REVISTA BRASILEIRA
DE GEOMORFOLOGIA

Revista Brasileira de Geomorfologia

77 o V. 24, n° 4 (2023)
hips:bgeomorfologia. or.br http://dx.doi.org/10.20502/rbg.v24i4.2331

ISSN 2236-5664

Research Article

Morphometric changes between Peroba and Redonda
beaches (Ceara, Brazil), with the use of high resolution
remotely piloted aircraft images from 2020 to 2021

Mudancgas morfométricas entre as praias de Peroba e Redonda (Ceara, Brasil),

com o uso de imagens de alta resolucdo obtidas por aeronave remotamente
pilotada entre 2020 e 2021

Mario Silva Chacanza ! Narelle Maia de Almeida 2 George Satander Sa Freire 3 Claudio Angelo da Silva Neto *
Matheus Edson Mendes Medeiro 5 e Joao Capistrano de Abreu Neto ¢

! Federal University of Ceara, Programa de Pés-Graduacao em Geologia, Laboratério de Geologia Marinha e Aplicada
(LGMA), Fortaleza-Ceara, Brazil. Pingue University (UniPungue), Tete City, Mozambique. mschacanza@gmail.com
ORCID: https://orcid.org/0000-0001-7679-1441

2 Federal University of Ceara, Department of Geology, Programa de Pés-Graduagiao em Geologia, Laboratorio de Geologia
Marinha e Aplicada (LGMA), Fortaleza-Ceara, Brazil. narelle@ufc.br
ORCID: https://orcid.org/0000-0003-2586-4502

3 Federal University of Ceara, Department of Geology, Programa de Pés-Graduagiao em Geologia, Laboratorio de Geologia
Marinha e Aplicada (LGMA), Fortaleza-Ceara, Brazil. satanderfreire@gmail.com
ORCID: https://orcid.org/0000-0001-8850-7225

4 Federal University of Ceara, Programa de Pds-Graduagao em Geologia, Laboratério de Geoprocessamento do Ceara
(GEOCE), Fortaleza-Ceara, Brazil. claudioasn@gmail.com
ORCID: https://orcid.org/0000-0002-6749-9438

5 Federal University of Ceara, Programa de Pés-Graduacdo em Geologia, Laboratério de Geologia Marinha e Aplicada
(LGMA), Fortaleza-Ceara, Brazil. matheunh@gmail.com
ORCID: https://orcid.org/0000-0003-4496-4760

¢ Federal University of Ceard, Department of Geology, Laboratério de Geologia Marinha e Aplicada (LGMA), Fortaleza-
Cear4, Brazil. joaoabreuneto@gmail.com
ORCID: https://orcid.org/0000-0002-4601-9386

Received: 10/12/2022; Accepted: 04/09/2023; Published: 30/10/2023

Abstract: Beaches are regions of the coastal zone where the effects of interaction between marine, terrestrial, and atmospheric
ecosystems are often seen. Natural and anthropic agents act together in coastal processes, which may result in erosion or
accretion. If the erosion is intense and continuous, it will represent a severe problem, especially in densely occupied and
economically significant beaches, such as the beaches of Peroba and Redonda that have registered erosive events. Thus, this
work aimed to analyze the variation of the coastline and the volume of beach sediments through a historical series of one year
employing a remotely piloted aircraft, conjugated with the analysis of sediments collected in fields. At Peroba Beach, the
shoreline was stable, having varied by about 0.87 m/year, and the volume indicated a positive sediment balance of about
18,815 m3. At Redonda Beach, the coastline degraded by about 1.27 m/year. The volume indicated a negative sediment balance
of -1,230 m3. The beaches were mainly characterized by sediments of very fine and fine sand fractions. The volume variation
indicated similar trends to the shoreline, with more significant deposition in the west and erosion in the east.

Keywords: Coastal erosion; Geoprocessing; Sediments; RPA.
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Resumo: Praias sdo regides da zona costeira onde os efeitos da interacdo entre os ecossistemas marinhos, terrestres e
atmosféricos, sdo visualizados com frequéncia. Os agentes naturais e antrépicos atuam em conjunto nos processos costeiros,
que podem resultar na erosao ou acregao. Se a erosao for intensa e continua representara um grave problema, sobretudo em
Praias densamente ocupadas e economicamente importantes, a exemplo das Praias de Peroba e Redonda que vem registrado
eventos erosivos. Assim, este trabalho objetivou analisar a variagao da linha de costa e o volume de sedimentos Praiais através
de uma série historica de um ano empregando uma aeronave remotamente pilotada, conjugada com analise de sedimentos
coletados em campos. Na Praia de Peroba a linha de costa manteve-se estavel, tendo variado cerca de 0,87 m/ano, o volume
indicou um balango positivo de sedimentos cerca de 18.815 m®. Na Praia de Redonda a linha de costa progradou cerca de 1,27
m/ano, o volume indicou um balan¢o negativo de sedimentos na ordem de -1.230 m3. As Praias foram caracterizadas
majoritariamente por sedimentos de fragao areia muito fino e fino. A variagao de volume indicou tendéncias similares a da
linha de costa, com maior deposigao na porcao oeste e erosao a leste.

Palavras-chave: Erosao costeira; Geoprocessamento; Sedimentos; RPA.

1. Introduction

Beaches are areas of the coastal zone that form an interface between the sea and the land, making them very
dynamic regions because of the constant changes (SOUZA et al., 2005, MUEHE, 2013; KIM et al., 2018). Generally,
beaches are composed of sandy sediments, making them very sensitive to topographic changes resulting from the
direct action of wave energy, tides, currents, and anthropic activities, which may be reflected in erosive or
depositional processes on the shoreline (KALIRA] et al., 2017). The natural dynamics of coastal zones and anthropic
actions potentiate the erosion problem and may result in topographic changes on different time scales (TAAOUATI
etal., 2011; DEL RIO et al., 2016; CHEN et al., 2018). Changes in terrain topography are always related to variations
in the volume and granulometric characteristics of sediments that compose the beach. In this context, the
granulometry of the sediment that composes a beach is extremely important for understanding the
morphodynamic and hydrodynamic processes and the type of transport associated with its deposition (BARROS,
2018; Ql et al., 2022).

Rapid surveys applying current technologies such as Remotely Piloted Aircraft (RPAs), popularly known as
drones, have proved reasonably practical in coastal monitoring given their advantage in providing high temporal
and spatial resolution geomorphological change data, besides the ease in creating aerophotogrammetric products,
such as Digital Elevation Models (DEMs) and georeferenced orthophoto mosaics, when compared to data obtained
from the traditional method based on satellite imagery and other approaches employing ground surveys
(CASELLA et al., 2014; GOVAERE et al., 2016; CHEN et al., 2018; DAI et al., 2018; JANUSAITE et al., 2019; JAUD
et al., 2019, 2020; JAYSON-QUASHIGAH et al., 2019; PAGAN et al,, 2019; PITMAN et al., 2019). Repeated
acquisitions of high-resolution DEMs allow for more accurate coastal monitoring, enabling the calculation of
volumetric changes that occur over time, illustrating areas of erosion and sediment accretion as well as the land
slope (BLANCHARD et al., 2010; DAI et al., 2018; JAUD et al., 2019). When coupled with others collected in the
field, DEMs and orthophoto mosaics' spatial data provide value to analyzing geomorphic changes (BLANCHARD
et al., 2010; JAUD et al., 2019, 2020). For example, detailed assessments of shoreline change rates generated through
high-resolution imagery obtained with RPA add vital information for decision-making in coastal zone planning
(NAGDEE et al., 2020). RPA data, when complemented with field collection of surface sediments for textural
classification, makes the analysis more robust for decision-making in coastal management (PITMAN et al., 2019).

In Brazil, we highlight the work developed by Albuquerque et al. (2018a; 2018b) in the characterization of
impacts and risk management results of extreme high-energy events on the extreme southern coast of Brazil. Silva
et al. (2019) applied RPA-based geotechnologies to map eroded areas of the coastal zone on the southern coast of
Rio Grande do Norte. Simdes and Oliveira (2020) applied RPA data to study shoreline variation in the Mostardense
resort between 2016 and 2017. Recently, Almeida et al. (2021) applied the RPA technology in characterizing the
geomorphometry and morphological behavior of the coastal drainage channels in the Balneario de Cassino resort
with a focus on DEM generation.

Morphological changes are always associated with sediments' removal and consequent transport from one
point to another (SUGUIO, 2003). These changes may occur on the beach by exchanging accommodation space
from one point to another on the same beach, from the beach to the inner continental shelf, and vice-versa, from
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the beach to the dune deposit or in the opposite direction (SOUZA et al., 2005; SUGUIO, 2010; BARROS, 2018).
These changes can be detrimental to tourism activity when they result in significant losses compared to gains
(SOUZA et al., 2005).

Peroba and Redonda are tourist areas on the coast of the municipality of Icapui, where erosive trends are
currently detected on the coastline already described by Meireles and Santos (2012), Portela et al. (2014), and Costa
(2019). This study is the first of those already developed in the municipality of Icapui that combines data acquired
with RPA and sediments collected in the field in coastal monitoring with the objective of (1) analyzing the
volumetric variation by estimating the rate of change; (2) calculating shoreline mobility rates; and (3) analyzing the
granulometric distribution of sediments as a function of their descriptive statistics.

2. Study Area

The Icapui Municipality is located at the eastern end of the coastal area of Ceara State, Northeast Brazil (Figure
1). The study area consists of two beaches located west of the coast of Icapui: Praia de Peroba (easternmost, here
called Site 1) and Praia de Redonda (Site 2, westernmost) in an extension of about 5 km.
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Figure 1. Location of the study area in the municipality of Icapui - Ceara, Northeast Brazil.

The rainfall in Icapui covers the months of February to May, with an average of 1,331.7 mm (MEIRELES;
SANTOS, 2012). The average annual temperature is around 26° C (IPECE, 2007). The lowest temperatures occur
during the rainy season (PINHEIRO et al., 2016). The predominant wind directions on the coast of Ceara are from
SE, ESE, E, and NE, with average speeds that reach over 4.5 m/s in the drier months, reaching an average speed
above 11 m/s, with the occurrence of SE winds in the dry season. In contrast, in the rainy season, the scenario
reverses with the appearance of the Intertropical Convergence Zone (ITCZ), predominating NE winds (MEIRELES;
SANTOS, 2012).

The waves that reach the coast of Icapui are predominantly of the Sea type - about 80% - with periods between
1 and 9 seconds, and 20% of the Swell type with periods above 10 seconds (PINHEIRO et al., 2016). The significant
wave height predominant in Aracati, the municipality closest to Icapui on the east coast of Ceard, presents a
frequency between 1.3 and 1.73 m (PINHEIRO et al., 2016). In the five field campaigns, measurements made in the
surf zone showed values between 0.8 and 1.0 m with periods between 3.72 and 6.56 s.
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3. Materials and Methods

3.1. Aerophotogrammetric data acquisition

Remotely Piloted Aircraft (RPA) enabled the imaging of the area studied. A Mavic 2 Pro model from the
manufacturer DJI was used in this study. It is a multi-rotor aircraft weighing 900 g. It can safely operate up to 18
km from the radio transmitter and with a flight range of up to 31 min under optimal favorable weather conditions
(see Table 1 and Figure 2A). When compared to satellite imagery, RPA data is free of noise, such as cloud cover.
Using a Global Navigation Satellite System (GNSS) receiver in Real Time Kinematic (RTK) mode, control points
distributed in the study area were acquired for georeferencing the products and assessing the accuracy of the
method (Figure 2B).

Table 1. Specifications of the sensor used in the airborne data survey.

Camera Model Resolution Focal Distance Pixel Size
L1D-20c (10.26 mm) 5472 x 3648 10.26 mm 241 x 2.41 um

Figure 2. Field data collection. (A) Flight survey for aerophotogrammetric data collection with RPA; (B) Control point

data collection with GNSS receivers.

Control points are essential to define the accuracy in positioning the images obtained in the field
(ALBUQUERQUIE et al., 2018a; PAGAN et al., 2019). The points were processed based on the Brazilian Geodetic
System (SGB) for subsequent photo-pointing of the images to reduce the Root Mean Square Error (RMSE) in the
generation of aerophotogrammetric products, highlighting the Digital Surface Model and the Orthophoto mosaic.
The points were used in the images georeferencing to maximize the survey's accuracy.

The flight planning process is a critical stage in the photogrammetric survey. It is the first stage of the work,
usually involving integration between the demands of space, coverage, and photographic scale (BRASINGTON et
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al., 2003). This process required a reconnaissance field of the study area, where the area's geomorphology
contributed to the definition of the minimum height of the flights.

The flights were planned using the mobile application Map Pilot Pro from Drone Made Easy, where flight
height, overflight area per sector, the overlap between images and tracks, camera incidence angle, and altitude
were defined. The flight heights were set at 120 m, covering about 5 km of coastline. In aerial surveys, a frontal
overlap of at least 75% and 60% is often recommended for lateral overlap (JANUSAITE et al., 2019). Some authors
apply the lateral overlap of 70% and 80% (JAYSON-QUASHIGAH et al., 2019; EICHMANNS; SCHUTTRUMPF,
2021). This work applied the lateral and frontal overlap of 75%.

Five data collection camps were conducted over three months between August 2020 and August 2021 (see
Table 2). The flights surveyed were designed to take the direction perpendicular to the coastline, covering mainly
the surf zone, beach, and back beach, having extended to the residential area by the sea, as the control points were
materialized in these portions. The piloting was in automatic mode, previously programmed before the field. The
meteorological and oceanographic conditions (wind, precipitation, and tide) were considered before the flights. In
this context, the wind needed to be favorable, without rain and a low tide of syzygy, for better coverage of the
beach environment's features.

Table 2. Flight site, images, and flight dates.

Site 1 Site 2
Images Flight dates Images Flight dates
487 19th August 2020 782 20th August 2020
470 17th November 2020 797 18th November 2020
490 11th February 2021 772 12th February 2021
520 27th May 2021 802 28th May 2021
703 24th August 2021 1.005 23rd August 2021

3.2. Aerophotogrammetric data processing

The processing started with manually filtering all images collected in the field, where the non-vertical and
blurred photos were removed to enable the construction of the orthophoto mosaic based only on nadir photos.
Such photographs are those in which the angle between the horizon line and the camera lens is 90 degrees, with a
tolerance of three degrees, more or less (SIM()ES; OLIVEIRA, 2020).

The selected images were inserted and processed in the Agisoft Metashape Pro software, based on SfM
(Structure from Motion) algorithms and dense image correlation, with tools that facilitate the process of creating
the DEM, orthophoto mosaic, and other associated products, allowing the construction of 3D coastal topography
from a 2D image. (CHEN et al,, 2018; DAI et al.,, 2018; JAUD et al., 2019; JAYSON-QUASHIGAH et al., 2019;
PAGAN, et al., 2019; PITMAN et al., 2019; SIMOES; OLIVEIRA, 2020; EICHMANNS; SCHUTTRUMPF, 2021). The
advent of algorithms based on SfM innovated the area of three-dimensional topographic surveys, offering in an
agile way the generation of 3D point clouds through acquisitions with affordable costs (SMITH et al., 2015).

To make the comparison between the produced mosaics possible and improve the data accuracy, these must
go through two processes: registration and georeferencing (SIMOES; OLIVEIRA, 2020). In this case, the photo-
pointing process was performed. The data of materialized control points collected in the field from GNSS receivers
were identified in the photographs (Figure 3). The georeferencing and processing were unique for both sectors,
resulting in the Root Mean Square Error (RMSE) of the control and verification points being less than 3 and 2 cm,
respectively.
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Figure 3. Spatial distribution of control points in the two sectors.

3.3. Geomorphic change analysis

The extracted DEMs were transferred to ArcMap, ESRI's ArcGIS software component. An area common to all
the surveys was defined using a polygon to cut out the DEMs and subsequent application of the Difference of DEM
(DoD) method using the Cut Fill tool. The generated DoDs spatialize the volume variation with better
representativeness (JAUD et al., 2019). The method for assessing morphological variation by generating DoDs was
based on the applications of Brasington et al. (2003), Wheaton et al. (2010), Jaud et al. (2019), and Jayson-Quashigah
et al. (2019) and consists of the difference in elevations between the recent DEM by the previous one, as shown in

Eq. (1):
ADEM = Zyost = Zprev (1)

Where ADEM is the DoD, Z,, is the recent DEM and Z,,,, is the previous DEM.

The total individual RMSE resulting from the image processing for the two sectors was used as the uncertainty
for each DEM generated. The individual errors of the DEMs can be propagated to the DoD, constituting the total
error (BRASINGTON et al., 2003; LANE et al., 2003; WHEATON et al., 2010; CHEN et al., 2018) and can be
estimated based on Eq. (2).

2
Su = Jézgre,, + 62205 @)

Where &u is the error propagated to the DoD, 6z}, is the error of the DEM of the preceding period, and 825,
is the error of the DEM of the later period.

Morphological change volume and area estimation are extremely sensitive to the minimum detection limit
(minLoD) (WHEATON et al., 2010). This propagated error has been used as a minimum detection limit (minLoD)
level to distinguish fundamental surface changes from inherent noise (BRASINGTON et al., 2003; WHEATON et
al., 2010; JAYSON-QUASHIGAH et al., 2019).

3.4. Annual shoreline change

The coastlines were manually vectorized based on the orthophotos obtained in the field between August 2020
and August 2021, considering the contrasting mark between the wet and dry strips in the syzygy tide, the base of
active cliffs, erosive scarps and bases of coastal protection structures following the method already applied by Del
Rio et al. (2012) and Jayson-Quashigah et al. (2013).

The Digital Shoreline Analysis System (DSAS) was applied to analyze the changes in the shoreline. To obtain
the best detailing of the changes that occurred in the analyzed period, a distance of 10 m between the generated
transects was defined (JAYSON-QUASHIGAH et al., 2013; SILVA NETO et al., 2020; CHACANZA et al., 2022).
The rate of shoreline change was obtained by applying the linear regression statistic (LRR) using the following
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classes according to Chacanza et al. (2022): severe erosion (less than -3 m/year); moderate erosion (between -3 and
-2 m/year); low erosion (between -2 and -1 m/year); stability (-1 and +1 m/year); low deposition (between +1 and
+2 m/year); moderate deposition (between +2 and +3 m/year); and severe deposition (greater than +3 m/year). This
parameter considers all the lines that the transects cross, allowing the launched transects to be analyzed
individually (HIMMELSTOSS et al., 2018). The RMSEs of shoreline positioning were estimated based on the
individual errors of each image processing, which can be calculated using Eq. (3) JAYSON-QUASHIGAH et al.,
2013).

3
E=<\/E12+E22+E§+---+E,§)*T‘1 ©®)

where Ej, E,, E3, .., E, correspond to the individual shoreline position errors, and T is the time interval under
analysis (AIELLO et al., 2013; JAYSON-QUASHIGAH et al., 2013).

3.5. Sediment grain size analysis

A total of 102 surface sediment samples were collected in five field campaigns over 12 months. The samples
were distributed in the back beach, backshore, and nearshore zones of nine monitoring points at Peroba and
Redonda beaches. In the field, samples were collected using a spatula at 10 to 15 cm depth. After collection, the
samples were taken to the Laboratory of Marine and Applied Geology (LGMA) at the Geology Department of the
Federal University of Ceara. In the granulometric analysis, the sieves of 2.0, 1.0, 0.5, 0.25, 0.125, and 0.062 mm were
used, according to the textural limits established by Wentworth (1922). The results of granulometry were inserted
in the ANASED sediment analysis software available at the LGMA, where the statistical parameters were
calculated based on the traditional distribution model of Folk and Ward (1957), namely average diameter,
asymmetry, and standard deviation (degree of selection).

4. Results

Five DEMs were generated, with spatial resolutions of less than 24 cm. The orthophotos presented resolutions
lower than 3 cm. The high resolution allowed better visualization of the details of the generated products,
becoming a preponderant role in volume calculation and shoreline change analysis.

4.1. Morphological changes in Site 1 (Peroba Beach)

4.1.1. Sediment volume changes

Peroba Beach is about 1,570 m long, and the analyzed area was about 96,466 m?2. The altimetric variations in
one year indicate altimetry between -4.7 and 3.8 m (Figure 4). The site is characterized by the absence of a
recreational beach at high tide periods due to the total occupation of the Back beach zone.
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Figure 4. Individual DEMs from five periods were cut from data collected at Peroba Beach.

The results of the volume variation for Peroba Beach indicated a positive balance of 32% of sediments gained
throughout the period analyzed between August 2020 and August 2021, on the order of 18,815 m? at a monthly
rate estimated at 1,568 m3/month. In this period, the volume of sediment deposited was calculated at about 24,059
m? and eroded at -5,244 m?. The sediment input and output imbalance was approximately 32%, and about 75% of
the beach experienced deposition (Figures 5E and 6). Between August and November 2020, the beach experienced
an erosive process with sediment loss calculated at -27,061 m? (Figures 5A and 6). The periods between November
2020 and February 2021 and February and May 2021 registered successive depositions of sediments estimated at
32,235 and 22,042 m?, respectively (Figure 5B, C, and 6). In the last period, between May and August 2021, the
balance was negative in the order of -8,620 m? (Figures 5D and 6).
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Figure 5. Spatial representation of variation in the volume of sediment eroded and deposited on Peroba beach.
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Figure 6. Sediment volume changes on Peroba Beach.

The variations in volume that occurred at Peroba Beach are also reflected in the series of topographic profiles
generated from the DEMs (Figure 7). The variations that occurred at the eastern end of Peroba Beach indicated that
the sediments eroded near the shoreline might have been remobilized and deposited toward the sea (Figure 7A).
Losses above one meter occurred close to the shoreline in the central stretch of the beach (Figure 7B). In contrast,
in the western end, more intense deposition occurred in areas close to the shoreline (Figure 7C).
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Figure 7. Cross-shore profiles show altimetric variations along Peroba Beach between August 2020 and August 2021.
(A) Profile P1; (B) Profile P2; (C) Profile P3; and (D) Location of the profiles.

4.1.2. Variation of the shoreline between August/2020 and August/2021

Table 3 shows that between August 2020 and August 2021, the short-term shoreline change rate at Peroba
Beach was estimated to be 0.87 m/year.

Table 3. Rates of change and linear shoreline motion for site one between August 2020 and August 2021.

Parameter Min Mean Max Standard deviation
LRR (m/yr) -2.74 0.87 6.72 +2.28
NSM (m) -6.01 0.32 6.18 +2.59

The average rate of change established from the linear regression statistics pointed to stability in the coastline.
The apparent stability corroborates the stability that Silva Neto et al. (2020) identified when they analyzed the
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shoreline mobility by applying satellite images at intervals above 10 years on the Icapui coast. Figure 8 shows that
the highest rates of shoreline retrogradation were recorded in the eastern stretch of the beach, and the highest rates
of progradation in the western stretch.

3 ||
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Figure 8. Spatial visualization and shoreline variation rate applied to the LRR parameter at Peroba Beach between
August/2020 and August/2021.

4.1.3. Relationship between beach volume and shoreline dynamics at Peroba Beach

In this sector, the results of volume variation indicated trends similar to the shoreline (Figures 5E and 8). In
all the analyzed periods, the sedimentary balance of volume variation and the shoreline variation rate were
positive, with values of 18,815 m? and 0.87 m/year, respectively. Although the average variation of the shoreline
presents a value that fits in the stability class, sediment loss in the beach's eastern end resulted in the shoreline
retreat of up to 6 m (Table 3).

Erosion events on the eastern stretch of Peroba Beach threaten the destruction of houses (Figure 9B, C, E, and
F). This has driven direct human interventions in constructing wood-based erosion containment structures on
localized stretches of the beach (Figure 9B-F). These actions contribute to the temporary stabilization of the
shoreline. On the other hand, deposition has occurred in the western stretch, resulting in the shoreline worsening
up to 6 m (Table 3). These depositions remind us of a cyclical scenario of periods preceded by erosion and
subsequent depositions in the area, as identified by Costa (2019). In a recent analysis of line variation on the stretch
between Peroba and Redonda, Chacanza et al. (2022) also identified cyclical variations every five years of analysis
over a 15-year interval. According to Silva and Oliveira et al. (2022), these cyclical events may be behind the
division of opinions regarding the construction of coastal protection work, with a part of the local community
being opposed and the other being favorable. According to Jayson-Quashigah et al. (2019), these two realities
suggest adopting a sustainable management approach to the beach system to increase its resilience and users.
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Figure 9. Mosaic of images representing erosional and depositional stretches. (A) Eastern view of Peroba beach; (B
and C) Different views of the same eroded stretch with wooden coastal protection structures and repositioning of the
access that had been destroyed; (D and E) Same stretch of beach where the first image of August 2020 presents a
higher quota and the second of August 2021 with a lower account, a sign of sediment loss; (F) Erosive scarp, controlled
by the community with constant reposition of sediments in order to maintain the access to the other infrastructures
that are east of the beach; and (G-I) Images of three periods, at the survey point of profile P3, the first in August 2020
(G), second in November 2020 (H) and the third in August 2021 (I).
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4.2. Morphological changes in Site 2 (Redonda Beach)

4.2.1. Sediment volume changes

Two distinct features represent site 2. The eastern stretch lacks a recreational beach in periods of high tide,
with the back beach completely occupied by residences and inns. On the other hand, the western stretch is
practically unoccupied because it is a preserved area integrating the environmental reserve that extends until the
Ponta Grossa beach, located further west of the area. In this sector, the analyzed area was about 214,321 m?2. The

altimetric variations during the analyzed period indicated altimetry between -4.7 and 8.2 m (Figure 10).
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Figure 10. Individual DEMs from five periods were cut from data collected at Redonda Beach.

During the period analyzed, Redonda Beach had a negative sediment balance estimated at -1,230 m?,
equivalent to a monthly rate of about -103 m?/month. About 72,719 m® were deposited, and about -73,950 m? eroded
(Figure 11E and Figure 12). The imbalance between deposition and erosion was 0.4%. This value indicates that the
sediment eroded at Redonda Beach was proportional to the sediment deposited in one year. The first two periods
between August and November 2020 and November 2020 and February 2021 were marked by successive

Revista Brasileira de Geomorfologia. 2023, v.24 n.4; €2331; DOL: http://dx.doi.org/10.20502/rbg.v24i4.2331 https://rbgeomorfologia.org.br



Revista Brasileira de Geomorfologia, v. 24, n. 4; €2331; 2023 14 de 24

deposition, with sediment gain estimated at 73,023 and 247,638 m?, respectively (Figures 11A, B, and 12). Inverse
processes occurred in the last two periods between February and May 2021. Between May and August 2021,
sediment losses were estimated at -238,054 and -83,424 m3, respectively (Figures 11C, D, and 12).

“ Aug -- Nov, 2020

IE] Nov, 2020 -- Feb, 2021

Feb -- May, 2021

E Aug, 2020 -- Aug, 2021

Volume N

0 125250 500
- Deposition - Erosion [ T I00 ‘

Figure 11. Spatial representation of variation in the volume of sediment eroded and deposited on Redonda Beach.
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Figure 12. Sediment volume changes on Redonda Beach.
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Sediment deposition in the western portion of the beach was also reflected in the topographic profiles, where
variations exceeding one meter occurred between August 2020 and August 2021, resulting in the movement of the
shoreline toward the sea (Figure 13C). In the same period, the erosion that occurred in the eastern and central
sections of the beach also resulted in variations greater than one meter (Figure 13A, B).
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Figure 13. Cross-shore profile showing altimetric variations along Redonda Beach between August 2020 and August
2021. (A) Profile P4; (B) Profile P5; (C) Profile P6; and (D) Location of the profiles.

4.2.2. Variation of the shoreline between August/2020 and August/2021

Table 4 indicates that between August 2020 and August 2021, the short-term shoreline change rate in sector 2
was estimated at 1.27 m/year, the most significant retraction was estimated at -2.89 m/year, the largest attraction
at about 6.04 m/year. In the eastern subsector of the beach was where the record of stability in the shoreline
occurred, and in the western subsector occurred the highest progradation rates (Figure 14). In 12 months of
monitoring, it was observed that the shoreline moved about 1.06 m towards the sea; the most significant
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movements towards the sea were recorded in the western sub-sector with values that reached about 5.65 m. In the
eastern sub-sector, minor variations were recorded, with the shoreline remaining stable in most of the beach stretch
and small localized stretches where the retreat reached values close to 3 m (Table 4).

Table 4. Rates of change and linear shoreline motion for site two between August 2020 and August 2021.

Parameter Min Mean Max Standard deviation
LRR (m/yr) -2.89 1.27 6.04 +1.76
NSM (m) -2.97 1.06 5.65 +1.61
T T T
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Figure 14. Spatial visualization and shoreline variation rate applied to the LRR parameter at Redonda Beach between
August 2020 and August 2021.

4.2.3. Relationship between beach volume and shoreline dynamics at Redonda Beach

Results of volume variation pointed to a negative balance for Redonda Beach at about -1,230 m?, where 61%
of the beach underwent erosive processes. Despite the negative volume balance, in one year, the shoreline
degraded by about one meter (Table 4). In this beach, the highest degradation rates occurred in the western stretch,
with the line reaching advances higher than 5 m, which caused an increase in the width of the back beach and
consequent reduction of the backshore. The wave attack associated with the smaller beach width may be at the
origin of the erosive scarp appearance between May and August 2021 (Figure 15D). Human actions such as beach
access may negatively impact the beach escarpment, where, by wind action, sediments may be eroded and
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remobilized to form frontal dunes. The sediment volume losses in the beach's eastern and central sections did not
influence the shoreline due to its fixation by a rigid coastal protection structure (Figure 15).

Figure 15. Mosaic of images: (A) West view of Redonda beach, showing a rock-fill coastal protection structure, which
fixes the coastline; (B) Conclusion phase of the coastal protection work; (C) Incidence of waves on the protection
structure; and (D) An erosive scarp more than half a meter high.

4.3. Sedimentary characterization

Analysis of 102 sediment samples collected during five field campaigns at 21 monitoring points distributed in
the study area indicated, according to Shepard (1954) classification, that 87% of the samples were sandy and 13%
were muddy sand. All samples classified as muddy sand were collected in the nearshore zone, mainly in the second
half of the analyzed period. About average size, the sediments were composed of very fine sand at 49%, fine sand
at 33%, medium sand at 17%, and coarse mud at 1%. Regarding asymmetry, 37% of the samples were classified
with very negative asymmetry, 13% with negative asymmetry, 20% as approximately symmetric, 24% as positive
asymmetry, and 6% with very positive asymmetry. The higher percentage of fine sediments reveals that the
beaches may receive sediments from other sources.

Regarding the degree of selection, nearshore and back beach sediments were mostly moderately selected.
Backshore samples were poor to moderately selected and fell between the very fine to medium sand ranges of
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negative to approximately symmetric asymmetry. Back beach samples were moderately selected with medium
sand classification ranging from positive to approximately symmetric asymmetry (Figure 16A).
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Figure 16. Sediments are distributed on the nearshore (Apl to Ap9), backshore (Prl to Pr9), and back beach (Rp4,
Rp8, and Rp9Y) at nine monitoring points along the study area's coastline. (A) Mean grain size variation; (B) Sk
asymmetry; and (C) Sediment sample locations.

In beaches, sands that generally present classifications from moderately to well-selected indicate that the
sediments come from a source with the same characteristics (MARTINS, 2003; BARROS, 2018). Finer sediments are
generally well-selected (MCLAREN; BOWLES, 1985). In this case, they were mostly of moderate selection. On-site,
poorly sorted grades may be associated with eroded sediments from active cliffs and by direct interaction of the
beach with the frontal dune system through the sediment transfer bypass effect. In coastal processes, whenever the
sediment size becomes finer, the asymmetry tends to be more negative, with fine and light grades tend to be eroded
and transported more quickly than heavy ones (MCLAREN; BOWLES, 1985), reflected in Fig. 16B. Negative
asymmetry arises when fine sediments are removed by the backwash separation process, giving way to coarser
sediments due to the high wave energy that the beach is subjected to where the addition of coarser material can
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also cause it. Positive asymmetry is the competence of the transport agent in the one-dimensional flow (MARTINS,
2003).

The concentration of sediments of very fine sand fraction and negative asymmetry located in the eastern
portion, immediately to the downdrift of the promontory at Redonda Beach, may be associated with the
combination of rocky outcrops existing at the site that act as an abrasion platform, directly influencing the wave
and tide currents that reach the beach, consequently changing the granulometric parameters, by the incompetence
of the transport agents. The transport and deposition process of the finest asymmetrically negative superficial
sediments generally occurs when the energy decreases and the coarsest and most asymmetrically positive when
the energy is high (MCLAREN; BOWLES, 1985).

Sediments of finer fractions have less space between particles, which reduces water percolation, and sediment
transport may occur with intensity during wave ebb than in spreading (NORDSTROM, 2010). They are quickly
suspended, removed from the beach, and deposited into the sea (NORDSTROM, 2010; JAYSON-QUASHIGAH et
al.,, 2019). The percolation rate increases as the sediment fraction increases (PITMAN et al., 2019). These conditions
may be associated with deposition in the western portion, especially Redonda Beach.

Sediment erosion, transport, and deposition vary over different time scales and may be influenced by tidal
seasonality, longitudinal current, wave energy, and changing seasons throughout the year (QI et al., 2022). On the
other hand, the presence of very fine sediments in the easternmost portion of Redonda Beach indicates that the
littoral drift is not the essential contributing factor in mobilizing fine sediments to the site.

5. Discussion

It was observed that the stretches of relatively stable coastline have anthropic influence by constructing
erosion containment structures. The higher rates of sediment degradation and deposition that occurred in the west
stretch of Peroba Beach as well as in Redonda Beach may be related to the erosion of the eastern areas of the two
beaches because the positive sediment balance in Peroba Beach and negative in Redonda beach, indicate that there
must be other sources of input feeding the beaches through coastal drift. Although the average variation rates of
the coastline were positive on both beaches, the presence of rigid coastal protection works in Redonda Beach and
the constant local interventions in localized stretches of Peroba Beach indicate coastal erosion. Generally, the
interventions condition the hydrodynamic action modifying the sediment transport system and may accelerate or
retard erosive or depositional processes (COWELL; THOM, 1994). If the coastal interventions are by longitudinal
works often limit the evolution of the coastline (SOUZA et al., 2005; COSTA; COELHO, 2013; BORETTO et al.,
2018; GRIGGS; PATSCH, 2019), existing characteristics in Redonda Beach.

Barros (2018) mentions that in Icapui, events such as super high tides, ebb tides, and ocean swells associated
with the low topographic gradient of the beaches are significant causes of coastal erosion where during the tidal
transgression process, sediments are eroded from the berm and are directed out to sea. The reverse process
happens during the regression, with deposition occurring on the berms.

The erosion prevalent at the eastern ends, especially immediately southeast of the promontories on both
Peroba Beach and Redonda Beach, may be associated with the refraction effect of the waves when they hit the
promontories. The eroded sediments are transferred to the entrances, those deposited at updrift are retained,
allowing the area to fatten up, and those deposited at downdrift are transported by the action of littoral drift and
deposited in the western portions, which is particularly important given the curvilinear shape of Redonda beach.
Portela et al. (2014) reported erosion events on Redonda Beach due to wave attacks. Recent studies on Peroba and
Redonda beaches analyzing shoreline variation between 2005 and 2020 highlighted erosion trends over 15 years
and cyclical changes in short-period analysis (CHACANZA et al., 2022).

Coastal processes that result in changes in shoreline position are also highly influenced by climate change, on
a global scale with sea level rise and on a local scale by the change in wave climate, making the coasts vulnerable
to the occurrence of flooding or coastal erosion (MASSELINK et al., 2016). Wave data from the Wavewatch III
global model indicated that as it approaches August, there is a trend in the increase of significant wave height with
periods ranging between 5 and 8 seconds (Figure 17). In this period, the wind speed has also been high. Between
2020 and 2021, despite being a period dominated by the passage of the La Nifia phenomenon, which often coincides
with abundant rainfall. Rainfall in the municipality of Icapui was low during the period under analysis, and this
scarcity of rain in areas like Icapui, where there is no major watercourse, means that erosion processes tend to be
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progressive. The erosion in the far east and fattening of the western stretches of the Peroba and Redonda beaches
may be related to what Muehe (2011) states that low rainfall and strong winds in the Northeast Region favor the

formation and fattening of dune fields resulting in negative sediment budget on the beaches and the consequent
variation of the shoreline.
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Figure 17. Significant wave height and period data from the Wavewatch III global model. Source: Surfguru.

Another factor not yet much explored that possibly interferes in the sediment dynamics, even if minimal in
the beaches of the Brazilian Northeast, is the second-order flow results of the neotectonics where regions with
faults that are targets of microseismic occurrence (SOUZA et al., 2005) Peroba and Redonda beaches are located in
an area between duly mapped faults. Not being the study objective of this work, it is suggested that the following
researchers analyze the possible contribution of the neotectonics in the coastal erosive or depositional processes in
the area because the accurate understanding of the present tectonism is of extreme importance for studies that aim
the definition of coastal evolutionary models.

This study joins the others in data validation using aerophotogrammetry techniques with RPA and the
respective processing through the SfM algorithm in generating affordable DEMs and Orthomosaics of high-

resolution images. On the other hand, the results will serve as an alternative tool for the coastal management of
the municipality of Icapui.

6. Conclusions

The results of this research were based on the survey of photogrammetric data with RPA on the beaches of
Peroba and Redonda, which proved to be extremely important in detecting morphological changes and calculating
short-term sediment balance along the beaches. The resolution of the DEMs and orthophoto mosaics generated
were 23 cm and 2.88 cm, respectively. This indicates that the high resolution of the product allowed the volume
calculation and estimation of shoreline position change closer to reality.

The coastal coast of Icapui is highly dynamic, presenting different erosion and deposition rates from beach to
beach due to the tidal regime, wave, and human interventions. Between August 2020 and August 2021, Peroba
Beach had a positive balance, resulting in a sediment gain estimated at 18,815 m3. At Redonda Beach, the balance
was negative, and the volume of sediment eroded was estimated at -1,230 m?. In the same period, the average
variation rate of the coastline at Peroba Beach was 0.87 m/year, representing stability. At Redonda Beach, the
average mobility rate of the coastline was estimated at 1.27 m/year, representing a gentle degradation.

Sandy sediments characterized the beaches with fractions ranging from very fine to medium sand, pointing
to very fine to fine sand. The medium grain of very fine sand is associated with the best selection and is
concentrated immediately to the downdrift of the promontory that separates the two beaches, being able to
conclude that this, in conjunction with the abrasion platform generated by the rocky outcrops, exerts a direct
influence on the hydrodynamic processes that affect the wave and tidal currents in this portion, consequently
changing these granulometric parameters.

Although the study was of short duration, it detected that the eastern portions of the beaches of Peroba and
Redonda are the ones that most go through erosive processes. As a consequence, occurs the retraction of the
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shoreline. These results cannot be seen as an erosion trend but rather as an occurrence since erosion can be
attributed to the combination of rocky promontories, tidal currents, waves, and the low slope of the beaches. The
deposition can be associated with the curvilinear characteristics, the rocky outcrops between Peroba and Redonda
that act as abrasion platforms and make possible the retention of sediments transported by littoral drift from the
east to the west coast, especially on the beach of Redonda, the currents. Erosion can be attributed to rocky
headlands, tidal currents, waves, and low beach gradients. The stability of the coastline in localized stretches of
Peroba Beach and the entire eastern and central stretch of Redonda Beach may be attributed to human actions due
to the construction of coastal erosion containment works.

The method applied in this work can be replicated in other beaches of the Municipality of Icapui as well as on
any coast of the State of Ceara and Brazil to estimate the volumetric variation of sediment and the dynamics of
transport in order to contribute as a source of information for the management of the vulnerability of coastal areas.
With this in mind, it is recommended that monitoring be carried out over a more extended period with the RPAs
in order to ascertain whether or not there are erosion trends.
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