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Abstract: One of the fundamental tasks in the maintenance of port operations is periodic dredging.
These dredging operations facilitate the elimination of sediments that the coastal dynamics introduce.
Dredging operations are increasingly restrictive and costly due to environmental requirements.
Understanding the condition of the seabed before and after dredging is essential. In addition,
determining how the seabed has behaved in recent years is important to consider when planning
future dredging operations. In order to analyze the behavior of sediment transport and the changes to
the seabed due to sedimentation, studies of littoral dynamics are conducted to model the deposition
of sediments. Another methodology that could be used to analyze the real behavior of sediments
would be to study and compare port bathymetries collected periodically. The problem with this
methodology is that it requires numerous bathymetric surveys to produce a sufficiently significant
analysis. This study provides an effective solution for obtaining a dense time series of bathymetry
mapping using satellite data, and enables the past behavior of the seabed to be examined. The
methodology proposed in this work uses Sentinel-2A (10 m resolution) satellite images to obtain
historical bathymetric series by the development of a random forest algorithm. From these historical
bathymetric series, it is possible to determine how the seabed has behaved and how the entry of
sediments into the study area occurs. This methodology is applied in the Port of Luarca (Principality
of Asturias), obtaining satellite images and extracting successive bathymetry mapping utilizing the
random forest algorithm. This work reveals how once the dock was dredged, the sediments were
redeposited and the seabed recovered its level prior to dredging in less than 2 months.

Keywords: Luarca port; random forest; dredging activities; sediment transport; satellite images

1. Introduction

Dredging activities are commonly used in coastal areas to maintain the designed
depth of navigation channels or basins and to remove deposited sediments. These activities
include not only the processes of removing sediment from the bottom, but also their
subsequent transport to another location. Dredging of ports improves access and exit
conditions for cargo and passenger ships [1,2]. This is important for marine safety, removing
sediment that has accumulated in channels in order to maintain the designed depths of the
existing facilities [3,4]. However, despite its importance in maritime works and its effect on
economic and social development, and the current advances in dredging techniques, the
siltation of ports continues to be one of the least understood branches of coastal engineering,.
It is of great importance to ports, in maintaining and improving its depth and, also, in
developing new facilities or creating new ports [5]. Thus, it is particularly important to
study the sedimentation that takes place in the basins and entrance channels of ports.
Excessive sedimentation can impair the functioning of the port and lead to a decrease in
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economic activities [6-8]. The construction of dikes and other coastal protection works
have a great influence on hydrodynamic forces and movement of sediment in the offshore
area [9]. Hydrodynamic and sedimentary conditions can cause sedimentation of the port
channel, which must be removed by maintenance dredging [10].

The Port of Luarca is located in the Principality of Asturias and is one of the most
important ports in northern Spain. In recent years there have been significant changes in
the marine dynamics of the port, as well as in the erosion-sedimentation processes that
operate there. To maintain navigation, dredging is undertaken once a year. Technical
specifications include the estimation of siltation volume, location, duration and phases
of dredging works to be performed, the dredging method and the location of suitable
sediment dumping locations that will not affect the environment adversely [11]. At Luarca,
sandy bottoms prevail, although several areas are presently covered by mud [12]. The
purpose of dredging the dock area is to guarantee the functionality of the port, which is
conditioned by the depth of the dock. The location of the Port of Luarca at the mouth
of the Rio Negro favors the accumulation of sedimentary materials of fluvial origin. The
dock’s location forestalls the tidal dynamics that are necessary to wash away the deposited
sediments. For this reason, periodic dredging is necessary to maintain the dock. This
enables optimal levels of use of the different port areas to be achieved. Throughout its
operational life, the port has faced significant sedimentation problems and a consequent
decrease in the depth of the draft in its entrance channel. The problem of sedimentation is
increasing due to the environmental problems that are associated with dredging and the
restrictive regulations imposed as a result. This sedimentation problem may be related
to the positioning and layout of the port basin and its entry location [13,14]. Due to high
sedimentation rates, the basin and entrance channel of the Port of Luarca must be dredged
regularly for the port to continue its operation.

Many different methodologies have been used in an effort to understand the behavior
of sediments. These have ranged from the use of probabilistic design methods [15-18]
to direct numerical simulations [19-21]. Direct numerical simulations provide a rough
understanding of the behavior of sediments. However, it is a costly methodology, because
it requires the survey of the entire area in order to understand its 3D geometry. Another
technique that could be used to study the behavior of sediments is to conduct an analysis
of the bathymetries that were obtained in the study area. If the evolution of the seabed
is known, it is possible to know where the sediment deposits are produced and their
sedimentation rate. This technique would also help to determine the need to undertake
dredging, as well as its periodicity. The main limitation when analyzing the behavior of
the seabed is the availability of bathymetries. Bathymetries are normally conducted before
and after dredging, but not frequently enough to understand the evolution of the seabed,
due to their high cost and the difficulty of carrying them out. This clearly limits their
use in analyzing the behavior of the seabed. Therefore, for this purpose, bathymetries
are obtained from satellite images using the simplest techniques that offer a high level of
precision. In addition, the techniques must be applicable in areas of turbid and shallow
water and provide rapidity and flexibility of use.

Conventional bathymetric methods usually provide depth profiles or point measure-
ments of acceptable accuracy. However, their use is costly and inefficient. Bathymetric
estimation can be improved by combining echo sounding and satellite data. Remote sens-
ing technology is used in many topographical studies. This is very useful for situations in
which the depths of water are required on temporal and spatial scales, but are difficult to
obtain [22-25]. Simple methods that use optical images in estimating depths are used by
some investigator methods, as well as linear regression algorithms to estimate the depth
of water [26]. In recent years, the use of machine learning techniques and optical sensors
to estimate bathymetries has gained popularity. This can be attributed to advances in the
development of algorithms, as well as greater availability of data and new satellites. Many
authors have sought to determine the depths of water depths from optical sensors and the
use of regression models that were derived from machine learning techniques [27-32]. The
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random forest algorithm was used in this study to obtain the bathymetries. This algorithm
has a number of advantages, including, low-cost, simplicity, time-effectiveness, and its
wide-coverage for shallow water. Thus, the random forest algorithm has been found to
be applicable to construct regression models that rely on bathymetry data from satellite
images [33—41].

Many studies have concentrated on migration of sediments over the long term and
how this affects water quality and the ecosystem condition. They model movement of
material that is removed during the dredging operation [42]. However, optimizing the
dredging operation has not been proposed. The main objective of this work is to determine
if the behavior of sedimentation differs with the depth of dredging. In other words, is
there a stable mean depth outside of which erosion and sedimentation occur more quickly?
This is possible due to the capacity of the methodology, which enables data from the past
with a frequency of 1-2 months to be analyzed. This provides great information of the
seabed’s behavior.

2. Study Site

The Port of Luarca is situated in northwestern Spain on the coast of the Cantabrian
Sea at a longitude of 6°32’1” W and a latitude of 43°32°45” N (Figure 1a). Luarca has been
associated with maritime activity since it began as a fishing enclave in the 10th century.
Several changes have occurred throughout past years in Luarca Port. In 1910, the Canouco
dike (Figure 1b), 40 m in length, was built to shelter the outer basin of the port. In 1940 a
new dike, the La Encoronada dike, was built (Figure 1b), 124 m in length on the western
side [43]. It is necessary to conduct dredging of the dock annually. The lack of draft means
that the boats cannot enter the port, as many currents are generated in the entrance channel.
Thus, navigation in this area is endangered by the risk that the boats will be stranded,
especially during storms. The port is used generally by small boats. Thus, the minimum
drafts in the navigation channel range from 2 to 3 m, with an average tidal run of 2 m. The
draft in the docking area is somewhat less—2 m. Although dredging is conducted in the
inlet channels, it also affects the inner basin. Of the two areas, it is the inner basin that
receives the most interventions and is most limited due to draft. Nalona, a dredger boat
(Suction Hopper Dredger, IMO 9047453) [44], has been used to dredge the bed surrounding
the port. After the sand and mud have been collected from the bottom of the Port of Luarca,
the sand is deposited in the area of Punta Muyeres, in front of the third beach of the village,
in an effort to renew this area. However, it is not very clear whether this discharge location
benefits the port, since a large amount of the sand that is dumped there will be moved by
the currents and re-enter the dikes. The mud, on the other hand, is deposited at another
location that is farther from the beaches.

The dates on which the dredging is carried out in the inner basin are provided by the
Port Service of the Principality of Asturias. Dredging operations were carried out in 2017
and 2018. In 2017, the dredging began in October, but was stopped because of a problem
with the dredge. It resumed in November and ended in December, 2017. In 2018, dredging
began on November 15 and continued until the end of the year. In 2019, the inlet channel
was dredged, but little work was done in the inner basin.
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Figure 1. The Port of Luarca: (a) position of the port on the Cantabrian Sea coast; (b) the study
site location.

3. Data and Methodology
3.1. Data In Situ Measurements and Satellite Data

Field measurements are generally necessary to study the sedimentation in the port,
including the hydrodynamic parameters of the area, in this case only bathymetries will
be used as field measurements, and these bathymetries are provided annually by the
Port Service of the Principality Asturias. The bathymetries were conducted with the
use of a Navisound 210 single beam echo sounder, with a 1 cm vertical resolution and
dual frequency (Reson, Inc.: Slangerup, Denmark). The specifications of echo sounder
Navisound 210 are shown in Table 1.

Table 1. Characteristics of echo sounder Navisound 210.

Navisound 210/400 Specifications
Frequency 190-235 kHz
Potency of transmission 300 W
Impedance 100 Ohm
Echo approval length 100 us—210 kHz
Depth range 0.5-100/400/1200 m depending on the frequency
Resolution 1cm
A 1 cm at 210 kHz (1 0) assuming correct sound velocity,
ccuracy

transducer depth etc.

The study’s echo sounding data for Luarca were determined, on 28 June 2016, 10 May
2018 and 28 May 2019. For the present work, XY positions from the survey data were
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projected using UTM Zone 30N. As they are usually costly, they are normally used only
for specific dates. The satellite Sentinel-2 provided the data with which to predict the
bathymetry of the water depth at the port (Table 2).

Table 2. Dates of acquisition of bathymetries.

Year
2017 2018 2019 2020

05/01/2019 25/01/2020

24/02/2018 24/02/2019 19/02/2020

16/03/2018 10/03/2020
10/04/2018 20/04/2019
30/05/2019
24/06/2018 14/06/2019
04/07/2017 29/07/2018 24/07/2019
13/08/2017 18/08/2018 23/08/2019
02/09/2017 02/09/2018 12/09/2019
02/10/2017 02/10/2018 22/10/2019
21/11/2017 16/11/2018 21/11/2019

21/12/2017 31/12/2018

3.2. Methodology

The process to obtain the bathymetries is shown schematically in Figure 2.

*Sentinel-2 data acquisition

*Resampling the images using B1 with spacial
resolution 10 m (Software ESA SNAP)

¢Longitude-Latitude pixel projection
(Software ESA SNAP)

¢ Longitude-Latitude transformation in UTM

(Geodesic calculator) Field data

eIdentification of the depth

(Software QGIS v 3.14) Comparison of model results

*Generation of Random Forest algorithm
(Random Forest v 4.6-2 )

*Statistical Analysis

R2. MAE, RMSE Good predictive performance

Bathymetry Mapping

* Applying of the Random Forest algorithm to
generation of bathymetric surfaces

*Comparison of bathymetric surfaces

Figure 2. Methodological workflow for development of bathymetric maps.

3.2.1. Processing Satellite Images

The processing step concerns using Sentinel-2A data as vector of variables for training
and fitting of the random forest model (Figure 2). Sentinel-2A satellite data was retrieved
from ESA Copernicus Open Access Hub. SNAP (Sentinel Application Platform) software
was used to visualize and preprocess Sentinel-2A data (10 m resolution) [45]. The data
from the Sentinel-2A satellite reflectance bands (B1, B2, B3, B4, B5, B6, B7, B8, B8A, B9,
B11, and B12) were used to predict the depth of the water at the study port. All spectral
bands in the Sentinel-2A images were resampled to achieve a resolution of 10 m using the
SNAP S2 Resampling Processor [15,46,47]. As a result, a dataset without georeferencing
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was obtained, and to determine the positioning of the reference points, the geographical
location of each point was defined by its longitude and latitude using the SNAP program.
Then, using the WGS84 ellipsoid, a coordinate projection was created in order to obtain
the coordinates in ETRS89 [48]. This system was also used to project the positions that the
echo sounder provides. The ellipsoid projections had an average position error of 1 cm.
The data that was obtained was compared to the bathymetry that had been projected. To
accomplish this, a geodesic calculator was used to project the coordinates. This enabled the
authors to obtain the data for bands that are associated with UTM x-y coordinates. The
random forest algorithm was used to assign the z coordinate. From these points and using
the QGIS software (version 3.14), the surface was obtained by digital models of the TIN
(Triangulated Irregular Network) terrain type. Triangulation was undertaken using linear
interpolation [49]. The error that this process involved was small due to the absence of
any great irregularities in the smooth surfaces of the seabed. The port’s zero serves as the
reference point for the z coordinates. The former is the minimum measured level of the
surface of the water during the highest low tide in the last 15 years. Pixels were assigned
dimensions on the basis of their x-y locations.

3.2.2. The Random Forest Algorithm

The random forest algorithm [50] facilitates classification and regression by use of a
randomized subset of predictors that enable it to create a variety of classification trees [51].
Many of the trees start as bootstrapped training data samples. A random subset of pre-
dictor variables (z coordinate) is used at each fork in the process. This causes each tree to
be different. Although each tree is a poor predictor, each pair of them provides a differ-
ent response. This aggregates the predictions of uncorrelated trees, reducing prediction
variance and increasing accuracy [52-54]. This work involved 100 trees and 13 variables
(Sentinel-2A satellite bands B1, B2, B3, B4, B5, B6, B7, BS, BSA, B9, B11, and B12, and tidal).
The default value was adopted as the minimum size of nodes. The random forest algorithm
for prediction of bathymetry was provided by the Random Forest (v 4.6-2) R package [55].

3.2.3. Training and Testing Dataset

In order to evaluate the accuracy of the model, the dataset that was obtained from
Sentinel-2 was divided into two groups. Training the random forest algorithm required
80% of the dataset (1593 data points), and testing the model used the remaining 20%
(388 data points). Data from echo sounding measurements were used to calibrate the
model without any kind of elaboration [56]. To test the model, the data obtained with the
model were compared with field measurements for 20% of the points. As the tide affected
the depth measurement results, the measured depths were the mean sea levels (MSL) that
served as references. This was accomplished by deducting the measured depth during
high tide from the MSL. The tidal data were provided by the nearest tidal station [34].

Finally, in order to determine the accuracy of the model’s estimates of depth, satellite
derived bathymetry maps were compared with that of the field measurements obtained by
using the echo sounder. The residual statistic between the satellite derived depth (Zsatellite)
and the echo sounding measurements (Zecho-sounder) were reported along three metrics.
They were the mean absolute error (MAE), the root mean squared error (RMSE) and the
correlation coefficient (adjusted R?). They are calculated by the equations below.

12
MAE = n Z|Z5atellite - Zechofsounder|
i=1

1 & 2
RMSE = \/n Z(Zsmllite — Zecho—sounder)
i=1

n B _
i=1 (Zechofsounder - Zechofsounder) (ZSatellite - ZSatellite)

) 2
n n
\/Zi:1 (Zechofsounder - Zechofsounder) Zi:l (Zechofsounder - Zechofsounder)

R* =
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where Zg,011ite are the depths that the random forest methodology predicted from Sentinel-2
images. Zypo-sounder denote the in situ echo sounding depths and # is the number of data.

4. Results

The random forest algorithm achieved a good predictive performance, with an MAE
of 0.37, an RMSE of 0.47 and an R? of 0.974. The testing data set results appear in Table 3.

Table 3. Error statistics reported in meters produced by the random forest algorithm.

Algorithm MAE (m) RMSE (m) R?
Random forest 0.37 0.47 0.974

Figure 3 provides a histogram of the relationship between mean absolute error (MAE)
and the depth of the port of Luarca that was obtained by the random forest algorithm. As
can be seen in Figure 3, the maximum error (60 cm) occurred between —6 and —8 m and
the minimum (24 cm) occurred at —10 m. This error is acceptable for the purpose of this
study, which is to analyze the behavior of the seabed with respect to time.

-12.0 I

-10.0 I

Depth (m)
)
o

-4.0 I —
-2.0 I—
0.0

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70
MAE

Figure 3. Variation of MAE errors versus depth (m).

As an example of the results that were obtained, the bathymetries before and after
the 2017 dredging are represented in 3D and 2D (Figures 4 and 5). Figure 4 represents the
3D evolution of the seabed for 21/11/17 (Figure 4a), 21/12/17 (Figure 4b) and 24/02/18
(Figure 4c). These show that the elevation of the seabed was maintained in Figure 4a,b, but
had declined in Figure 4c due to dredging.

Figure 5 represents one of the dredging episodes by a series of bathymetries that were
analyzed in the plane and profile view. These indicate the effect of the dredging that was
undertaken. First, when dredging is carried out, there is a decrease in the elevation of the
basin and the inlet channel (Figure 5a,c). The elevation recovers when the dredging stops
(Figure 5b,d). This effect is seen in both the inner dock (section AA’) and in the inlet channel
(section BB’). In both representations (Figures 4 and 5), the areas of greatest variation are
the inner basin and the inlet channel. These are the areas where dredging takes place.
Additionally, in Figures 4 and 5, the areas in which the greatest changes occur are in the
lower right corner (inner dock area and inlet channel) and in the upper left corner that
coincides with the beach area. Both are areas that undergo many changes in topography
due to coastal dynamics.
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After the surfaces were generated, they were compared—bathymetry to bathymetry—
sequentially in time in order to examine the erosion and the sedimentation that occurred.
This is done by comparing the difference between the surfaces that are generated for each
bathymetry that is analyzed. To study the evolution of sediment in the basin of the Port
of Luarca, the surfaces for each of the bathymetries obtained from the use of satellite
images and the random forest algorithm were generated. Once the surfaces were obtained,
the differences between them were analyzed. Comparing these surfaces, the erosion and
sedimentation volumes were obtained.

In the results that appear in Table 4, the first and second columns provide the dates
on which the bathymetry comparison was made. The third column provides the duration
or time interval between bathymetries. The fourth column shows the volume of the main
activity (erosion or sedimentation) by day that was generated. The fifth column shows
the erosion or decrease in volume between the first and second bathymetry (sediment that
exited the basin area), whereas the sixth column provides the sedimentation or volume
increase between the first and second bathymetry (sediment that entered the basin area).
The seventh column provides the total value of the difference between sedimentation and
erosion. The eighth column shows an error assessment analysis in terms of volume change.
The last column of the table shows when the dredging was undertaken.

Table 4. Evolution of sedimentation in the Port of Luarca.

. Erosion . . Total

Starting Date Finishing Date Time I;ate Volume Sedlmentatglon T0t3a ! Error
(Day) (m’/Day) 3 Volume (m°) (m°) 3
(m>) (m”)

04/07/2017 13/08/2017 40 29.26 74.88 1245.11 1170.23 +110.31
13/08/2017 02/09/2017 20 402.46 0.00 8049.16 8049.16 +878.69
02/09/2017 02/10/2017 30 —548.80 16,463.97 0.00 —16,463.97 +1571.27  Start Dredge
02/10/2017 21/11/2017 50 99.10 263.30 5218.13 4954.82 +337.91 Stop Dredge
21/11/2017 21/12/2017 30 —1231.98  37,030.08 70.80 —36,959.29 43343.98 Dredge
21/12/2017 24/02/2018 65 589.90 80.24 38,423.49 38,343.25  £3502.55
24/02/2018 16/03/2018 20 —310.62 6215.43 2.93 —6212.50 +432.64
16/03/2018 10/04/2018 25 169.35 24.94 4258.79 4233.86 +287.25
10/04/2018 20/05/2018 40 120.86 0.00 4834.25 4834.25 +370.84
20/05/2018 24/06/2018 35 19.80 518.85 1211.81 692.96 +68.85
24/06/2018 29/07/2018 35 —48.44 2084.56 389.03 —1695.53 +165.76
29/07/2018 18/08/2018 20 46.14 159.70 1082.48 922.78 +89.14
18/08/2018 02/09/2018 15 —104.60 1668.90 99.85 —1569.05 +150.34
02/09/2018 02/10/2018 30 —57.35 1792.12 71.55 —1720.57 +157.61
02/10/2018 16/11/2018 45 14.65 532.99 1192.31 659.32 +59.24
16/11/2018 31/12/2018 45 —597.85 26,910.49 7.34 —26,903.15 +2752.28 Dredge
31/12/2018 05/01/2019 5 3556.35 12.93 17,794.68 17,781.76  +1655.70
05/01/2019 24/02/2019 50 239.28 33.00 11,997.16 11,964.16 +832.46
24/02/2019 26/03/2019 30 —1.03 438.94 408.12 —30.82 +3.04
26/03/2019 20/04/2019 25 697.02 0.00 17,425.54 17,425.54  +1971.12
20/04/2019 05/05/2019 15 —592.93 8893.90 0.00 —8893.90 +1227.16
05/05/2019 30/05/2019 25 —311.02 7775.56 0.00 —7775.56 +894.89
30/05/2019 14/06/2019 15 594.02 0.00 8910.36 8910.36 +1046.90
14/06/2019 24/07/2019 40 —236.76 9470.57 0.00 —9470.57  +1101.37
24/07/2019 23/08/2019 30 —20.47 697.96 83.96 —614.01 +60.14
23/08/2019 12/09/2019 20 2.99 267.98 327.82 59.84 +5.82
12/09/2019 22/10/2019 40 —39.67 1632.29 45.49 —1586.80 +150.54
22/10/2019 21/11/2019 30 —66.90 2007.10 0.00 —2007.10 +181.28
21/11/2019 26/12/2019 35 —132.28 4742.30 112.66 —4629.64 +319.05
26/12/2019 25/01/2020 30 287.98 0.00 8639.33 8639.33 +630.13
25/01/2020 19/02/2020 25 46.14 120.48 1273.91 1153.43 +115.83
19/02/2020 10/03/2020 20 —118.73 2374.51 0.00 —2374.51 +234.22
10/03/2020 04/04/2020 25 52.91 137.30 1459.93 1322.63 +128.26
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Table 4 shows the increase in the rate of sedimentation, notably after the dredging
work of 589.90 m?/day after the 2017 dredging and 3556.50 m®/day after the 2018 dredging.
In the 2017 dredging, 16,463.97 m® were extracted and, after stopping the work, the amount
of sediment that was released was 37,030.08 m>. In the following period, 38,423.49 m>
sediment were extracted, which is more than was dredged in the previous month. In fact,
5218.13 m® of sedimentation occurred in the breakdown period.

In the 2018 dredging, 26,910.49 m? were extracted, 17,794.68 m3 of which were ex-
tracted in just 5 days. In order to analyze more precisely the operation of the inner basin of
the Port of Luarca, the variations in elevation during the dredging work were represented,
as well as after the completion of the dredging in 2017 and 2018 (Figures 6 and 7).

In Figure 6a it can be seen that, after stopping at the end of October 2017, the areas
where the dredging was conducted during the September-October period were imme-
diately filled with sand again. The same is seen in Figure 6b,c. It can be seen that the
elevation dropped substantially while the dredging was being conducted (Figure 6b), but
had recovered in the next bathymetry (Figure 6¢) to the original elevation.

The bathymetries in Figure 6 also show how dredging was carried out. In the specific
way that the suction dredger is used, it acts on an area of the surface, substantially lowering
the elevation. Later, the coastal dynamics fill these areas, thereby lowering the level of the
entire dock. In reality, this low point is not filled with the adjacent material in the basin
itself. Instead, it is filled by external sediment. Thus, the dredging effect does not last very
long. This same analysis was conducted for the 2018 dredging (Figure 7).

Figure 7 represents the variation of the bathymetries of the bottom in the Port of
Luarca. Figure 7a shows that the bottom falls due to the dredging carried out, achieving
a total decrease in height of 5.5 m at the lowest point. In the bathymetry of Figure 7b,
practically everything that has been extracted by dredging has been replaced, increasing
the elevation by 5 m where the increase had been greatest. In this case, it is important to
note that the variation that is reflected in the bathymetry occurs only on 5 days. In Figure 7c
it can be seen that the bottom continued to recover the sediments throughout the following
months until it had returned to its original level.

To analyze the behavior of the basin bottom elevation for periods not analyzed above,
the average depth of the basin bottom of the port was analyzed (Figure 8).

Figure 8 shows the average depth of the bottom at the dock in the Port of Luarca. It
can be seen that the dredging was done at the end of 2017. It began in October 2017, but
became impossible to continue during November due to problems with the dredge. Thus,
this dredging ended in December 2017. Figure 8 shows that the recovery of elevation was
almost immediate. Additionally, as can be seen in Figure 8, the same phenomenon occurred
in 2018, with dredging concluding at the end of the year, but the port’s equilibrium level
recovering in the beginning of 2019.

Aside from the phenomena of dredging and rapid recovery of the average level, the
behavior of the bottom was quite stable, except for some sediment entry points. It is
important to note that even these sediment entry peaks are regulated and without external
intervention, with the bottom returning to its average level. In this case, a mean elevation
or equilibrium profile of between —3 and —4 m was verified.

To determine why there are points that experienced an entry of sand in the docking
area that exceeded the balance level, the wave height was analyzed (Figure 9). The data
was supplied by a multiparametric buoy that was deployed in the area surrounding Gijon
Harbor [42].
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Figure 6. Difference in elevation of the bathymetries in the Port of Luarca between (a) 02/09/17 and
20/10/17, (b) 02/10/17 and 02/11/17, (c) 21/11/17 and 21/12/17, and (d) 21/12/17 and 24/02/18.
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Figure 8. Average depth of the bottom of the dock in the Port of Luarca.
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Figure 9. The effect of the wave height (H) on the average level of the dock in the Port of Luarca.

Figure 9 shows the effect of waves on the average level of the dock in the Port of
Luarca. It shows that there were three important wave points. The one that followed
the 2017 dredging produced a slight rebound of the mean elevation of the basin. The
second important wave point occurred after the second dredging, which generated a more
significant increase in the mean elevation. Finally, the third wave point of importance
marked the end of the period that was being studied. However, as at the end of 2019, no
dredging was conducted, and the elevation was stable. Thus, the impact of the waves was
barely noticed. There appeared to be a relationship between the oscillation of the seabed
levels and the waves. However, in order to confirm this, it would be necessary to carry out
a more detailed study to measure the waves in the port itself.

The sand entry peaks, but much less pronounced, correspond to storms. As can be
seen in Figure 9, these sand entries also disappeared, recovering the equilibrium point. The
Negro River is another entry point for sedimentation. This river is a short coastal river
in the north of Spain. It runs through the western part of the Asturias and flows into the
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Cantabrian Sea, on the beach of Luarca. There is an Automatic Hydrological Information

System (SAIH) in this river. It was from this control point that the data were obtained [57].
To study the possible influence of the river on the contribution of sediments in the

basin, the mean level of the basin was compared to the level of the river (Figure 10).

0.0 25
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Figure 10. Effect of the Negro River on the average level of the dock in the Port of Luarca.

Figure 10 shows that a significant elevation of the river level does not imply an entry
of sediments. The highest elevation of the Negro river level occurred on 01/23/2019 and
the lowest level of the dock was reached at the end of March 2019 and ended 1 month later.

5. Conclusions and Discussion

One of the most important tasks for port maintenance is dredging. The objective of
this is to maintain the draft within values that permit vessel to enter and exit from the port.
This work examined how the bottom of the interior basin of the Port of Luarca behaves
during dredging and subsequent periods by analyzing the data of 4 years. In order to
study the variations in the surface of the seafloor, it was necessary to obtain bathymetries
of it. Bathymetries are conducted annually in this port, but there is insufficient data for an
analysis of these variations. These bathymetries must include the depth of the seabed at
several points that are spaced appropriately, in addition to the planimetric position of these
points and measurements of the variations in the mean level of the surface of the sea. Due
to the ongoing modeling of seafloor level and the numerous bathymetric survey data sets
and use of remote sensing technology, it is possible to estimate the volume of sedimentation
and, therefore, how much sediment has accumulated in a navigation channel. The layers of
sediment to remove in maintenance dredging are generally not very thick. Thus, in order
to avoid unnecessary dredging-related expense, seafloor levels should be determined and
modeled accurately.

The purpose of his study was to find a practicable method to obtain a dense time
series of bathymetries using satellite data. This would enable the past behavior of the
seabed to be analyzed. Bathymetries could also be obtained by continuous conventional
measurements using echo sounders. However, there are issues of accuracy and precision at
present. Additionally, shallow coastal waters are difficult to access. Hence, it is not possible
at present to analyze past behavior. It is also necessary to wait until a sufficiently large data
series can be obtained before the behavior of the seabed can be described with certainty.

To facilitate this work, several bathymetries were obtained on different dates from
Sentinel-2 satellite images and the use of a random forest-type algorithm with an MAE of
0.37, an RMSE of 0.47, and an R? of 0.974. From these bathymetric data, the daily dredging
excavation rates were determined. These were 1231.98 m3/day in 2017 and 597.85 m?/day
in 2018. The analysis of the bathymetries indicates that, after this dredging, the bottom
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recovered almost immediately (in the dredging of 2018 in 5 days) with filling rates of 589.90
and 3556.35 m>/day, for 2017 and 2018, respectively. It also can be stated that the sporadic
arrival of sediment above the mean depth also disappeared without external intervention,
keeping the mean depth between —3 and —4 m. As a result, it can be concluded that
lowering the elevation by dredging does not seem adequate, unless the dredging depth is
close to the average elevation that is maintained naturally.

For future work, it might be useful to extend this investigation to other ports. Before
determining the need for dredging, it would be useful to know if there is a depth beyond
which it is not appropriate to conduct further dredging due to the rate at which sediment
returns. The analysis of the behavior of the bottom of the ports in recent years provides
valuable information for the planning of maintenance tasks and the knowledge of their
behavior in the face of littoral dynamics.
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