method (stop and

go) on accessible terrain and the stony ground and high slope led to dangerous walking; (B) obstacles from metric and decametric boulders,

(C) deep erosive valley, and (D) vegetation density on foot slopes.
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Figure 14. Issues during the UAV survey and post-processing results: (A and B) problems in finding viable places to attach the target (due to

the outcropping of the rocky substrate), enabling the strong winds to flip the targets and preventing the visualization of the codes; (C) intense

sun exposure may reflect on the target, making it impossible to identify the targets in the post-processing stage; (D, E and F) problems during
the flight, obstacles concerning high relief, large trees, and curious birds flying close to the UAV, respectively; (G, H, and I) gaps limited to the

boundaries of the survey and in regions of higher trees.

However, to access models with centimetric vertical accuracy,
it is reccommended to use a higher density with homogenous
distribution of GPC than that used in the present study, but
our results demonstrated satisfactory relief inventory.

CONCLUSIONS

This work presented a practical assessment of three geo-
spatial data sources: nautical charts, RTK-GNSS, and UAV-
GNSS collected on Trindade Island. In addition, we performed
extensive data acquisition with corresponding processing to
produce DTMs and an orthomosaic for relief modeling. We
also demonstrated the challenges and complexity of the spa-
tial (aerial and terrestrial) survey in remote hazardous envi-
ronments with a recent volcanic landscape.

For geohazards assessment on Trindade Island, models
that allow detailed visualization of specific geological data are
needed, such as density and types of linear erosion, the bound-
ary of landslides, gravitational deposits dimension, lithology
differences on the surface, anthropogenic infrastructure, veg-
etation distribution, and morphometric parameters. In this
sense, there is a need to sample data with distance, distribu-
tion, and density that enable models with high vertical and

spatial accuracy.

Herein, the UAV with vertical data measured by the
RTK-GNSS survey has proven to address such needs due
to its sampling distance (centimetric and homogenous)
and density (196 points/m?). Additionally, the DTM with
high accuracy provided a more detailed inventory than the
other techniques. In summary, the UAV with the GCP tech-
nique proved to be the most viable option in isolated and
difficult sites (with low vegetation cover) when compared
to the RTK-GNSS, especially in terms of acquisition time
and accessibility.

Despite the advantages of the UAV-GNSS applica-
tion, we demonstrated that other techniques are worth-
while depending on the purpose and scale of the analysis.
For instance, cartographic products, such as the nautical
chart of Trindade Island, are adequate for regional stud-
ies, even more so on the island where access to conduct
a field analysis is limited. Furthermore, RTK-GNSS,
although not practical when used on slopes, provides a
DTM with centimeter vertical accuracy, which is excel-
lent for morphometric analysis. Finally, we encourage the
authorities to conduct monitoring based on the UAV-
GNSS method presented herein. Thereby, it will enable
a temporal inventory and future geohazards prediction

studies on Trindade Island.
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