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Abstract: This study aims to investigate the hydrodynamic-morphological interactions on a mi-
crotidal intermediate-dissipative beach under low to moderate wave energy conditions using field
measurements during two climatic seasons. The separate contributions of currents, sea-swell waves,
and infragravity waves to high- and low-frequency sediment fluxes were analyzed. The infragravity
wave energy was more relevant near the swash zone than in other areas. Although the currents
are the primary suspended sediment transport mechanism, the results suggest that the waves are
an important driver of sediment suspension from the seabed. The results indicate that Sea-Swell
(SS) waves and cross-shore currents are the prevailing hydrodynamic factors in nearshore sediment
transport, and the cross-shore suspended sediment transport rates are higher than those in along-
shore transport. The submerged bar intensified during the wet season (1–4 November 2018) when
the wave height intensities were lower, contrary to the dry season (24–25 March 2018). Significant
accretion nearshore was identified (in the subaerial beach) during the wet season when the suspended
sediments were greater, the SS-wave heights nearshore were lower, and sediment flux was directed
onshore. A notorious erosion was distinguished during the dry season. The most representative
volume changes occurred during the dry season (with high erosion), which is attributed to the high
SS-wave energy.

Keywords: morphodynamics; hydrodynamics; suspended sediment transport; acoustic backscatter;
intermediate-dissipative beach; microtidal beach

1. Introduction

Seasonally dominated coastal zones exhibit two cycles of beach morphological change [1].
The first cycle is related to pre- and post-storm evolution, with the fastest, most dras-
tic changes occurring on the shoreline. The second cycle is seasonal, associated with
winter/summer morphological change. Seasonal changes occur more frequently than those
caused by waves in extreme conditions. Differentiating morphological changes associated
with both cycles is essential for understanding morphodynamic behavior on a coastal
beach along a short-term cycle. This understanding, in turn, allows for mitigation of pos-
sible seasonal impacts on a beach, e.g., coastal erosion processes influenced by sediment
redistribution or by transitions between contrasting climate seasons.

Sediment transport on beaches has been a topic of scientific interest since the mid-20th
century [2]. The morphodynamic approach, initially formalized by [3] and later adopted
by [1,4,5] for the study of beaches, involves the interactions between fluid dynamics,
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sediment movement, and morphology. Studies on beach morphodynamics are challenging
due to the synchronous occurrence between hydrodynamic forces and sediment transport.
In addition, measurements are difficult due to the complex logistics required in the high
turbulence environments of the inner surf zone [6,7].

Previous research showed that Sea-Swell (SS) waves were the main mechanism for
sand suspension, whereas Infragravity waves (IG) would transport the sediment through
advection [8,9]. So, the sediment flux distribution due to SS-wave and IG-wave is herein an-
alyzed separately. Using these variables independently allows us to understand suspended
sediment transport influenced by high-frequency and low-frequency wave movements,
as well as their effect on sediment redistribution at the subaerial beach. The microtidal
dissipative beaches with a moderate slope and microtidal regime are particularly sensitive
to seasonal variations and changes in oceanographic conditions, significantly contribut-
ing to sediment distribution, coastal bar formation, and shoreline configuration [9–11].
The suspended sediment fluxes were estimated from the current velocity and suspended
sediment concentration profiles divided by short- and long-wave contributions. This infor-
mation allows us to assess sediment flux direction as well as beach responses to short-term
seasonal variations.

The Caribbean coastline of Colombia spans over 1750 km, encompassing approxi-
mately 54.86% of the total coastline. The remaining 45.14% of the Colombian coastline
is comprised of 1448 km of macrotidal Pacific coasts [12]. Despite the large extent of its
coastline, most studies of beach morphological change on the Caribbean coast of Colombia
have focused mostly on extreme events (e.g., hurricanes, cyclones, cold fronts, tsunamis),
whereas moderate- to low-energy wave conditions remain poorly assessed. The latter con-
ditions are often disregarded in analyses because of their less drastic and sudden behavior;
nevertheless, focusing only on extreme events leads to an incomplete comprehension of
evolution processes. Furthermore, it is important to delve deeper into moderate wave con-
ditions, which occur with greater frequency and play a critical role in beach configuration
and stability. Therefore, this research will be based on studying the morphological change
of a microtidal intermediate-dissipative beach under low-to moderate-energy conditions in
two contrasting climate seasons. This study is relevant for understanding the morphologi-
cal processes along the Colombian coast because it identified short-term and medium-term
change patterns, as well as erosion and deposition of sediment from a seasonal analy-
sis. Lastly, the results of this research could be used as tools for coastal management,
conservation, and adaptation strategies for coastal erosion processes.

In this study, morphological evolution will be analyzed on a microtidal intermediate-
dissipative beach by collecting in-situ data during two contrasting climatic seasons. Here, it
is considered that intermediate beach states exhibit strong morphodynamic feedback, with
locally significant transport rates and steep transport gradients [13]. Several parameters
were assessed in the most dynamic zone of the beach (between the surf zone and near
the swash zone). These parameters include sea level variation, wave height, local current
magnitude and direction, initial morphological conditions, sediment grain size, depth, and
turbidity. The results of this study highlight how field data from the surf zone, particularly
those near the swash zone, are essential for the qualitative and quantitative determination
of sediment transport on beaches.

This research aims to describe the continuous interaction between waves (both SS and
IG), tides, currents, and suspended sediment transport through: (1) the spatiotemporal
evolution of cross-shore hydrodynamic forcing and suspended sediment concentration;
(2) cross-shore sediment fluxes; and (3) the relationship between hydrodynamics and beach
volumetric changes (e.g., erosion/accretion zones and submerged bar migration). This
study will analyze the most significant seasonal variations as well as the sedimentary
dynamics present in a microtidal intermediate-dissipative beach. Long-term morphological
changes, or those caused by high energy events such as cold fronts or rough sea conditions,
among others, will not be discussed herein, as this type of phenomenon did not occur
during the measurement’s days.



J. Mar. Sci. Eng. 2024, 12, 1141 3 of 30

2. Materials and Methods
2.1. Study Area

This study was performed at Bocatocino Beach, Juan de Acosta municipality, Atlántico
Department, Colombia (Figure 1a). Bocatocino Beach exhibits a micro-tidal regime typical
of the Caribbean coastline of Colombia, with a range of 0.48 m [14,15]. The wave climate
in the proximal marine zone and coastal platform of the Colombian Caribbean, including
Bocatocino Beach, is dominated by waves coming from the NE and NNE, with a probability
of occurrence of 82% and 12%, respectively [15,16]. Bocatocino Beach has an intermediate-
dissipative profile (Figure 1e), with a steep slope in the emerging part of the beach (average
slope β ≈ 0.134). The slope becomes gentler in the submerged section, with an almost
constant value of 0.014 up to 134 m away from the coast, where it becomes slightly steeper
(β ≈ 0.018). Coarse sand is the predominant sediment at Bocatocino Beach (see Section 2.3).
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profiles P1, P2, P3, and P4 from 24 to 25 March 2019 (Dry season), (e) Topo-bathymetric profiles for 
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Figure 1. (a) Regional location of the study area; (b) Bocatocino beach during the measurement days;
(c) Bathymetric data of 1 November, 2018 and the location of profiles P1, P2, P3, and P4 from 1 to
4 November, 2018 (Wet season), (d) Bathymetric data from 24 to 25 March 2019 and the location of
profiles P1, P2, P3, and P4 from 24 to 25 March 2019 (Dry season), (e) Topo-bathymetric profiles for
the wet season (blue line) and the dry season (red line). The sensor with the letter W corresponds to
the equipment installed in the wet season, and D corresponds to the equipment in the dry season. In
addition, the profiles were divided into 5 sections (S1, S2, S3, S4, and S5).
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The weather and wave regime in the study area is influenced by the migration of the
Intertropical Convergence Zone (ITCZ), where Northeast (NE) and Southeast (SE) trade
winds converge [15]. Due to the double passage of the ITCZ over the Colombian Caribbean
Sea, this region has two dry seasons (December–March and June–July) and two wet seasons
(April–May and August–November) [17,18]. Dry seasons are characterized by high-speed
winds from the Northeast [15]. The largest waves occur during these seasons, with an
average significant height (Hs) of 2.3 m [19]. On the other hand, wet seasons feature higher
precipitation levels and lower wind speeds from the East [20], with an average Hs of 1.1 m.

2.2. Field Experiments

Field experiments were performed to compile hydrodynamic and topo-bathymetric
data from Bocatocino Beach during the dry and wet seasons. The first field experiment
was performed in the wet season, from 1 to 4 November 2018. The second experiment was
performed during the dry season, between 22 and 25 March 2019.

Water level data were collected with pressure sensors (RBR duo and RBR). Flow rates
were collected with current meters (Aquadopp® Profiler, Nortek group, Boston, MA, USA).
On the other hand, suspended sediment concentration (SSC) was measured with turbidity
sensors (OBS-3+ and OBS-5+, Campbell Scientific, Barcelona, España). In addition, volume
concentration data was determined for 36 sediment size classes (LISST-200X, Sequoia,
Bellevue, WA, USA). Sensors were installed cross-shore on Bocatocino Beach (Figure 1c,d).
The experimental setup allowed for the analysis of the hydrodynamic spatio-temporal
evolution of nearshore hydrodynamics as well as the transformation of associated SS-waves
along the shoaling zone, surf zone, and near the swash zone (Table 1).

Table 1. Instrument configuration for the dry and wet seasons at Bocatocino Beach. Note: The
acronym HR means high resolution.

Season Sensor/
Symbology Instrument Location Distance from

the Coast [m] Depth [m]

Wet

W0 Nortek Aquadopp Profiler Shoaling zone 400 ~7.9

W1 Nortek Aquadopp Profiler Breaking zone 150 ~2.8

W2 Nortek Aquadopp Profiler

Surf zone

34 ~1.3

W3 and
OBS 5+ Nortek Aquadopp Profiler HR and OBS5+ 23 ~1.2

W4 Nortek Aquadopp Profiler HR 16 ~1.1

W5 RBR Near the
Swash zone 10 ~1.0

Dry

D0 RBR Shoaling zone 400 ~7.9

D1 Nortek Aquadopp Profiler Breaking zone 150 ~2.8

D2 and
OSB 3+ Nortek Aquadopp Profiler and OBS3+

Surf zone
30 ~1.4

D3 Nortek Aquadopp Profiler HR 21 ~1.3

D4 and LISST Nortek Aquadopp Profiler HR and LISST Near the
Swash zone 13 ~1.1

Pressure sensors, current measurers, OBS3+ sensors, and LISST sensors were config-
ured to measure at a frequency of 5 Hz during the dry season. The D0 sensor was an RBR
instrument located 400 m away from the shoreline. D1 and D2 sensors were configured at a
vertical resolution of 50 cells and widths of 20 and 10 cm, respectively. Sensors D3 and D4
were configured at a vertical resolution of 28 cells and 1 cm of width. The blanking distance
for sensors D1, D2, D3, and D4 was 10 cm.
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Regarding topographic information, beach profile measurements were carried out
from 1 to 4 November 2018 for the wet season, and from 24 and 25 March 2019 for the dry
season. Beach profiles were measured using a total station with an accuracy of ±0.0762 m
for the combined x and y coordinates and ±0.0762 m for the z coordinate. The data were
georeferenced through a differential global positioning system. Four profiles were estab-
lished cross-shore, strategically distributed along the hydrodynamic array. The beach
profiles P1 to P2 were located along the coast (Figure 1c,d). To collect depth data, bathy-
metric surveys were carried out for each climatic season using a digital echo sounder,
and a high-frequency (200 kHz) transducer with an accuracy of 0.01 m ± 0.1% depth was
used. Depth data were taken from high and low tide forecasts published by the Colombian
Institute of Hydrology, Meteorology, and Environmental Studies, IDEAM [21], and were
referenced to the mean low water springs (MLWS). Hydrodynamic, topographic, and
bathymetric measurements will determine the relationship between hydrodynamic forcing
(e.g., SS and IG waves, long-shore and cross-shore currents, sea level, wave steepness) and
coast morphological changes.

2.3. Sedimentology Analysis

Three sediment samples were collected in both climatic seasons in order to determine
the sedimentological characteristics of the study area. Three points of interest (in the surf
zone) were chosen for sample collection. Sediment samples were analyzed to characterize
the composition, textural group, and grain size of each coastal zone through the GRADIS-
TAT tool proposed by [22]. Table 2 shows the composition percentages and textural groups
of six sediment samples collected for both climatic seasons.

Table 2. Composition percentages and the textural group for six (6) sedimentological samples
according to each nearshore littoral zone from which they were extracted.

Climatic
Season Sample Coastal Zone Textural Group Very Fine

Sand (%)
Fine Sand

(%)

Medium
Sand
(%)

Coarse Sand
(%)

Very Coarse
Sand
(%)

Gravel
(%)

Wet

1 Surf zone Slightly gravelly
sand 0.8 12.3 27.1 47.7 10.7 1.4

2 Near the swash
zone Sandy gravel 0.4 3.1 5 23.9 30.1 37.5

3 Subaerial zone Slightly gravelly
sand 1.0 24.6 51.7 20.4 2.1 0.2

Dry

4 Surf zone Gravelly sand 0.2 3.1 18.7 36.5 20.0 21.5

5 Near the swash
zone Sandy gravel 0.1 0.7 9.8 34.6 22.3 32

6 Subaerial zone Slightly gravelly
sand 0.7 9.5 52.5 33.8 3.3 0.2

2.4. Data Series Processing

A quality control protocol, comprising a visual inspection process and the implemen-
tation of a manual quality control tool, was applied to the raw field data series. In the
visual inspection stage, unusual patterns or fluctuations, such as extreme, outlier, or null
values, were identified. These unusual values may be caused by external conditions, such
as the presence of swimmers in small vessels near the measuring site. These outliers were
removed from the dataset. Measure data near or above the sea surface were eliminated due
to the presence of erroneous data caused by contamination of the lateral lobe.

A moving average filter was used as a quality control tool, applying a sliding window
to the data series to identify anomalous values and correct atypical values if needed.
The sliding window was relatively small (approximately between 5 and 20 s), given the
frequency and nature of data fluctuations. Current, wave, and turbidity data were measured
each second for three consecutive days. Therefore, data fluctuations can be rapid and
transitory. Nevertheless, this window allowed us to capture short but significant events
as atypical data noise was deleted. In some cases, it was necessary to adjust the window
size during the analysis. To identify systematic biases in measurements, thresholds where
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atypical values were found in the data series were defined using mean (central trend)
and standard deviation trends. These statistics play an important role in the validation
of measured data as well as in data quality control. Data considered atypical were those
outside the range (two or three standard deviations away from the median). Lastly, a
Nearest Neighbor Analysis was applied to detect atypical values that remained undetected
by previous methods.

Data were analyzed through time-domain representations using Fourier Transform
(FFT) and Cross-wavelet Transform (XWT), following previous studies [17,19].

2.4.1. Time and Frequency Domain Processing

Hydrodynamic (e.g., sea level, cross-shore, long-shore currents) and turbidity data
taken in field campaigns were split into 1-h sea states to perform time-domain analyses.
Fourier transform analysis was employed to estimate the wave energy density (S) of the
free surface elevation series in the frequency domain. Eight Hamming windows were used,
with an overlapping of 50% and a frequency bandwidth of 0.002 Hz. Significant wave
heights were classified into two bands: gravity, or SS (Hmo,SS), and infragravity (Hmo,IG),
using Equation (1) and according to [23].

Hmo,SS = 4

√∫ fsplit

f0.005

S( f ) d f , Hmo,IG = 4

√∫ 0.5

fsplit

S( f ) d f (1)

where a cutoff frequency ( fsplit) of 0.05 Hz, approximately equal to half the average peak
frequency ( fp = 1/Tp) of offshore waves, is used to separate infragravity (IG) and gravity
(SS) bands. This choice of cut-off frequency is based on the tendencies of gravity and IG
wave energy frequencies in deep water conditions. Most gravity-wave energy displays
frequencies > f p/2, whereas most IG-wave energy lies at frequencies < f p/2 [24].

2.4.2. Wave Steepness and Breaking Wave Percentage

Wave steepness was used as a proxy to assess sediment transport and determine the
effect of wave conditions on suspended sediment. Wave steepness was calculated using
Equation (2):

Wave steepness = H/L∗ (2)

where H and L∗ are wave height and wavelength, respectively. The dispersion equation (3)
was used to determine wavelength and wave period values [25].

L∗ = gT2tanh
(

2πh
L

)
/2π (3)

where T is wave period, h is depth, and g is the gravitational acceleration. In this study,
significant wave period (Tsig) and height (Hsig) values were used. In a shallow-water
approximation, Equation (3) is simplified as:

Lshallows = T
√

gh (4)

In this study, the breaking wave percentage was calculated following [26] as the ratio
between the number of waves classified as broken (Nbr) and the total number of waves (Nt)
in the same time interval as Qb = Nbr/Nt.

2.4.3. Principal Component Analysis (PCA)

The PCA method was used to determine the correlated variables of multiple hydro-
dynamic forcing factors with the topographic change. This method has been very useful
in coastal research as a tool for assessing the role of meteorological and marine forces on
beach morphological change [4,27]. In this work, a PCA was employed between marine
forcing (heights Hmo,ss, Hmo,IG, wave steepness, velocities, and maximum tide level) and
the sediment suspended concentration (SSC) to analyze the response of sediment supply
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nearshore, which could be a proxy for the topographic change on beaches. Correlations
between principal and secondary components were calculated; those with values above
0.47 were considered significant.

2.4.4. Estimated Suspended Sediment Concentration from Acoustic Backscattered (ABS)

The sonar equation was used in this study to quantify SSC, first by converting acoustic
echo intensity (E), measured in counts by the ADCP, and posteriorly by converting to
acoustic backscatter (ABS), measured in dB, using the methods provided by [28–30]. Eco
retrodispersion in dB is given by [28]:

ABS = {C− LDBM − PDBW}+ 2αR +
{

10log10

[
(TTD + 273.16)R2

]}
+ {10log10[10

Kc(E−Er)
10 − 1]} (5)

Equation (6) can be rewritten in a simpler form as:

ABS = Kc + 2TL′ + RL′ (6)

In the first terms of Equations (5) and (6), C is an empiric constant, LDBM is given by
10log10(L), with L′ being transmitted pulse length (measured in m), and PDBW is defined
by 10log10(P), with P being transmitted frequency (in watts). Kc is given as,

Kc =
127.3

TTD + 273◦
(7)

The second term in Equations (5) and (6) represents a parameter of bidirectional
transmission loss (2TL′), in which parameter α is the sound absorption coefficient in water
(in dB/m), R is the range along the acoustic beam (in m), and TTD is the temperature at the
depth of the transducer (in ◦C).

R was calculated following by [29,31], as follows:

R = z/ cos(beam angle, 25◦ f or Aquadopp/AWAC) (8)

∝ was calculated using the formula provided [32], as follows:

∝= 0.106
f1 fi

2

f 2
1 + fi

2 e
PH−8

0.56 + 0.52
(

1 +
TTD
43

)(
S
35

)
f2 fi

2

f 2
2 + fi

2 e−
h
6 + 0.00049 f 2e−(

TTD
27 + h

17 ) (9)

The first and second terms of Equation (9) represent the relaxation frequencies of two
compounds in the ocean: Boric Acid ( f1 = 2.2) and Magnesium Sulfate ( f2 = 205.3). The
third term of the equation represents viscous absorption, in which S is salinity in ppt, h is
water depth in m, and fi is the acoustic frequency applied.

The third term in Equation (6) equals echo strength (in counts) converted to reverbera-
tion levels, in which Kc is a factor for the conversion of amplitude in counts (as reported by
the ADCP receiver circuit) to dB. E is the RSSI (returned signal strength indicator), given
by the Aquadopp sensor for each bin along the acoustic beam, in counts [33]. Reference
echo strength (Er) was cero, under the assumption of null noise level.

SSC or c was obtained in mg/L from OBS measurements based on a previous calibra-
tion for conditions in the study area following the instructions by the manufacturer [34],
where it was obtained the linear relationship between Nephelometric Turbidity Unit, NTU,
(as an independent variable) and mg/L (as a dependent variable), as shown by equation
10, with significant correlation coefficients at a 99.5% confidence level (i.e., the average
magnitude of the residuals was less than 0.5% of the measurement range).

Turbidez(NTU) = 0.473 ∗ c(mg/L)− 701 (10)

In order to estimate SSC values, a calibration curve was obtained, relating ABS (in dB,
as estimated from the Aquadopp current meter) to suspended sediment concentration c
(in mg/L, measured with a calibrated OBS 3+) through simple linear regression analysis.



J. Mar. Sci. Eng. 2024, 12, 1141 8 of 30

Obtaining the calibration curve involves collecting simultaneous measurements between
both variables. Using the best-fit model, the SSC values were estimated in the study area.
Finally, the relationship between echo intensity from acoustic measurement from Aquadoop
(dB) and SSC values derived from OBS (mg/L) is mathematically represented by:

10log(SSCOBS) = a ∗ ABS (in dB) + b (11)

where a and b represent the relationship between both variables. The calibration curve
was validated using independent data that was not used in the initial fitting process. The
method was implemented for the sensors (W1 to W4, and D1 to D4), and it is explained in
more detail in results Section 3.1.

The calibration for the ABS method using an OBS sensor is shown in Appendix A. An
important limitation was found in the process for estimating SSC from ADCP, which is
associated with the sediment grain size (see Appendix B).

2.4.5. Estimation of Suspended Sediment Transport

Flux velocity directions determine sediment transport directions. Onshore-directed or
offshore-directed velocities imply cross-shore transport, whereas E-directed or W-directed
velocities involve alongshore transport [35]. Sediment flux was calculated as the product of
suspended sediment content c and the respective velocity components (u-components for
cross-shore currents or alongshore currents). In order to calculate values of absolute and
relative IG sediment flux, net suspended sediment flux was obtained first for each point,
as follows:

qtotal =< uc >=<
(

u +
∼
u
)(

c +
∼
c
)
>= u·c+ < u′·c′ > (12)

The first term on the right-hand side of Equation (12) represents the local mean sand flux
(qmean), and the second term is the oscillatory flux of the wave. The symbol < > indicates that
it is a time-averaged value. Oscillatory flux was classified into a wave component (SS) and
an IG wave component (IG) using the cutoff frequency, fsplit = 0.05 Hz.

< u′·c′ >=< (uss + uIG)(css + cIG) >≈< uss·css > + < uIG·cIG > (13)

Equations (12) and (13) were rewritten as:

qtotal =< uc >= u·c+ < uss·css > + < uIG·cIG > (14)

The relative contribution of qIG to total flux rate was determined as,

|q IG
∣∣/(|q IG

∣∣+|q ss
∣∣+|q mean

∣∣) (15)

The contributions of other components were analogously calculated, and suspended
sediment transport was vertically averaged. This allowed us to analyze the effect of SS and
IG wave conditions on suspended sediment transport.

3. Results
3.1. Wave Breaking

The percentage of broken waves was calculated, assessing them from offshore to
onshore sensors. This is a critical parameter, useful as a tool for coastal management, but
rarely quantified for parametric models of energy dissipation within the inner and outer
surf zones. Figure 2a,b show satellite images corresponding to a single measurement day
of each climate season. Figure 2c,d show how the percentage of broken waves evolved
through time. The percentage of broken waves ranged from 1% to 7%, from the shoaling
zone to near the swash zone, for both wet and dry seasons.
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Figure 2. (a) Satellite image obtained from Google Earth for the Bocatocino beach for 2018 November
(wet season); (b) Satellite image obtained from Google Earth for the Bocatocino beach for 2019 March
(dry season). The red triangles correspond to the locations of the pressure and current sensors.
(c) Breaking wave’s percentage for the wet season. (d) Breaking wave’s percentage for the dry season.
The rectangle represents the zone with a higher breaking wave percentage.

Percentages of broken waves greater than 3.5% (corresponding to the inner surf zone)
coincided with the area shown in the dotted rectangle of Figure 2a,b, for both climatic zones.
Meanwhile, percentages below 3.5% were identified outside the rectangle (corresponding
to the outer surf zone). The width of the breaker zone was related to the climatic season.
As shown in Figure 2c,d, the inner surf zone during the dry season was wider in the dry
season than during the wet season.

During the dry season, the beach slope was gentler, with a less steep profile (Figure 1e).
The resulting surf zone was wide enough to dissipate the energy of most waves. On the
other hand, the beach slope was steeper in the wet season (Figure 1e), so the surf zone
was narrow, and the incoming energy was reflected with little or no breaking. In addition,
it can be inferred from Figure 2c,d that, for the most dissipative intermediate beach (dry
season), most wave breaking occurs in the outer border of the breaker zone, intensifying in
the middle to inner breaker zone. On the other side, for the intermediate, less dissipative
beach (wet season), which had lower energy, most waves break close to the middle surf
zone. For more dissipative beaches, this value rapidly increases towards the outer surf
zone, whereas for more reflective beaches, the value slowly increases through the entire
surf zone. These results agree with conceptual models of the surf zone with gently sloped,
dissipative beaches mentioned by [36].

3.2. Nearshore Hydrodynamics

Figure 3 represents the spatial-temporal evolution of hydrodynamic forces and SSC
during the field experiments. Each variable is calculated by sea states. Figure 3a presents
the temporal evolution of sea level for cross-shore sensors located 150 m from the coast.
Figure 3b,c show the significant heights of the SS and IG waves (Hmo,SS y Hmo,IG, respec-
tively). Figure 3d,e show cross-shore and long-shore flow velocities, suspended sediment
concentration (SSC, Figure 3f), and wave steepness (Figure 3g). The left side represents
data taken during the wet season, and the right side comprises data from the dry season.
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Figure 3. (a) Temporal evolution of sea level for cross-shore sensors located at 150 m. Spatial-temporal
distribution for: (b) Significant wave height SS (Hmo,SS). (c) Significant wave height IG (Hmo,IG).
(d) Cross-shore flow velocities. (e) Long-shore flow velocities. (f) Suspended sediment concentration,
SSC. (g) Wave steepness. The horizontal line corresponds to 30 m from the coast. In addition, the
data were averaged by sea state (hourly) for the wet (left panel) and dry (right panel) seasons.

The definition of shoaling, surf, and swash zones (Table 1) was supported by the
results shown in Figures 2 and 3. The shoaling zone was identified in areas with depths
greater than 2.8 m, characterized by the absence of broken waves, together with the greatest
significant wave height (ss-wave) values on instrument locations W0, W1, D0, and D1.
From this point, the waves begin to break, form crests, and significant wave heights increase,
whereas ss-waves decrease. In addition, an increase in the percentage of broken waves
is recorded. Coarse sands prevailed in this zone (47.7% for the wet season; 36.5% for the
dry season, see Table 2). Sensors W4 and D4 were located near the swash zone, where a
decrease in the percentage of broken waves was found, suggesting less turbulence and
wave breakage activity. In addition, this location was identified to exhibit the lowest energy
and height values for SS-waves, but higher values for IG-waves compared with other areas
away from the coast. Coarse sediments were distributed near the swash zone during the
wet season, with 37.5% of gravel and 34.6% of coarse sand for the dry season. In the dry
portion of the beach, ~52% of the middle sand was identified for both climatic seasons.

3.2.1. Spatial and Temporal Evolution of SS-Waves and IG-Waves

Figure 3b shows greater height values for SS-waves, Hmo,SS, during the dry season,
compared to those in the wet season. In turn, offshore SS-wave height was predominantly
greater than onshore SS-wave during the dry season. In Figure 3c, IG-wave Hmo,IG, values
were more representative than SS-wave ones within the inner surf zone. This difference
was more evident in the dry season (when the beach displayed a more dissipative profile)
than during the wet season (when the beach featured a less dissipative profile). This
pattern agrees with the works of [37,38], who found that on gently sloping beaches, IG
wave heights are relatively greater compared to SS-waves, whereas IG wave heights are
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smaller compared to short-wave heights on steep beaches. Differences in wave height may
be explained by the morphodynamic state of the Bocatocino beach, which was observed
to be less dissipative during the wet season and more dissipative during the dry season.
In the same way, it is possible to infer a reflection of Hmo,SS during high tide intervals in
the case of the dry season. Relationships between beach profile and wave height patterns
at Bocatocino Beach are consistent with the results reported by [39,40]. It is important to
point out that the highest atmospheric pressure gradients occurred during the dry season
(~1010.6 mbar), in contrast with those of the wet season (~1009.3 mbar) [41]. Differing
pressure gradients indicate a significant increase in wind-height fields and SS-wave height
during the dry season. On the other hand, during the wet season, the opposite trend was
observed (Figure 3b). The meteorological parameters mentioned above were extracted from
marine meteorological bulletins published by the General Maritime Directorate (DIMAR)
for November 2018 and March 2019 [41].

During the wet season, SS-wave height values were highest in the outer surf zone
(Hmo,SS ≈ 0.7 m to 1.2 m), contrasting with those in the inner surf zone (Hmo,SS ≈ 0.1 m
to 0.6 m). These variations may be caused by energy dissipation and increase due to
shoaling. IG-wave height decreased due to friction between the incident short wave group
and the seabed. These decreases intensified through two shallow water zones (Figure 2a),
inducing breaking points distributed at different depths in the breaking zone, together with
the generation of long waves (surges and bores). Therefore, IG-wave height was lower
in the inner surf zone (Hmo,IG ≈ 0.05 to 0.1 m) but increased near the swash zone (up to
approximately 0.3 m). These data are in close agreement with the models in [42,43]. In the
dry season, SS-wave height was highest in the outer surf zone (Hmo,SS ≈ 0.8 to 1.2 m), with
lower values in the inner surf zone (Hmo,SS ≈ 0.5 to 0.8 m). These height values decreased
due to energy dissipation in wave breaking. IG-wave was relatively lower in the inner surf
zone (Hmo,IG ≈ 0.05) but increased near the swash zone (up to approximately 0.08 m).

For both seasons, nearshore SS-wave height values were tide-modulated. In the wet
season, the highest SS-wave height values (Hmo,SS ≈ 0.4 to 0.6 m) were synchronized with
the neap-spring tidal cycle, whereas the lowest values of SS-wave height (Hmo,SS ≈ 0.2
to 0.4 m) coincided with the spring-neap tidal cycle. During the dry season, the highest
high tides (lowest low tides), as well as the highest (lowest) SS-wave and IG-wave heights,
coincided with maximum (Hmo,SS ≈ 0.8 m and Hmo,IG ≈ 0.13 m), and minimum heights
Hmo,SS ≈ 0.4 m and Hmo,IG ≈ 0.05 m), respectively. No influence of tides could be identified
for IG-wave height.

Energy is dissipated when waves approach shallow waters due to an energy transfor-
mation process. SS and IG energy distributions were calculated for cross-shore instruments
(400, 150, 34, 23, and 16 m away from the coast) (Figure 4). Figure 4a shows the time
series of significant wave height (Hs) for marine sensors; Figure 4b,c show the spatial-
temporal distribution of SS and IG energies; and Figure 4d shows a time series of sea level.
Figure 4b,c show that during the wet season SS energy decreases from the outer surf zone
to the inner surf zone, from 2.99 m2/Hz to 0.57 m2/Hz, whereas IG energy increases from
0.05 m2/Hz to 0.18 m2/Hz. These results indicate that energy is non-linearly transferred
from high-frequency (SS) to low-frequency (IG) waves. According to [40,41], this phe-
nomenon occurs mainly on beaches with gentle or intermediate slopes or in high-energy
conditions, as observed at Bocatocino Beach. On the other hand, Figure 4b shows that
during the dry season, SS energy decreases from the outer surf zone to near the swash zone
(1.9 m2/Hz to 0.79 m2/Hz), whereas IG energy increases from 0.06 m2/Hz to 0.18 m2/Hz.
These results confirm the relationship between seabed morphology and the percentage
of broken waves. This energy transfer may be related to: the generation of leaky waves
through the release of group-bound long waves [44]; when bound waves satisfy the free
wave dispersion relationship [45,46]; or when time-varying breakpoint forcing occurs [47].
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conditions, with currents more oriented towards the coast when IG-wave conditions were 
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Figure 4. SS and IG-energy distribution. (a) Temporal evolution of Hs for sensors at 150 m (solid
black line) and 30 m (dashed gray line) from the coast; (b) Spatial-temporal distribution of IG
energy for each sensor located; (c) Spatial-temporal distribution of SS energy for each sensor located,
(d) Significant wave height (Hs). Data were averaged by sea state (hourly) for the wet (left panel) and
dry (right panel) seasons.

Figure 4b,c show the synchronicity between tide cycles and wave regimes for both SS
and IG. A decrease in cross-shore SS energy of 81% was observed in the wet season, together
with a 58.4% decrease from the outer surf zone to near the swash zone during the dry season.
Here, IG waves interact with short waves (particularly around the spectral peak of energy),
and energy in the IG frequency propagates to a wide range of high frequencies [37,38]. In
contrast, IG energy doubled in both climate stations. IG-waves create higher IG harmonics,
shifting IG waves to an asymmetrical shape [38]. According to [48], which points to seabed
friction as a possible cause for wave energy dissipation, or who proposes a decrease in
energy due to wave breakage [49,50].
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3.2.2. Spatial and Temporal Evolution of Alongshore and Cross-Shore Currents

Figure 3d,e show the spatio-temporal distribution of cross-shore and long-shore cur-
rents for the wet (left-side) and dry (right-side) seasons. In both climatic seasons, cross-shore
currents were the dominant type, with a prevailing seaward direction, in contrast with
longitudinal currents with a prevailing westward direction. In addition, the greatest in-
tensities for both currents and SS-waves Hmo,SS were observed during the dry season. In
both climate seasons, the direction of cross-shore currents was influenced by wave con-
ditions, with currents more oriented towards the coast when IG-wave conditions were
more energetic (inner surf zone, Figure 4c). However, current directions became oriented
offshore near the swash zone. In the dry season, cross-shore currents displayed particu-
larly strong magnitude and direction and were oriented towards the sea in the shoaling
zone when SS-wave conditions were stronger (Figure 4b). On the other hand, there is
no prevailing direction of currents during the wet season. This contrast between climatic
seasons may be explained by inter-seasonal changes in seabed morphology, which may
probably affect current measurements represented by processes in breaking and sandbank
formation zones.

Seaward return flows were thus differentiated and identified as undertow currents,
possibly generated when SS-waves broke on the different submerged sandbanks observed
nearshore. These results are consistent with previous research that corroborates the rela-
tionship between wave-breaking processes and the direction of cross-shore currents [51,52].
Current directions depend on nearshore processes where: bank formation processes occur
outside the breaking zone (the region where waves rapidly dissipate energy due to depth-
limited wave breakage and currents are predominantly directed offshore), and breakage
processes occur within the breaking zone and produce currents near the coast.

3.3. Inter-Seasonal Changes in Subaerial and Submerged Beach Morphology

Beach profile measurements and nearshore bathymetric datasets allows us to identify
erosion and accretion zones on a short-term scale. Bathymetric information was recorded
relative to the Mean Low-Water Spring (MLWS), showing seabed geomorphology for each
climate season. These data and nearshore hydrodynamics were used to understand the
morphological changes of the beach.

3.3.1. The Cross-Shore Suspended Sediment Transport

Figure 5a shows the temporal evolution of significant wave height (Hs) for W2, W4,
D2, and D4 sensors. Figure 5b,c show the net distribution of cross-shore and alongshore
sediment flux, in mg·m−2·s−1, for SS waves (qSS) and IG waves (qIG) during the wet and
dry seasons, respectively. W2 and D2 sensors were located in the inner surf zone, and W4
and D4 sensors were located near the swash zone.

Sediment fluxes during the dry season were generally found to noticeably exceed the
mean total flux. The highest flux peaks were qSS = 1.19 mg/m2s during the wet season and
qIG = 0.98 mg/m2s in the dry season. Cross-shore transport was greater than alongshore
transport in both climatic seasons, in the same way as corresponding cross-shore currents
were greater than alongshore currents. In addition, qSS was greater than qIG, both for cross-
shore and long-shore transport. Insignificant rates of net suspended sediment transport
rates, associated with IG waves, were also found by [8,39]. A particularity stood out during
the dry season: fluxes due to SS-waves displayed similar magnitude orders in sensors
D3 and D4. However, IG-wave-associated fluxes were significantly greater in sensor D3,
where it was found that IG energy and wave breakage processes were more intense (see
Figure 5c).
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Figure 5. Net sediment flux distribution for SS and IG waves (qSS and qIG, respectively). (a) Temporal
evolution for the significant wave height; (b) Cross-shore sediment flux distribution; and (c) Along-
shore sediment flux. The fluxes were calculated for the sensors at 30 m (solid black line in (a) and
black rectangle in (b,c)) and 10 m from the coast (dashed gray line in (a) and white rectangle in
(b,c)). Data were averaged by sea state (hourly) for the wet (left panel) and dry (right panel) seasons.
Since the sediment fluxes were determined by Equation (12) from the measurements of “v” and the
estimates of “c” obtained from the ABS method, both measurements collected from the aquadopp
sensors, it follows that the precision of the estimated sediment fluxes is ±1% of the measured value
(accuracy of aquadopp instruments).

During the wet season, cross-shore qSS displayed maximum and minimum peaks of
1.19 mg/m2s and 0.03 mg/m2s, respectively, whereas alongshore qSS exhibited a maximum
value of 0.51 mg/m2s and a minimum of −0.02 mg/m2s. On the other side, cross-shore
qIG showed maximum and minimum peaks between 0.35 mg/m2s and −0.03 mg/m2s,
respectively, whereas alongshore qIG displayed a maximum value of −0.81 mg/m2s and a
minimum of 0.03 mg/m2s. In addition, cross-shore qSS presented a predominantly wave-
dominated regime during the dry season, whereas for the wet season, it was not possible
to distinguish a prevailing direction. Regarding the flux direction, observed qSS cross-shore
fluxes were mainly offshore-directed (Figure 5b,c, left), whereas qSS alongshore fluxes in
the inner surf zone were directed westward. At the same time, Figure 5c shows that qSS
alongshore fluxes were W-directed near the swash zone. However, qIG did not show a
significant cross-shore direction, particularly in the surf zone. Despite this, these findings
may imply that long waves act as suspended sediment advection mechanisms, mainly by
breaking incident waves [9]. Wave steepness was greater (>0.035) around these sensors, as
was average wave height, which reached 0.6 m for sensor W2 and 0.5 m for sensor W4.

In the dry season (Figure 5b,c, right), cross-shore qSS presented maximum and min-
imum values of 0.73 and −0.04 mg

m2s , respectively, whereas alongshore qSS displayed a
maximum value of −0.34 mg

m2s and a minimum of 0.03 mg
m2s . On the other hand, cross-shore

qIG presented maximum and minimum values of 0.98 mg
m2s and −0.04 mg

m2s , respectively,
whereas alongshore qSS displayed a maximum value of −0.51 mg

m2s , and a minimum value
of 0.02 mg

m2s . Regarding the flux direction, qIG cross-shore flux values were greater than
those of qSS cross-shore flux, the opposite pattern to that found in the wet season. These
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were consistent with previous works [53,54], which found that qIG could exceed sediment
transport caused by incoming waves and mean currents. In addition, tidal modulation
of IG waves was observed (Figure 5b, right). IG wave height was greater during some
tidal cycles (particularly during the neap-spring cycle), so that it drives the highest energy
transfer from SS-waves to release IG motions. The values of qIG alongshore flux were
noticeably higher than those of qSS fluxes (Figure 5c). IG height coming from the surf zone
can be almost as important as SS-wave height [7,53]. In summary, cross-shore currents and
sediment suspended concentrations resulted in predominantly cross-shore-oriented qSS
and qIG.

3.3.2. The Beach Slope and Morphological Changes of the Subaerial Zone of the Beach

The Bocatocino beach was classified into five sections (Sections S1 to S5, see Figure 1e)
for the wet season (blue line) and the dry season (red line). Beach slope and volume
changes were calculated, especially in the nearshore zone. In turn, this will allow for the
development of a detailed analysis of the main changes in the seabed. Section S1 was
located next to the coast, with a very steep slope (4.9◦) for the wet season and a gentler
slope (1.7◦) for the dry season. Section S2 (between 16 and 62 m from the coast) exhibited
a concave profile during the wet season and a slope of 0.9◦ during the dry season. In
section S3 (between 61 and 124 m), there is a gentle slope of approximately 0.5◦ for the
wet season and 0.6◦ for the dry season. Section S4 (between 124 and 238 m) features a
slope of approximately 1.2◦, and Section S5 (between 238 and 400 m) exhibits a slope of
1.0◦ in both climatic seasons. Regarding the changes in beach sediment volume (m3/m), a
decrease of 13.3 m3/m of sediment was identified in Section S1. In Section S2, sediment
volume increased by 25.5 m3/m, and decreased by 13.4 m3/m in Section S3. Volume
increased to 689 m3/m in Section S4. Lastly, the sediment volume in Section S5 did not
show any variations.

Volume changes may be related to seasonal variations in hydrodynamic forces (waves
and currents). Additionally, an offshore sensor (Aquadopp profiler, 400 kHz, located at
600 m from the coast) was employed to understand inter-seasonal changes at a 3-h measure-
ment rate, from 1 November 2018 to 24 March 2019. Figure 6 shows offshore hydrodynamic
conditions (HsO f f shore and TpO f f shore). The highest peak values were identified using cir-
cles with HsO f f shore values between 1.7 and 2.3 m and TpO f f shore ranging from 8 to 10.8 s.
These values occurred in January, February, and March, in agreement with those reported
by [55] for the Colombian Caribbean. These results indicate that hydrodynamic forces occur
more frequently during these months, due to the wave energy conditions (mainly due to
ENE winds). Maximum values of HsO f f shore and TpO f f shore occurred in 23 January and
12 March 2019, which can be associated with two cold fronts affecting the Caribbean region
of Colombia, including Bocatocino Beach, according to marine meteorological bulletins
issued by DIMAR and its Center for Oceanographic and Hydrographic Research of the
Caribbean [50]. These events come from the Northwestern Caribbean Sea between the
Yucatan Peninsula and Cuba, moving towards the Southeast and generating abundant
clouds and moderate precipitations. However, these cold fronts became stationary fronts,
weakening until they disappeared.

The aforementioned intense events could explain the significant volume changes
between climate seasons, as these meteorological events tend to remain for prolonged
periods of time. Therefore, these events may have a more significant long-term influence
on microtidal beach morphology on the Colombian Caribbean coast compared to other
energetic wave states [16,17]. However, there is no compelling evidence supporting a
direct relationship between volume changes and hydrodynamic conditions for the interval
January–March (Figure 6).
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during the measurement period. In addition, the dotted vertical lines divide the measurement days
of each campaign (1 to 3 November 2018 and 22 to 25 March 2019).

Figure 1c,d show no evidence of abrupt morphological change in the offshore sections
(S4 and S5) between climate seasons. However, these changes were identified at the inner
surf zone (sections S2 and S1), where IG-wave energy was higher and is considerably
dynamic due to different turbulence processes that may occur in this zone [10,56]. Lastly,
these findings are very representative, allowing us to approach an understanding of mor-
phological seabed changes, considering the complexity of measurements at the inner surf
zone [7].

3.3.3. The Wave Steepness as a Control Parameter in the Formation and Migration of
Submerged Bar

In order to assess the natural supply of sediment to the beach, SSC estimates were
compared to wave steepness (Figure 3f,g), and the relationship between them was observed.
Wave steepness was used as a control parameter to understand hydrodynamic processes
and their relationship with estimated SSC values on the coast, as well as with coastal
currents. Accretion and erosion zones for both seasons were determined based on the
conceptual model for suspended sediment transport and intertidal beach morphology
response [57]. In the wet season and near the swash zone, cross-shore currents were
offshore-directed when SSC values were greatest (approximately 450 mg/L), and wave
steepness ranged between 0.04 and 0.05. As the wave propagates from the surf zone and
gets near the swash zone, currents become onshore-directed where the slope is less than
0.01. The obtained results indicate an accretion zone 30 m away from the coast (blue band on
the left side of Figure 3g). The accretion zone may be explained by a greater SSC (400 mg/L)
close to the outer surf zone and sediments that were transported onshore-directed and
deposited at the inner surf zone. These findings highlight the weak undertow observed
nearshore when bathymetric gradients were generally smaller.

During the dry season, cross-shore currents were offshore-directed in the shoaling
zone, while the wave steepness value was less than 0.01. These results indicate the presence
of an accretion zone 150 m from the coast (blue band on the right side in Figure 3g) with
average SSC values of 350 mg/L. For its part, the lowest SSC values (~150 to 250 mg/L)
were found in the inner surf zone. The strong undertow observed nearshore may have
contributed to sediment transport towards the sea. Therefore, it is possible to infer that
sediment was not locally deposited but rather supplied from outside the study area. In
short, the nearshore behavior trend for the beach was predominantly accretionary when
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SS-waves were weaker, that is, with wave slopes below 0.010. On the other hand, the beach
was prone to erosion when SS-waves were stronger, with wave slope values above 0.010.

The sediments during the wet season were identified as being coarser than those in
the dry season near the swash zone. So, in W2, the greatest values of wave height and
energy were recorded for the wet season, and a submerged bar was identified. Given the
previous conditions, the bar could be acting as a natural filter, trapping coarser particles and
allowing finer sediment to be deposited in other areas. This dynamic may be influenced
by high IG energies in the wet season, facilitating transport and favoring the deposition
of coarser particles compared to the dry season. The ss-wave energy was greater in the
offshore direction, which could lead to the transport of larger particles directed toward
deeper waters, explaining the appearance of coarser sands in this zone, whereas middle
sands, being less coarse, may be transported by waves up to the subaerial beach.

3.3.4. Inter-Seasonal Volume Variability and the Emerged Beach Morphology

Figure 7a shows four cross-shore topographic profiles (P1, P2, P3, and P4), measured
from the top of the dry beach (~1.5 m MLWS) to the low tide line. Profiles P1-P2 and P3-P4
were located on each side of the hydrodynamic sensor array. The longest profile was 33 m.
Figure 7b shows daily values of dry beach volume, estimated from topographic profiles (1
and 4 November 2018; 24 and 25 March 2019).
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Figure 7. Topography profiles and daily volume changes for the Bocatocino Beach, (a) Topographic
profiles measured for the wet and dry seasons. (b) Daily volumetric changes of the dry beach for the
wet season (left side) and dry season (right side).

On November 1 and 4, 2018, the highest part of the dry beach (~1.5 m M.L.W.S)
was relatively flat in all profiles, but around 12 m slopes differed from each other. On
November 1, the maximum slope of P1, located at approximately 14 m, was 13.5◦, whereas
P2 featured a slope of 9.9◦ at approximately 28 m. P3 and P4 displayed a similar morphology,
with a maximum slope of 8.4◦ at 19 m. On November 4, P1 showed a slope of 13.5◦ at
approximately 17 m. Profile P4 featured a slope of 11◦ at 9 m, then an almost flat slope
up to 21 m, followed by a gentle slope of 6.2◦. In general terms, no significant differences
were observed between profiles P1 and P2, whereas P3 and P4 showed a wider coastal
stripe in which geoforms (such as bars and/or berms) are present on the highest part of the
dry beach. This may be explained by the increase in long-shore currents, predominantly
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directed towards the east, which would transport sediment from P2 to profiles P3 and P4.
Figure 8b shows an increase in beach volume of 2.3 m3/m (accretion) between November 1
and 4. This increase is potentially associated with sediment interchange among suspended
particles near the coast (Figure 3f) and the accretion zone located near W3 (Figure 3g).
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Figure 8. PCA biplot between SSC and hydrodynamic forcing factors: Hmo,G, Hmo,IG, cross-shore
and alongshore currents, wave steepness, sea level, for wet season: (a) inner surf zone, (b) near the
swash zone, and for dry season: (c) inner surf zone, and (d) near the swash zone.

On 24 and 25 March 2019, all four profiles maintained a similar topography, almost flat
up to 5 m. The subaerial beach did not show significant morphological changes, as cross-
shore hydrodynamic forces remained constant in this measurement period (Figure 3c,d).
On 24 March, profiles P1, P3, and P4 exhibited a similar topography, with two pronounced
slopes, one of 29.5◦ at 9 m, and a maximum slope of 14.4◦ at 12 m. P2 showed a maximum
slope of 10.7◦ at 18 m. On 25 March, P3 and P4 exhibited a maximum slope of 14.7◦ at 9
and 8.5 m, respectively. Figure 8b shows a decrease of 1.7 m3/m (erosion) between 24 and
25 March. In Bocatocino Beach, bars were steeper on 24 March, flattening and migrating
towards the coast on 25 March. The results herein described are consistent with submerged
bar movement and cross-shore current directions, both predominantly oriented onshore
during the wet season. Therefore, sediment availability will be greater in the dry portion
of the beach. On the other hand, during the dry season, submerged bar movement and
cross-shore currents were offshore-directed, resulting in less sediment availability in the
dry portion of the beach.
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In addition, the dry season stood out for the presence of two cold fronts in the
Caribbean Sea, incoming from the Yucatan Peninsula, which caused changes in wind
speed and direction affecting the Western Caribbean Sea, as reported by the CIOH [41].
It was established that the combination of meteorological and marine energy conditions
during the transition from two climatic seasons affected the beach morphology.

3.4. Physical Factors Controlling Suspended Sediment Transport Using PCA

A PCA (principal component analysis) was applied to investigate the hydrodynamic-
morphological interactions in a microtidal intermediate-dissipative beach under low to
moderate wave energy conditions. The PCA results were illustrated in a two-dimensional
biplot graph. In this graph, the axes (principal components) are linear combinations of the
original variables, explaining most of the variability [58]. Variables with different contribu-
tions to a given principal component tend to occupy opposing areas in the plane. Figure 8
shows the first two principal components of the PCA between SSC and hydrodynamic
variables such as SS-wave height, IG-wave height (Hmo,SS, Hmo,IG), cross-shore currents,
alongshore currents, sea level, and wave steepness. PCA correlation coefficients are listed
in Table 3. In this study, correlations above 0.45 were deemed relevant. The first principal
component accounts for 11–12% of the variance between the surf and swash zones and
15–16% near the swash zone. The second principal component accounts for 11–14% of the
variance between the surf zone and near the swash zone and 12–14% near the swash zone.

Table 3. Correlations between HmoG, HmoIG, cross-shore and alongshore currents, wave steepness,
sea level, and SSC-estimated for both climatic seasons at two coastal zones (first: inner surf zone, and
second: near the swash zone). The higher correlations were from 0.45.

Season/Coastal
Zone Wet/Inner Surf Zone Wet/Near the Swash Zone Dry/Inner Surf Zone Dry/Near the Swash Zone

1st Principal
Component

2nd
Principal

Component

1st Principal
Component

2nd
Principal

Component

1st Principal
Component

2nd
Principal

Component

1st Principal
Component

2nd
Principal

Component

Hmo,G 0.52 0.3 0.52 0.17 0.01 0.79 0.36 0.55
Hmo,IG 0.36 −0.23 0.08 0.54 0.47 0.15 0.58 0.16

Sea level 0.53 0.29 0.52 0.22 0.48 0.18 0.25 0.19
Wave

steepness 0.49 −0.2 0.49 0.13 −0.4 0.32 −0.24 0.51

Cross-shore
currents 0.07 0.51 0.29 −0.52 0.36 −0.35 −0.5 0.36

Alongshore
currents −0.19 0.27 −0.21 −0.1 −0.34 0.06 0.43 −0.17

SSC −0.19 0.63 −0.3 0.57 0.41 0.28 −0.07 −0.48
Variance 11% 11% 12% 14% 15% 12% 16% 14%

Figure 8a shows the results of the PCA during the wet season, which indicate a close
relationship between cross-shore currents (r = 0.51) and SSC (r = 0.63), between the surf
zone and near the swash zone. Therefore, when cross-shore currents are more intense, the
supply of suspended sediments will be highest, but SSC will be lower when cross-shore
currents are weaker. The first component showed a positive correlation between Hmo,ss
(r = 0.52), and sea level (r = 0.53), and gravity energy modulation due to tides. On the other
hand, Figure 8b shows a negative correlation between cross-shore currents (r = −0.52) and
SSC (r = 0.57) near the swash zone. This can be explained because cross-shore currents
were offshore-directed near the swash zone. Therefore, less suspended sediment will be
available towards the coast (Figure 3d,f). In addition, relevant positive correlations with
Hmo,IG (r = 0.54) and SSC (r = 0.57) were found, allowing us to infer that a high Hmo,IG could
increase SSC or vice versa. This indicates that SSC was predominantly wave-influenced
(see Figure 3c,f). SSC was not correlated with other hydrodynamic forcing factors (Hmo,SS,
sea level, wave steepness, and alongshore currents).
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Figure 8c represents the results of the PCA for the dry season. The first component
indicates a weak correlation between Hmo,IG (r = 0.47) and sea level (r = 0.48) between the
surf zone and near the swash zone. However, there was no higher correlation between
SSC and hydrodynamic forces. The first principal component indicated a strong negative
correlation between cross-shore currents (r = −0.50) and Hmo,IG (r = 0.58) near the swash
zone. This can be corroborated by the observation of currents being stronger near the swash
zone when Hmo,IG values were lowest, and vice versa (Figure 3c,d). At the same time,
Figure 8d shows a less negative correlation between Hmo,SS (r = 0.55) and SSC (r = −0.48)
in the second principal component. The first and second principal components confirmed
a strong correlation between Hmo,SS, and wave steepness.

PCA results show that, during the wet season, SSC and cross-shore currents are
strongly correlated to the second principal component. For the dry season, a less positive
correlation was found between cross-shore currents (r = 0.36) and SSC (r = 0.41) within the
surf and wash zones, as well as a less negative correlation between cross-shore currents
(r = 0.36) and SSC (r = −0.48) near the swash zone. Therefore, a low correlation between
alongshore currents and SSC can be confirmed for the studied beach.

4. Discussion

Hydrodynamic variables (SS- and IG-waves, cross-shore and alongshore currents, and
wave steepness), together with patterns of sediment dynamics (cross-shore and alongshore
sediment transport, formation and migration of submerged bars, identification of erosion
and accretion zones, and nearshore volume changes), are further discussed to analyze the
relationships between hydrodynamic forces and beach morphology during dry and wet
seasons.

4.1. Implications of Indirect SSC Estimates for Suspended Sediment Transport

Despite the estimation method used (OBS or ABS), the SSC time series followed
identical trends (Figure A1e). Even though there are some differences between measured
and estimated sediment concentrations, these results are acceptable and indicate that the
use of ABS is a reliable method for estimates of SSC and, therefore, for the estimation
of net suspended sediment transport. It must be taken into account that quantifying net
sediment transport remains a difficult task, given that reliable and precise measurements
of sediment transport rates are essential for understanding the morphological changes
of the beach. Several factors may explain the slight differences found between both SSC
estimation methods. Acoustic sensors are generally sensitive to particle characteristics,
such as size and shape [59]. For example, these sensors are unable to detect particles
smaller than the wavelength of the acoustic pulse, which in turn depends on the type of
instrument employed. Previous works indicate that optic sensors are more sensitive to
clay particles [60], whereas acoustic instruments are more sensitive to sand. In this study,
overestimates were found to be related to the acoustic sensor, in agreement with [61], who
found that acoustic sensors might overestimate sediment concentrations on sandy beaches
under turbulence conditions. It is worth mentioning that, in this work, measurements were
taken between the surf and near the swash zone in the context of textural properties typical
of a gravelly sand beach.

Despite the conditions under which field measurements were carried out (covering
the breakage zone with constant, high turbulence levels), which may affect sensor data [62],
together with the time and cost involved, the results of this work indicated a good level
of correlation. Different improvements have been developed for the ABS method. An
additional calibration was applied for this problem [63], yielding an SSC estimate that
remained unaltered within turbulent, small-scale eddies (following the Kolmogorov scale).
A review and update of the equations and concepts presented by [33] was made by [28],
in order to provide information necessary for its use in newer devices. Even though the
ABS method was originally applied only to estuary, bay, and river settings [29,30,63], it has
also been used in studies of coastal zones, such as high-turbulence beaches. For example, it
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employed the ABS method and obtained a reasonably good correlation between acoustic
and optic backscattering estimates of SSC for a reflective beach in storm and non-storm
conditions [5].

4.2. The Role of Cross-Shore Currents in Suspended Sediment Transport

The PCA revealed that cross-shore currents prevailed over alongshore currents, as was
the case for sediment transport, in both climatic seasons. In addition, it was found that SSC
and cross-shore current values were highest nearshore. So, this is a predominantly cross-
shore-dominated system due to beach orientation (WE/EW, i.e., parallel to the coastline)
playing an important role in sediment transport, probably where incident waves that
arrived perpendicularly to the coast, without oblique incidence, most of the time. In
these conditions, the wavefront is parallel to the beach, resulting in currents and sediment
transport that are predominantly cross-shore-oriented. Similar results were discussed
by [64], who showed that sediment transport has an important role as a driver of beach
evolution processes such as shoreline shifts and bar migration. This study found a particular
behavior in the wet season relative to changes in the direction of cross-shore currents,
depending on wave conditions. This behavior is consistent with the observed direction of
cross-shore sediment transport (Figure 6b). When values of offshore wave height and peak
period (HsO f f shore and TpO f f shore) were at their lowest, sediment transport was also at its
lowest level, as observed on 3 and 4 November 2018. This cross-shore sediment transport
may be causing the sediment interchange observed between the accretion zone identified
near the swash zone (Figure 3e) and the emerged portion of the beach (Figure 8b).

Sediment flux did not show a prevailing direction during the wet season. This contrasts
with the greater, predominantly offshore flux observed in the dry season, caused by the
strong intensity of cross-shore currents. Therefore, the accretion zone observed 150 m
away from the coast (Figure 3g, right) may result from cross-shore sediment transport
towards the sea in the surf zone (Figure 3d, right). At the same time, erosion in the dry
beach area (Figure 8, right) may be due to strong cross-shore currents directed towards the
sea, near the swash zone. These findings highlight the possible role of undertow currents
in transporting sediment from the dry beach area to the sea. The results are consistent
with [65], who attributed offshore sediment flux to undertow (undercurrent) extending
beyond the breakage zone. This work is also consistent with previous research reporting
stronger undertow currents on steep beaches than on gentle ones [66]. However, sediment
transport at Bocatocino Beach was predominantly offshore, with higher intensity during
the dry season, when the beach profile was mostly dissipative. The results of this research
indicate that onshore and offshore sand migration (Figure 3g) was caused by cross-shore
transport, together with nearshore sediments in suspension due to the combined action of
tides, winds, waves, and currents. In general terms, this research allowed us to observe
how suspended sediment transport responded and interacted with (1) high-frequency
waves, (2) low-frequency waves, and (3) undertow currents.

4.3. Contribution of SS and IG Wave Energy to Suspended Sediment Transport

Even though waves are not the main mechanism of sediment transport on the study
beach, the results of this work reveal their important role in seabed morphology. An energy
transfer from high to low frequencies was observed when waves were moving onshore
and were disturbed by the seabed until they broke (Figures 3b and 5c). In this regard,
Ref. [13] found that, in the subaerial beach, cross-shore sediment transport is mediated
by the equilibrium between the effect of oscillatory wave movement and that of middle
currents. This research assessed the role of oscillatory flux (due to SS-wave and IG-wave)
and its effect on morphological changes experienced by Bocatocino Beach.

SS-wave energy was greater in the outer surf zone than near the swash zone. However,
SS-waves showed the opposite behavior in both climate seasons. In a similar way, during
the dry season, cross-shore qG was significantly higher in the inner surf zone, decreasing
near the swash zone. These observations are consistent with previous works [39,67], which
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indicate that SS-waves might be the most important component of sediment transport
in the surf zone and near the swash zone, where the percentage of broken waves was
higher. Cross-shore qIG was higher in the surf zone (with a lower break wave percentage)
than near the swash zone (with a higher percentage). These findings agree with previous
works [68,69], reporting that IG-wave transport is lower with moderate waves than under
high energy conditions. Nearshore IG-waves found in this work lie within the Leaky
Infragravity Wave category. In some cases, this type of wave may increase undertow
currents in the surf zone [70,71]. In this study, the greatest undertow intensities occurred
in the dry season, when a smaller extent of beach area was present. However, it is not
possible to infer that Leaky IG Waves caused the erosion observed on the beach during the
transition between one climate season and the next. This interpretation cannot be totally
discarded, however, due to the reported antecedents, particularly in a well-differentiated
erosion zone (Figure 8, right) on Bocatocino Beach.

The presence of an accretion zone (Figure 8, left) may be due to a greater availability
of sediment near the swash zone during the wet season, with outstanding onshore current
intensities. On its part, the results indicate the dependence of SSC on wave energy, allowing
us to infer that SS-waves are typically acting as agents of sediment agitation, whereas
currents play a role in transport. Regarding transport and wave energy, the results of
this work are consistent with previous research in coastal zones with non-breaking wave
conditions (lower-energy waves). These studies found that transport processes are generally
directed landward, a pattern that results in accretion processes on the beach. On the other
hand, during high energy conditions with a high percentage of broken waves (e.g., storm
cycles), the beach and coastal dune zone are strongly affected by incoming waves, usually
resulting in erosion processes [72].

4.4. Relationship between Wave Steepness and Beach Morphological Changes

The relationship between wave height and wavelength, better known as wave steep-
ness, has been traditionally recognized as a factor influencing beach morphology [73,74], a
relationship that has been confirmed by later works [4,75]. Wave steepness could thus be
used to determine submerged bar migration nearshore and beach morphological changes
occurring between climatic seasons. In this way, the interaction between nearshore accu-
mulated sediment (represented by the accretion zone ~23 m from the coast) and sediment
flux direction (cross-shore and onshore) might be the result of significant accumulation
(Figure 8b) during the wet season. However, during the dry season, the accretion zone
shifted to a position approximately 150 m away from the coast, with a predominantly
offshore flux direction and low availability of suspended sediment nearshore. These
conditions may have led to the creation of a zone of high erosion (Figure 8, right). The
aforementioned patterns show that onshore sediment transport was often observed when
wave steepness was less, whereas sediment was transported offshore in high wave steep-
ness conditions [4]. This relationship was further verified through PCA results, which
highlighted the relationship between wave steepness and significant wave height. The
PCA shows that, for both climate seasons, wave steepness increases with wave height.
This finding emphasizes the importance of wave inclination as a parameter to distinguish
erosion and accretion zones on a beach [58,76,77]. A limit between erosion and accretion
of 0.01 was employed by [77] on a fine gravel beach at Slapton Sands (United Kingdom).
On the other hand, [57] considered wave inclination values below 0.01 as indicative of
normal behavior with accretion and above 0.01 as an indicator of erosive behavior in a
macrotidal beach at Mariakerke, Belgium. In summary, even though wave steepness is
an acceptable proxy for the identification of wave asymmetry and the direction of fluid
movement [78], previous research recommends exercising caution when using this criterion
for sandy beaches [79].
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4.5. Interactions between Suspended Sediment Transport and Morphological Changes on the
Nearshore Subaerial Beach

Cross-shore sediment transport is considered a driving factor in beach topographical
change [13,80]. This was verified by this work, as cross-shore sediment transport was
significantly greater than alongshore transport between the surf zone and near the swash
zone. Morphological changes were described in terms of daily variations in beach volume
for each climate season. In the wet season, sediment transport was predominantly onshore
when wave conditions were gentle (maximum Hm0 = 1 m and maximum Tp = 8.6 s). In
contrast, during the dry season, sediment was transported onshore when wave conditions
were strong (maximum Hm0 = 1.2 m and maximum Tp = 8.6 s). These results indicate a
seasonal pattern, with beach volumes greater during the wet season and smaller during
the dry season. Other authors have also related erosive events to strong wave conditions
and accretion events to moderate wave conditions [81]. Likewise, sediment transport on
the submerged beach was analyzed through migrating bars, revealing that submerged bars
moved onshore in moderate wave conditions. Sandbank migration under strong wave
conditions has been proposed by previous studies [82]. The sediment transport reported in
this study (forcing erosion and accretion in the dry part of the beach), together with the
migration of submerged bars, are consistent with previous assessments of the relationship
between morphodynamic cycles and wave energy conditions in microtidal and mesotidal
sand beaches [81,83,84].

Regarding sediment textural features, finer sediments moved offshore in the surf zone,
whereas coarser sediments were found in the surf zone and near the swash zone. The same
pattern was observed by [85], who found an onshore transport trend for coarser sediments,
whereas finer sediments moved offshore.

5. Conclusions

The relationship between hydrodynamic forcing, suspended sediment transport, and
the intermediate-dissipative microtidal beach morphology was analyzed using in situ
measurements during the dry and wet seasons. Hydrodynamic drivers (waves, tides, and
currents) were characterized, and the response of topographical profiles to these drivers
was analyzed both for the submerged and emerged beaches. The results show that cross-
shore currents are the prevailing hydrodynamic forces in nearshore sediment transport.
These currents forced the migration of a submerged bar during the transition between the
wet and dry seasons. The accumulation of the submerged bar intensified during the wet
season when the wave height intensities were lower, contrary to what was observed during
the dry season.

The ABS method for indirect estimation of suspended sediment transport for the
microtidal intermediate-dissipative beach allowed for reasonably good results, consider-
ing that measurements were carried out between the surf zone and near the swash zone.
However, caution must be exercised when using optical or acoustic equipment to estimate
sediment concentrations. Such measurements may lead to significant overestimates or
underestimates of sediment transport, due to instrument sensitivity to different grain sizes.
It should not be left aside that acoustic measurements may be affected by turbulence. Nev-
ertheless, correcting these parameters should significantly improve these measurements,
particularly those obtained with acoustic backscattering.

On the subaerial beach of the dry beach, daily changes in sediment supply were
strongly correlated to wave energy and current directions nearshore. SS-waves and cross-
shore currents contributed mainly by transporting suspended sediments. During the dry
season, strong cross-shore currents were identified, and erosion zones were differentiated.
On the other hand, a greater amount of deposited sediment was evident when IG-wave
heights, SS-wave heights, and cross-shore currents were lower. High IG wave energy
(intensified from the inner surf zone) may cause sediment agitation in this zone, which is
accentuated during the wet season.
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Wave conditions during the dry season were very strong, leading to a more pro-
nounced response in beach morphology. However, morphology variations in a microtidal
intermediate-dissipative beach depend not only on wave conditions but also on currents
and SSC. Therefore, currents, SSC, and waves are driving factors of nearshore sediment
supply influencing daily topographical change. As a result, Bocatocino Beach, which is
wave-dominated, exhibits daily accretion and erosion states. Wave inclination was an
important indicator of beach evolution, particularly regarding the formation and migration
of submerged bars.

The results of this study explain the microtidal intermediate-dissipative beach mor-
phology. It was found that there was a significant accretion nearshore on the subaerial beach
during the wet season when there was a greater availability of sediments, the SS-wave
heights nearshore were lower, and sediment flux was directed onshore. In the dry season,
the opposite behavior was observed, and a notorious erosion was distinguished. The
results represent a significant contribution to understanding the morphological behavior
of the beach and its relationship with hydrodynamic forces. Therefore, it must be taken
into account that, unlike laboratory tests under controlled conditions, there is no control
over the environmental variables present in the study area. According to the results of
this study, it is recommended to use numerical modeling to estimate beach evolution and
coastal transport in the middle and long term (months to years). This study establishes
a baseline for future coastal geomorphology research, contributing to the understanding
of the hydrodynamic-morphological interactions in a microtidal intermediate-dissipative
beach under low to moderate wave energy conditions.
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Appendix A

The ADCP analysis for SSC estimates requires calibration data obtained through direct
SSC measurements. Both the D2 current meter and the OBS turbidity sensor were used for
this purpose, as both instruments were captured in a time-synchronized manner. Figure A1
illustrates the methods employed to deduce sediment concentration from acoustic echo
intensity data obtained with the D2 current meter. Figure A1a shows the D2 sensor depth-
time series, together with the tide cycle (6 h) for which the ABS method calibration was
made. The time series of acoustic echo intensity for sensor D2 (in counts) versus SSC
estimates from the OBS (in mg/L) are shown in Figure A1b. Figure A1c represents the SSC
empiric model derived from OBS and acoustic echo intensity from sensor D2. Figure A1d
is a scatter plot between OBS-derived and D2-derived SSC for a tide cycle at a rate of 60 s.
The relationship between suspended sediment concentrations (SSC) obtained with the D2
sensor (mg/L) and direct sampling using OBS (mg/L) from 23 to 25 March 2019, averaged
at a rate of 1 h, is shown in Figure A1f.



J. Mar. Sci. Eng. 2024, 12, 1141 25 of 30

Equation (5) was split into three steps. In the first term, reference values of LDBM = 2.23,
C = −129.5, and PDBW = 12.6 were used following [33]. To establish the second term, the
range along the beam was obtained from ADCP Nortek, R = 0.52 m (in agreement with
the manufacturer’s instructions). To define the acoustic absorption coefficient ∝, reference
values of S = 35 ppt, h = 2.1 m, TTD = 29.5 ◦C, and f = 2 MHz were used. Regarding the
relaxing frequencies of two main compounds in seawater, values of f1 = 2.4 and f2 = 238
were determined for Boric acid and Magnesium Sulfate, respectively.

In order to establish the third term, a scaling factor Kc of 0.42 counts/dB was calculated
using the Equation (7) and a TTD = 29.5 ◦C. This value is consistent with the Kc ranges
between 0.40 and 0.47, which were reported by [86,87]. This value was determined taking
into account that all current meter systems are from the same manufacturer (Nortek),
therefore using the same family of components for measuring echo amplitude [88]. The
relationship between echo intensity from ABS (dB) and SSC derived from OBS (mg/L) was
obtained from simple linear regression analysis (Figure A1c):

SSCOBS = 101.227 ∗ ABS (in dB)−441.8 (A1)

It is worth highlighting that internal count units can be linearly transformed to dB in a
range of 70 dB with an approximate precision of 1–2 dB [30]. In this study, backscattering
values from the three beams were averaged, as the exact orientation of Aquadopp relative
to the OBS sensor is unknown.

The sensor D2 underestimated most OBS values (Figure A1e). The model obtained
for SSC calibration was significant at R2 = of 0.69, with a Willmott coefficient of 0.75,
and an RMSE of 8.5. These results could be attributed to the characteristics of suspended
sediment particles, such as size, shape, and color, which may affect measurements taken
with the acoustic sensor [59,60]. However, the results are a satisfactory proxy for SSC
when not enough turbidity instruments are available in the field, particularly considering
that acoustic sensors may be sensitive to turbulence [63]. When using this model with
oceanographic parameters of TTD = 29.5 ◦C and S = 35, the values of SSC in the study area
ranged from 90 to 150 mg/L, distributed from the surface to the seabed.
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plotted as a blue line over the complete time series. (b) Echo intensity-time series for the acoustic
echo intensity of the D2 sensor, in counts (black line and left y-axis) and SSC derived from OBS, in
mg/L (blue line and right y-axis) at a rate of 1 s, (c) Simple linear regression analysis for OBS-derived
SSC and acoustic echo intensity from ADCP. (d) Scatter plot between OBS-derived and D2-derived
SSC. (e) Time series of OBS-derived SSC (dotted line) and D2 sensor-derived SSC (solid line) for
a tidal cycle (blue line in (a)) at a rate of 1 min. (f) Time series of the 1-h average between the
OBS-derived SSC (dashed line) and D2 sensor-derived SSC (solid line) from 23 to 26 March 2019.
The methodology was calibrated using the OBS and D2 sensors, considering that both sensors were
connected to synchronize data. Note: The Aquadopp Profiler (D2) is a highly versatile Acoustic
Doppler Current Profiler.

Appendix B

Taking that into account, the optical sensor exhibited higher sensitivity for small-size
particles [19]. Thus, here the concentration volume conversion (in µL/L) to SSC (in mg/L)
was implemented using the LISST-200X sensor and the equation by [51]:

SSC
(mg

L

)
= VC

(
µL
L

)
∗ ρsediment

(
kg
L

)
∗ 1 L

106 µL
∗ 106 mg

1 kg
∗
(

1−
ρsediment − ρ f loccule

ρsediment − ρwater

)
(A2)

Equation (A2), ρsediment was established from the average sediment density of 2.63 Kg/L
taken from the granulometric analysis of sediment samples collected, while ρ f loccule was
established as 1.15 Kg/L according to [89]. VC was taken from the measured data of the
LISST-200X sensor. Once the SSC values (in mg/L) were obtained, the ABS method was
implemented using the D4 sensor, an Aquadopp Profiler HR, which will allow a corroborat-
ing effect of particle size D50 on the estimation of SSC through the ABS method (Figure A2).
The LISST-200X sensor allowed estimating the SSC classifying by grain size from 1 to
500 µm.

In Figure A2, it was found that particles below 465.6 µm (i.e., middle, fine, and very
fine sands, as well as middle, fine, and very fine silts) have the highest scattering values
among SSC deduced from D4 data (in mg/L) and SSC deduced from LISST-200X data
(mg/L), with a Pearson correlation coefficient of up to 71.5% and an R2 of 0.89. This
contrasts with the largest particles, which show a Pearson coefficient below 53.2%. It
demonstrates an important limitation for estimating SSC from ADCP, which is associated
with the grain size of the sample. So, the underestimates registered in Figure A1d may thus
be attributed to the presence of larger particles. In this way, the sensitivity of the acoustic
sensor to grain size was verified.
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A greater sensitivity of acoustic sensors to sand particles was found by [90], which
supports the findings. An effect of particle size on SSC estimates was also described
by [61,87], who recognized the relationship between particle size and acoustic frequency as
a major limitation for the ABS method of SSC estimation.
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