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Because of the high dynamicity of atmospheric and oceanographic variables in coastal processes, local sedimentary
balance is a matter of great interest for Integrated Coastal Zone Management. The diversity of environmental factors
associated with the history of anthropic interventions, in addition to detailed topographic changes related to storm surge
events, is assessed in this research for a stretch of the northeastern Brazilian coast. For this purpose, an association of
conventional and improved digital methods was applied for data acquisition and processing. Remote sensing techniques
with unmanned aerial vehicles (UAVs), three-dimensional modeling, and sedimentary analysis were performed, as well
as detailed monitoring of meteorological and oceanographic variables with in situ sources and environmental modeling.
The results of 1-year monitoring revealed a sedimentary balance with different variations in response to high-energy
events associated with extratropical cyclones in the North Atlantic. The sedimentary balance showed an erosional rate of
25.5%, reflected in a 17.4% diminution in average topographic level of the area. Beach erosion was correlated to long
period waves and great variability of wave types. Positive volumetric changes were correlated to mild weather
environmental conditions. Swell waves presented a significant role in both beach erosion and following consequential
topographic recovery. There was an asymmetric susceptibility to volume losses in different beach sectors.

www.JCRonline.org

ADDITIONAL INDEX WORDS: Storm surge, sedimentary balance, coastal management, UAV.

INTRODUCTION

The interhemispheric dynamic that controls Southern
Hemisphere high-energy waves incidence, in response to the
formation of synoptic scale atmospheric systems in the
Northern Hemisphere, has been continually documented
around the world (Alves, 2006; Chen et al., 2002; Hamilton,
1992; Innocentini et al., 2000; Semedo et al., 2011; Vassie,
Woodworth, and Holt, 2004) and, especially, in the Northeast-
ern Brazilian coast (NEB) (Farias, 2012; Silva et al., 2011;
Vianna, 2000).

Long period wave generation occurs in response to wind
speeds greater than 18 m s over areas of approximately 1000
km (Munk et al., 1963). This wind and fetch area pattern are
usually associated with low-pressure storm centers, where
swell waves originate (Barrer and Ursell, 1948). From this
point on, swell waves propagate across the ocean with low
dissipation coefficient (Drennan et al., 2003), dispersing
throughout long distances on a global scale (Munk et al., 1963).

Details concerning the origin, occurrence pattern, and
morphodynamic impacts of swell waves are of great interest
for Integrated Coastal Zone Management (ICZM) (Casella et
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al., 2014; Guerra, 2014). Intense swell activity is particularly
important in coastal dynamics when it coincides with maxi-
mum periods of spring tide, resulting in storm surge events.
The evaluation of these factors in coastal areas faces challenges
as the process of nearshore urbanization increases, where
anthropic intervention background is already significant. On
the Northeastern Brazilian coast, storm surges are frequently
associated with the destruction over coastal protection and
urbanization structures (Paula et al., 2015a).

Low-pressure cyclonic systems are frequent over the North
Atlantic Ocean, particularly from January to July, when the
region becomes one of the primary cyclogenesis zones (Mendes
and Mendes, 2004; Trigo, Davies, and Bigg, 1999). The
formation of such atmospheric systems, especially between
35°N and 65°N latitudes, generates swell wave packets that
arrive at Ceara coast, in Northeast Brazil, with an average
response time of 3 days (Farias, 2012).

Local storm surge events are characterized by the incidence
of waves up to 2.8 m of significant height (Hs), peak periods (7
of 11.2 to 20 seconds, and NW to NE peak direction (Dp), which,
when added to spring tide maximums, can reach resultant
heights (Hr) up to 5 m (Fisch, 2008). The high energy associated
with these events provides them with the capacity for rapid and
intense changing of coastal landscape, through insertion or
removal of sediments in different sectors of beach topography.
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Figure 1. Location maps of the study site, showing (a) the survey area and its (b) global, (c) regional, and (d) local context. Figure 1a also shows the location of
standardized polygons, RTK control points and sediment sampling sites. Figure 1d highlights important morphodynamic features, such as rocky Barreiras
Formation outcrops, Macei6 Stream, and port structures. Geographic coordinate system: Universal Transverse of Mercator (UTM); Datum: WGS84/Zone 248S.

In light of this highly dynamic scenario, an effective strategy,
given by the association of direct and indirect methods, was
required to match both the spatial and temporal scale
necessary to show rapid and medium-term changes in coastal
sedimentary balance. To address this, a broad assessment of
environmental variables is proposed in response to cyclonic
events in the North Atlantic, related to the topographic
changes on the emerged sector of a coastal stretch in the
Brazilian semiarid region.

Study Area
The study area is situated in the Brazilian northeastern
region and is characterized in the following paragraphs:

General Location

The Brazilian northeastern region is composed of nine
coastal states, with a coastline extension of nearly 3400 km
and great geomorphologic variety (Pinheiro et al., 2008;
Pinheiro, Morais, and Maia, 2016). Ceara State, located
between intertropical latitudes of 2.5°S and 8°S and 37°W to
42°W longitudes, is in a tropical semiarid climate domain
(Koppen, 1936) and has nearly 573 km of coastline extension.
Fortaleza City, the state capital with nearly 2.7 million
inhabitants (IPECE, 2018), exhibits a remarkably urbanized
and anthropically modified coastline (Fechine, 2007).

The study site represents a 1 km portion (Figure la) from
Fortaleza’s 80 km coastline, which is characterized, according
to Maia (1998), as a current sandy coastal system with

punctual manifestation of Tertiary/Quaternary Barreiras
Formation lithified deposits. Abrasion platforms develop over
these deposits, eventually allowing beachrock formation. Itis a
coastal landscape historically artificialized by protection and
recovery interventions, such as jetties and beach nourishment
(Figure 1a,d).

Climatology and Environmental Variables

Fortaleza city’s coastline is under the influence of a sub-
humid tropical climate in which two distinct periods are
identified: a rainy season (January-May) and a dry season
throughout the rest of the year. Pluviometry rates, which in the
rainy seasons concentrate up to 90% of the total, can reach
nearly 1,400 mm/y, associated with a mean temperature of
27°C with low variation amplitude (IPECE, 2018).

Wind regime varies seasonally in an inversely proportional
relation to rainfall pattern (Carvalho, 2003; Claudino-Sales,
1993; Claudino-Sales, Wang, and Carvalho, 2018), reaching
minimum speed values in the first semester (2.0 m/s, average)
and maximum values in the second half of the year (4.0 m/s,
average). Wind directions are predominantly of E and ESE
quadrants, under the primary influence of southeasterly trade
winds (Chung, 1982; Utida et al., 2019).

The tidal regime is characterized by a semidiurnal and
mesotidal system, subjected to a tidal variation range of 2 to 3
m—on neap tide and spring tide, respectively. Astronomic tides
can reach maximum value of 3 m and minimum of —0.2 m.
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Table 1. Labels, dates, associated tide height, number of images and number of sedimentary samples collected in each mission.
Labels C1 C2 C3 C4 C5 Cé6 C7
Date 17 Apr 2018 18 May 2018 27 Jul 2018 26 Sep 2018 26 Nov 2018 23 Jan 2019 20 Mar 2019
Tide (m) 0.1 0.1 0.4 0.3 0.4 0.1 0.0
Number of images 194 192 198 247 204 191 255
Number of sediment samples — — 19 18 16 12 13

Ceara State’s coast, as described by Fisch (2008), has
essentially the four most common sea states. These are: (1)
sea state associated with local winds, with maximum waves
heights (Hspax) of 1.1 m (7(s) = 2 to 5s, Dp = NW to E/SE); (2)
sea state associated with northeasterly trade winds, with
waves of Hspax = 1.1 m (T(s) =8 to 11, Dp = N to NE); (3) sea
state associated with southeasterly trade winds, with Hs,,,, =2
m (T(s) =5 to 11, Dp = E to SE); and, finally, (4) dispersive
arrivals from the northern hemisphere (NH), with Hs . = 2.8
m (7(s) =11 to 20, Dp = NW to NE).

Still, according to the observations of Fisch (2008), the
dispersive arrival state is more frequently identified between
January and March. Under the influence of southeast trade
winds, sea states of greater energy can occur between
September and November—when the withdrawal of the
intertropical convergence zone (ITCZ) from the area allows
the development of more intense winds.

Coastal Morphodynamic and History of Interven-

tions

According to Maia (1998), the longshore sediment transport
by wave action and wind are the most important processes for
balance and evolution of Fortaleza’s coastline. In this region,
local morphodynamic aspects, as well as the interaction of
multiple natural variables, were heavily affected by human
interventions—expressed by preexistent and ongoing harbor-
ing structures, jetties, piers, beach nourishment projects, and
coastline artificialization for urbanistic purposes (Fechine,
2007; Morais et al., 2018; Paula et al., 2015b). In this scenario,
the Mucuripe Harbor (Figure 1d), since its construction, has
acted as the most important feature of general impact on
Fortaleza’s coastline. As a result of its construction on the
Mucuripe Headland without a detailed consideration of local
hydrodynamic aspects, the structure promoted relevant im-
pacts on wave propagation and sediment transportation
patterns (Bezerra, Pinheiro, and Morais, 2007; Maia et al.,
1996, 1998; Morais, 1980, 1981). The harbor’s jetty construction
interrupted the headland bypass process with sediments
coming from east to west, propelling an erosive tendency along
the coastline west to the structure.

From photographic historical records, before and during the
port construction in the 1950s, the downstream Mucuripe
promontory used to receive aeolian sediments from the updrift
sector, which were directly deposited on the inside portion of
the harbor, until being blocked after harbor construction. In
response to the successive jetty installation and consequent
retention of sediments transported by longshore current—
always resulting in down-current erosion processes—effects of
anthropic intervention extended beyond the limits of Fortale-
za’s western coast, remodeling the coastal landscape of

Fortaleza itself and adjacent municipalities (Maia et al.,
1998; Moura, 2012).

A close analysis of the survey area shows that Nautico’s Jetty
(Figure 1a) represents the most important artificial structure
to be considered on wave incidence and sediment deposition
dynamics. Secondarily, the presence of culverts and punctual
areas of rocky outcrops is highlighted (Figure 1d). Updrift of
the study site shows where the Macei6 Stream (Figure 1d) is
located, which was related to a contribution of fine granulom-
etry sediments into the internal platform with an estimated
flow rate of 0.02 m®s (Lima Filho, Castelo Branco, and
Pinheiro, 2019).

METHODS
An ensemble of different methods were used in order to
conduct the research:

Photogrammetry

The acquisition of aerial images was performed by the
alternate application of two unmanned aerial vehicle (UAV)
models: Phantom 4 (DJI Technology Co), associated with a DJI
FC330 camera, as well as a Phantom 4 Advanced with an
FC6310 camera. A flight plan was previously designed with
DroneDeploy v.2.7.6.0, which guided the survey over an area of
48,700 m*.

Monitoring the periodicity of activities followed bimonthly
intervals from April 2018 to March 2019, resulting in seven
flight missions—specified in Table 1.

Immediately before flight missions, the delimitation phase of
Control Point (CP) was executed. The exact geographic location
was obtained through a Geodesic GPS system with real time
kinematic (RTK), using a Trimble R10 GN'SS equipment. After
in situ data acquisition, CPs were adjusted to ellipsoidal height
and corrected by triangulation based on information gathered
by two altimetric stations of the Brazilian network of
continuous monitoring (RBMC). Finally, using MAPGEO
2015 (Brazilian Institute of Geography and Statistics—IBGE)
software, altitude and geoid undulation verification and
geometric to orthometric data corrections were executed. Aerial
imagery was processed using OpenDroneMap v.0.4 for the final
generation of digital elevation models (DEMs). A final report
from OpenDroneMap provided the errors related to the
delimitation of control points during DEM generation, which
are shown in Table 2.

Comparative Analysis

In order to establish an equitable criterion of data analysis
for all models, two standardized polygons were set for eastern
and western sectors, taking as reference their positioning in
relation to Nautico’s rocky jetty. Fixing area and perimeter
proportions made it possible to compare DEMs regardless of
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Table 2. Errors related to control points (CPs) delimitation during DEM
generation, per survey and mean values.

Error (m) Error (pix) Z error (m)
C1 0.04336 0.630 0.00925
C2 0.04339 0.418 0.00561
C3 0.04109 0.279 0.01959
C4 0.03912 0.339 0.01015
C5 0.03076 0.429 0.00135
Cé6 0.04303 0.393 0.00362
C7 0.03532 0.270 0.00745
Mean error 0.03943 0.394 0.00814

limitations due to reflectance on the intertidal zone and allowed
a more detailed visualization over areas under special
morphodynamic circumstances. The standard polygon for the
east sector covered an area of 6791 m”? and 858 m perimeter,
while the west sector covered 21,265 m? and 1855 m (Figure 2).
Consequently, the east sector was expected to have smaller
relative volumetric rates when compared to the west sector.

Quantitative comparisons between models involved the
volume above custom level and mean level parameters,
provided with calculations made by the software itself in
DEM processing. The first one provides total volume measures
in cubic meters over a suitable altimetric value, while the
second describes the average altimetric level for the defined
area.

Sedimentological Characterization

Throughout the aerial scanning missions, sedimentary
sample collection occurred based on topographic and textural
discrepancies visually identified among foreshore and back-
shore zones, but considering the same zone around the
sampling point. A mean value of 18 samples per mission was
gathered from July 2018 to March 2019, resulting in 78
sampling points (Figure 1).

Granulometric analysis followed the routine in Suguio
(1973), using Wentworth’s Sedimentary Scale (Wentworth,
1922) as reference. Dimensional, faciologic, and degree of
selection were determined with Folk and Ward’s classification
(Folk and Ward, 1957). Grain size data were processed using
SysGran v.3.1 software (Camargo, 2006).

Meteorological and Oceanographic Factors

The majority of oceanographic data was obtained using the
WaveWatch III model application. Fortaleza’s buoy data, from
the National Buoy Program (PNBOIA, 2021), and official
warnings from the Brazilian Navy were used as complemen-
tary information. Tide records were acquired through the
platform of the Hydrography and Navigation Board (DNH,
2021).

A characterization of cyclonic systems in the NH, associated
with the monitoring of the arrival of dispersive waves, was
made with the National Oceanic and Atmospheric Adminis-
tration (NOAA) Global Forecast System (GFS, 2020). Meteo-
rological data, such as daily precipitation rates, wind speed,
and direction were obtained from an in situ sensor from
Fortaleza’s Meteorological Station, monitored by the National
Institute of Meteorology (INMET, 2020).

Environmental variables analysis was performed based on a
monthly mean classification for the period available on Wave-

Watch III model database (2016 to 2020) and a daily
classification for the surveyed period. For wave climate
description, the classification of Fisch (2008) was applied to
identify the arrival of dispersive swell waves from the northern
hemisphere. Wave typology was conventionally made consid-
ering wave period, whether it was below (sea waves) or above
(swell waves) 10 seconds. The characterization of high-energy
events was based in not only wave height and period, but also
on their association to spring tide conditions—which is
represented by the “resultant height” (Hr) variable.

The correlation ratio between environmental parameters
and the volumetric/topographic variation was stablished by
applying Pearson’s Correlation Coefficient (p) (Equation 1). p
interpretation followed the general rule defined by Hinkle,
Wiersma, and Jurs (2003), according to which (a) 0.90 to 1.0
indicates very strong correlation; (b) 0.70 to 0.90 indicates
strong correlation; (c¢) 0.50 to 0.70 indicates moderate correla-
tion; (d) 0.30 to 0.50 indicates weak correlation; and (e) 0.0 to
0.30 indicates negligible correlation.

P Yo —x) (v —y) _ cov(X)Y)
Vs a3 i —y)? VVarX) var(Y)
(1)

Equation 1 shows Pearson’s correlation coefficient definition.

RESULTS
The obtained results are shown below, in terms of atmo-
spheric systems, associated high-energy events, local wave
regime, sedimentary volume, and granulometry.

Atmospheric Systems, High-Energy Events, and Local
Wave Regime

During the survey period, three high-energy event seasons
were described (Table 3 and Figure 3c). These events had an
average duration of 8 days, concentrated along the months of
January to April of both 2018 and 2019—with the exception of
Season 2, which happened in November 2018. Mean response
time between storm apexes (minimum atmospheric pressure)
and the arrival of the first swell waves was approximately 4
days.

The events with greater intensity reached 4.5 to 5.8 m in
maximum resultant height (Hr), which refers to the summa-
tion of both wave and tide heights (Figure 3c). The coastline of
the area was also stricken by a less intense storm surge event in
November 2018, with maximum Hr of 4.5 m and 4 days of
average duration. In all cases, the events were preceded by the
development of multiple low atmospheric pressure systems
(extratropical cyclones), with average duration of 6 days,
between 40°N and 70°N latitude (Figure 4).

An extended analysis of local wave regime showed a clear
distinction in terms of significant height (Hs) (Figure 3a) and
wave type proportion (Figure 3b)—which refers to the
percentage of sea and swell waves. The season of smaller
waves (0.300.70 m) was distributed between June to October
(2017) and May to October (2018). In this scenario, the presence
of sea waves started to manifest significantly in June 2017 and
May 2018, reaching common predominance in both years
(56100%) around July—August.
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Figure 2. Delimitation of standardized polygons of the (a) east and (b) west sectors.

Bigger waves (0.90-1.20 m) were registered, in general,
between December and April—with the exception of 2018, in
which a distinct mean Hs elevation occurred in November,
simultaneously to the second high-energy event season
monitored. The predominance (up to 77%) of swell waves with
Hs > 1 m occurred between February and April.

Sedimentary Volume

The total volume of sand in the area varied as illustrated in
Figure 5. Initial rates, which accounted for 63,907 m® in volume
above custom level (Vocr,) and 2.3 m in mean level (ML) in April
2018, suffered a diminution of 25%, resulting in 47,961 m® and
2.0 m by the end of May 2018. The greatest volume rate, 74.006
m?, was recorded in July 2018—after 54.3% relative volume
increase—with associated ML of 2.76 m. The value decreases in
14.2% by the end of September 2018, registering Vacr,= 63,534
m?® and ML =2.4 m.

Up next, minimum recorded values, 46,430 m® (—-27%, ML =
1.7 m) in November 2018 and 43,014 m? (—7.4%,ML=1.7m) in
January 2019, were succeeded by a subtle recover of 10.7% in

March 2019, reaching Vacr, = 47,602 m® and ML = 1.9 m. The
final balance reveals a 16,305 m?® loss (—25.5%) in terms of
volume and 0.4 m in terms of mean level (—17.4%) between the
first and last survey.

The rate of change of the eastern and western sectors was
similar to the overall volumetric change (Figures 5 and 6).
However, the east sector (AVacimax =1+59.3% and AV Actmin =
—34.5%) showed a tendency for intensification of volumetric
changes when compared to the west sector (AVacrmax=+53.1%
and AVAcLmin =—25.2%). This pattern indicates the dominance
of cross-shore sediment transport, as expected for a relatively
sheltered coastal area in which the effect of coastal drift is
practically nonexistent.

Although quantitative volumetric changes were more signif-
icant for the east sector, topographic beach profile modifica-
tions became clearer on the west sector (Figure 7). For example,
in response to the high-energy events of November 2018, a
pronounced beach scarp was formed, mobilizing sand to the
lower part of the coast. On the other hand, in the eastern sector
this volumetric variation occurs in a way that the movement of

Table 3. Nomenclature and general information of atmospheric systems development and associated wave response. Dates, Duration (in days) and Minimum
Pressure (in hPa), refer to atmospheric systems. Hs,,q,,, in meters, refers to maximum significant wave height registered in the study area after cyclonic
formation. Response time refers to the interval between storms apexes (minimum atmospheric pressure) and the arrival of the first swell waves.

Dates Duration (days) Minimum pressure (hPa) Hspax (m) Response time
First season (Feb—Apr 2018) 21-28 Feb 2018 7 943 2.63 4
14-18 Apr 2018 4 951 1.78 3
Second season (Nov 2018) 13-17 Nov 2018 5 953 2.32 3
Third season (Feb 2019) 03-10 Feb 2019 7 960 1.75 4
20-26 Feb 2019 6 937 1.54 4
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Figure 3. Monthly characterization of (a) environmental variables, (b) wave type proportion and distribution of tides, significant wave height (Hs), and resultant
wave height (Hr) for the (c) survey period, with high-energy season’s and survey date delimitation.

sediments does not cause great morphological variations in the
beach profile.

Granulometry

The analysis of 78 sampling points along the foreshore (F'S)
and backshore (BS) sectors revealed a faciologic composition
slightly variable from fine to medium lithoclastic sand, mainly
well sorted (Table 4). On the backshore zone, throughout the
survey period, there was a predominance of medium sand in
proportions of 57% to 89%. The foreshore zone, however,
experienced more expressive variations between fine sand (14
to 75%) and medium sand (25% to 86%), especially from
September to November 2018.

The kurtosis parameter (Kg) was predominantly mesokurtic
for both sectors, with punctual expression of platykurtic
patterns for the samples collected in surveys C4 and C7, for
foreshore and backshore sectors, respectively.

Greater discrepancies in granulometric parameters were
observed between September and November 2018, revealing
the abrupt change potential of the second high-energy event.
An inversion of granulometric classification occurred on the

foreshore as medium sand replaced fine sand facies previously
predominant (75%), in an 86% proportion. Selection degree (o),
previously 92% well selected, showed a relevant moderate
selection sediments insertion (43%), with an accentuation of
the symmetry of the Gaussian curve (42% to 86%) and
transition from platykurtic to mesokurtic character. A similar
variation pattern was noted on the backshore for each of the
parameters, however with a subtle numeric discrepancy (Table
4).

In relation to east and west sector, a distinction between
facies was noted—which was disturbed, more significantly, by
the events prior to the C5 survey (Table 5). On the east sector,
under lower energy conditions established by the presence of
rocky outcrops and the influence of Mucuripe Harbor, well-
selected fine sand was predominant, with approximately
symmetric and meso/leptokurtic Gaussian curves. On the west
sector, well-selected medium sand facies predominated (except
in C7), with approximately symmetric mesokurtic curves. In
both sectors, a variation pattern compatible with that observed
in Table 4 was expressed—showing similar response behaviors
for the whole system of the survey area.
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Figure 4. Mean sea level pressure (MSLP) and significant wave height (Hs) imagery, showing the development of atmospheric systems in North Atlantic and
associated swell wave’s arrival on the Northeastern Brazilian coast. A triangle marks the measurement sites in representative high-energy events of each season.

Interaction of Variables

The set of data illustrated in Figure 6 correlates numerically
as indicated in Table 6. Total sedimentary volume (V1) and
mean level (ML) presented a moderate-to-strong correlation
with incident wave type, in the proportions of +=0.638 and
+0.775, respectively. As a result, wave period (7T") correlated
moderately at a rate of —0.504 with V1, and —0.625 with ML.
Significant wave height (Hs) and resultant wave height (Hr)
had negligible and moderate correlation, respectively. The
least significant connections of V¢, and ML were correlated to
mean wave speed (Wspd), in proportions of 0.025 and —0.061.

DISCUSSION
Beach face erosion and recovery phases often occur in cyclic
events concomitant to seasonal climatic variations, delimitat-
ing characteristic volumetric profiles for summer and winter

seasons (Clarke and Eliot, 1983; Owens, 1977; Schwartz, 1967;
Shepard, 1950; Short, 1980). At the study site, sedimentary
balance over a l-year period presented a cyclic variation
tendency, moderately correlated to local wave climate, in which
the atmospheric climatology of the Northern Hemisphere plays
an important role.

The period of significant volumetric accretion was related to
mild weather environmental conditions, especially in terms of
wave period and height. Lower volumetric values were
recorded during the predominance of swell waves smaller than
1 m and in periods of greater wave type variability; a similar
response to the one described by Dubois (1988) in Delaware,
USA. Total sedimentary balance resulted in an erosive
tendency of about 25.5% of the beach profile. This rate might
illustrate a representative and recurrent behavior of the area,
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Figure 5. (a) Volume above custom level (V5cr) curves and (b) mean level (ML) curves, with associated variation rate for the entire area and its sectors, through

each survey interval.

considering its history of anthropic interventions aiming to
prevent such phenomenon.

Despite cyclic variation, the distinction between summer and
winter topography, as synthetically established by Bruun’s
Rule (Bruun, 1962), for instance, must be applied with caution
when considering the effect of swell waves. In two out of the
three monitored cases, the occurrence of multiple storm surge
events was related to positive volumetric changes within its
bimonthly period of incidence on the coast. Similar processes
were described by Dail, Merrifield, and Bevis (2000) and Dubois
(1988) on sandy beaches in Delaware and Hawaii, in which
storm wave incidence caused immediate berm erosion, followed

Table 4. Percentage distribution of granulometric parameter classification
on foreshore (FS) and backshore (BS) sectors.

by a quick process of vertical—and later on, horizontal—
accretion on the beach face. In addition, other authors highlight
the effect of milder swell waves, subsequent to high-energy
events, on the reconstruction of beach profile topography
(Quartel, Kroon, and Ruessink, 2008; Shepard, 1950).
Furthermore, it is important to highlight the role of local
morphodynamics on sedimentary balance based on the distinct
responses of both sectors. Modification patterns of the east
sector, for instance, with softer geomorphological variations in
response to sediment movement, can be explained considering
the presence of the jetty and rocky outcrops and their role in
sediment retention, which characterizes a relatively more

Table 5. Percentage distribution of granulometric parameter classification
on east (ES) and west (WS) sectors.

C3(%) C4(%) C5(%) C6(%) C7(%) C3 (%) C4(%) C5(%) C6(%) C7(%)
FS BS FS BS FS BS FS BS FS BS ES WS ES WS ES WS ES WS ES WS
Folk and Ward (1957) Folk and Ward
Medium sand 33 57 25 83 86 89 67 83 50 67 Medium sand — 57 17 58 50 100 25 100 73
Fine sand 67 43 75 17 14 11 33 17 50 33 Fine sand 100 43 83 42 50 — 75 — 100 27
Selection degree (o) Selection degree (o)
Good selection 92 86 92 83 57 56 100 50 88 100 Good selection 100 86 100 75 25 50 100 62 100 9
Moderate selection 8 14 8 17 43 4 — 50 13 — Moderate selection — 14 — 25 75 50 — 38 — 91

Symmetry (Sy;)
Approx. symmetric 67 43 42 33 86 89 100 83 86 50

Positive symmetry 33 29 16 3 — — — — 14 50

Negative symmetry — 29 42 33 14 11 — 17 — —
Kurtosis (Kg)

Mesokurtic 33 57 25 50 8 78 50 50 57 17

Platykurtic 33 29 42 33 14 11 17 33 29 66

Leptokurtic 25 — 33 17 — 11 33 17 14 17

Very leptokurtic 8§ 4 - - - - - - — —

Symmetry (Sy;)
Approx. symmetric 40 64 66 25 100 83 75 100 50 73

Positive symmetry 40 29 17 25 — — — — 50 27

Negative symmetry 20 7 17 50 — 17 25 — — —
Kurtosis (Kg)

Mesokurtic — 58 66 8 100 75 — 75 — 45

Platikurtic 40 21 17 50 — 17 25 25 55

Leptokurtic — 21 17 42 — 8 75 — 100 —

Very leptokurtic 60 — — - — - — — — —
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Figure 6. Digital elevation models (DEMs) of East and West sectors on missions C1 (first survey), C5 (greater beach profile variability survey), and C7 (final

survey), highlighting areas with notable topographic profile changes.

sheltered zone than the west sector. Intense anthropic
interference and a high degree of artificialization in coastal
areas establish morphodynamic conditions in which the
application of synthesized models, such as that of Bruun,
become particularly limited (Cooper and Pilkey, 2004). To
reach this conclusion, sedimentological characterization was a
key aspect, reinforcing different patterns of energetic condi-
tions and their variation in response to rapid forcing of high-
energy waves, similar to the findings of Herrling and Winter
(2014) and Miot da Silva, Mousavi, and Jose (2012).
Regarding correlations between environmental variables,
sedimentary balance variations showed a predominant con-
nection to wave-tide conditions. In general, all wave param-
eters presented moderate-to-strong relation to beach volume
and mean level. However, an exception to this tendency was
found in significant height (Hs), showing that wave height
alone does not cause relevant variations in volume and level—

but its association with spring tide does have considerable
effects.

In the multi-methodological approach, huge advantages
were noted in using an association of direct and indirect
methods. The UAV-based photogrammetric tool was confirmed
to be very effective, especially in terms of accuracy and cost—
benefit relation in the function of survey area cover and
logistics, as previously highlighted in many current studies
(Brunier et al., 2016; Casella et al., 2014; Cheng, Wang, and
Guo, 2016; Gongalves and Henriques, 2015; Papakonstantinou,
Topouzelis, and Pavlogeorgatos, 2016; Yoo and Oh, 2016).
However, the association of this tool with in situ and satellite
derived data allowed better understanding of the variables and
processes involved in sedimentary budget.

Although this study provides a valuable perspective over
local and possible regional patterns of sedimentary balance, the
need for further elucidation of the submerged sector with
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Figure 7. Visual topographic profile changes in two distinct portions of the West Sector during (a and ¢) C2, May 2018 and (b and d) C5, Nov 2018.

bathymetric surveys (Hallermeier, 1981), in order to fully
understand sedimentary motion within the entire coastal
system, is recognized.

CONCLUSIONS

Under the influence of Northeast Brazil’s characteristic
environmental conditions, the sedimentary balance of For-
taleza’s foreshore and backshore is mainly affected by local
wave regime variations. In this scenario, a strong correlation
was identified between extratropical cyclone formation on the
Northern Hemisphere and the incidence of high-energy waves
on the northeastern Brazilian coast, with a mean response time
of 4 days between apexes of mean sea level pressure (hPa) and
Hs (m).

Local wave regimes presented a clear distinction throughout
the year in terms of Hs (m) and 7' (s), in phase with factors of
climatic seasonality and interhemispheric connection. The
season of high-energy waves concentrated on the first semes-
ter, from January to April, with greater incidence of amplified
swell waves and occurrence of more intense storm surges.

Between May and August, the predominance of sea waves and
the action of characteristically strong winds revealed a
decrease of interhemispheric connection influence, associated
with maximum sedimentary accumulation rates.

The erosive tendency of the area during the survey period,
represented by a sedimentary balance of 25.5% volumetric
decrease, was mostly related to environmental conditions
marked by longer wave periods and greater wave type
variability. The immediate effect of storm surges in this
context, despite the remarkable potential for abrupt modifica-
tions on local volumetric profile and granulometry, still
requires more detailed elucidation—especially concerning the
role of less intense swell waves in beach profile reconstruction.

Subtle granulometric variations indicate that the area is,
most of the time, under a relative energetic balance. Distur-
bances in this system occur more intensively on the medium
portion of superior backshore, highlighting the importance of
monitoring this sector due to its relevance in the sedimentary
mobilization process.

Table 6. Pearson’s correlation coefficient (p) for significant height (Hs), resultant height (Hr), wave period (T), mean wind speed (Wspd), precipitation (Prec),
total volume (Vacr), mean level (ML), sea wave proportion (%sea) and swell wave proportion (%eswell).

Hs (m) Hr (m) T (s) Wspd (m/s) Prec (mm) Vact, (m®) ML (m) % sea % swell
Hs (m) 1 0.875 0.764 —0.840 0.940 —0.239 —0.256 —0.509 0.509
Hr (m) 1 0.893 —0.615 0.744 —0.460 —-0.516 —0.745 0.745
T (s) 1 -0.319 0.568 -0.504 —-0.625 —-0.935 0.935
Wspd (m/s) 1 —0.930 0.025 —0.061 0.001 —0.001
Prec (mm) 1 —0.292 —-0.239 —0.302 0.302
Vact (m?) 1 0.977 0.638 ~0.638
ML (m) 1 0.775 —0.775
% sea 1 -1
% swell 1
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Correlation analysis showed that sedimentary variation
occurs mainly as a function of wave-tide conditions. While
wave period—and, consequently, its type—has strong influ-
ence, wave height alone does not follow the same tendency,
which highlights the role of associated tide conditions.

To attend this objective and the general aim of this study, the
application of direct and indirect methods was undoubtedly
advantageous—highlighting changes in both large and local
scale, in different chronological series.
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