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Abstract: The water quality in port domains is highly dependent on the capacity for renewal
and mixing with external water. This study uses Lagrangian modelling to investigate
renewal time in Barcelona, Tarragona, and Gijén harbours (Spain), which represent semi-
enclosed micro-tidal and meso-tidal environments. For this purpose, different particle-
tracking simulations have been carried out in each of the ports to study the trends of
circulation and water renewal trends both on the surface layer and at the bottom. The
results indicate that in microtidal Mediterranean ports, the renewal time is longer at the
bottom (32 days in Barcelona and 61 days in Tarragona). Conversely, in the mesotidal port
of Gijoén, located on the Cantabrian coast, the opposite pattern is observed, with higher
renewal times at the surface (14 days). While the results from Lagrangian modelling exhibit
magnitudes comparable to in situ measurements from previous studies, it remains essential
to evaluate the specific characteristics of each method and compare these findings with
other similar works.

Keywords: water renewal time; numerical modelling; Lagrangian model; harbours;
water quality

1. Introduction

Ports play a crucial role as industrial and economic hubs, while also having various
impacts on their surrounding areas. Their activity generates environmental pressure on
their physical surroundings, having a negative impact on air, water, and soil quality [1].
Ports are often situated near urban centres and there is a growing trend to exploit these
areas for recreational, tourist, and nautical activities [2]. This highlights the need to assess
and manage the environmental impacts stemming from port activities [3,4]. Coastal regions
near ports are highly vulnerable to pollution, which impacts their resources and activities.
Water circulation in these areas significantly influences the residence time of pollutants and,
therefore, the water quality in harbours.

Circulation patterns at the regional coastal scale are influenced by different factors
such as waves, tides, wind, larger-scale currents, etc. [5] and have been studied over
time using different methodologies. However, as the scale and intensity of these forcings
are decreased, hydrodynamic characterization becomes more complex, as in estuaries or
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harbours [6], where transport and mixing processes are typically less intense due to their
semi-enclosed nature [7]. In these spaces, the renewal capacity depends mainly on the
water exchange fluxes between the interior and the exterior, in addition to the internal
circulation itself [8]. In the case of harbours, their compartmentalized geometry further
divides water movements. Therefore, it is important to study the spatial variation in water
renewal time (RT) within these domains. RT is a key indicator of water quality in harbours
and is defined as the average time a water particle remains within the harbour area [9].
This offers a primary description of the multiple processes involved in transport and serves
as a key parameter in controlling system behaviour [10].

This spatial variability has been analysed in different contexts and using different
methodologies [11] to calculate and analyse the renewal time in the Pontevedra estuary
using a stationary box model. Stamou et al. (2007) [12] proposed a methodology to calculate
the water renewal time in semi-enclosed coastal areas with complex geometries, using the
hydrodynamic model FLOW-3D. In this case, modelling is employed to illustrate future
circulation and renewal conditions of water in response to the necessity of carrying out
significant dredging. The authors emphasized the importance of wind and tides in the
variability of renewal times. Orfila et al. (2005) [13] investigated the renewal times in
the port of Cabrera Island using measured data from an ADCP, comparing them with
simulations of a continuous stirred tank reactor (CSTR) model. Grifoll et al. (2013) [14]
characterized the water renewal locally in Bilbao Harbour by a Eulerian model, highlighting
its spatial variation both horizontally and vertically. The most commonly used tool for this
analysis is numerical modelling because there are insufficient or inadequate campaign data
for these calculations [15,16]. Another example of work that uses Eulerian models to study
the renewal time of a semi-confined water mass is by Dias et al. (2000) [17] who examined
the residence time of a bay using a particle-tracking model that calculates particle positions
at each time step.

In this study, the renewal time in the ports of Barcelona, Tarragona, and Gijon is
characterized using a Lagrangian particle-tracking model (LPTM). These ports differ in
key aspects. Barcelona and Tarragona are situated in microtidal environments typical
of the Mediterranean coast, while Gijén is located in a mesotidal environment along
the Cantabrian coast. Additionally, the port of Barcelona has two mouths, unlike the
single-mouth structures of Tarragona and Gijén. Previous studies [18,19] estimated the
integrated RT of each port using current data from the port entrances collected during
intensive measurement campaigns, yielding time series data of daily mean RT values for
each harbour.

The main objective of this study is to calculate and analyse the spatial distribution
of RT at various depths within each harbour. Unlike previous research, which generally
focused on calculating RT as a single integrated value for entire ports or bays [20], this work
provides both an integrated RT value and a spatially resolved, depth-specific analysis. This
approach enables us to examine RT variations across different zones and depths, addressing
a significant gap in locally specific and depth-resolved RT data. Such detailed analysis
offers new insights into water renewal dynamics and local water quality variations within
harbour environments, contributing a level of understanding that previous studies have
not achieved.

The tool used in this study is the LOCATE model [21], which simulates the release
of Lagrangian particles over the entire extension of the harbours. Through different
simulations and post-processing techniques, the renewal time on the surface layer and
at the bottom in the whole domain of the three mentioned ports has been estimated, by
spatially integrated and specific areas.
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This article is structured into five main sections: firstly, it presents the context on
which this study is based; next, it describes the ports, the model configuration, and the
methodology for calculating the renewal time; thirdly, it analyses the results; fourthly, it
presents a discussion comparing these results with those obtained in previous studies, with
different hypotheses and reasoning; and finally, the conclusions of this study are presented.

2. Materials and Methods
2.1. Study Area

The ports examined in this study are situated at different locations along the Span-
ish coast. Barcelona and Tarragona are located in the northeast of the peninsula, along
the Mediterranean Sea, while Gijon is situated in the north, facing the Cantabrian Sea
(Figure 1). The general characteristics of each of them are described below. The measure-
ment campaigns referenced throughout the article, as well as the methodology used to
calculate renewal times from the measurements at the mouths, are detailed in Samper et al.
(2023 and 2022) [18,19].
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Figure 1. Location (A) and bathymetric maps of the ports of Barcelona (B), Tarragona (C), and Gijén
(D). The red crosses indicate the locations of the ADCP Doppler devices during the measurement
campaigns referenced earlier, used for validation and calculations in previous studies.

2.1.1. Barcelona Harbour

The port of Barcelona is located on the Catalan coast, on the Mediterranean Sea. It
is approximately 10 km long and up to 2 km wide, with a longitudinal axis oriented
30° clockwise from north. It connects with the open sea through two mouths: one on the
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north and the other on the south, measuring 145 and 530 m wide, respectively. This port
features a complex geometry characterized by several channels and basins of different
shapes and sizes with depths ranging from 8 to 20 m [22] (Figure 1B). Internal currents
are strongly influenced by coastal currents and wind, which in winter conditions have
been described as negative estuarine circulation [23]. In previous work [18], the average
renewal time of the harbour was estimated to be 18 days from current measurements at the
southern entrance.

2.1.2. Tarragona Harbour

The port of Tarragona is situated on the southern coast of Catalonia covering approxi-
mately 4 km in length and between 200 m and 1 km in width. It has a longitudinal axis
oriented to the northeast and depths ranging between 10 and 20 m [24] (Figure 1C). The
Francoli River flows into the interior, with a significant seasonal variation in flow, with
an average monthly summer flow (recorded 6 km upstream from the port) of 0.2 m3/s,
which increases to 1.4 m3/s in winter [25]. The port is connected to the sea by a 570-m-wide
mouth, situated in the southern section of the harbour. According to other studies [18],
based on observations, the average renewal time is estimated to be 11 days.

2.1.3. Gijén Harbour

The port of Gijén is located in the south of the Bay of Biscay, in the northern part of the
Iberian Peninsula. It has natural protection against the characteristic north-westerly storms
because it is safeguarded by the cape of Pefias y Torres and the Amouscas platform [26].
The marine circulation in this region is complex, characterized by seasonal currents that
vary in strength and direction and are significantly influenced by the Gulf Stream and
marine topography [27,28]. The bathymetry of the inner harbour reveals depths ranging
from 5 to 20 m (Figure 1D) and the tidal range can reach 4.36 m [29]. Previous studies have
estimated the average water renewal time to be 21 days, with an increase in renewal time
observed under high atmospheric pressure conditions [19].

2.2. Model and Hydrodynamic Description

The main tool used in this study is LOCATE v.1.0, a numerical model that integrates
Eulerian hydrodynamic data from the SAMOA system (Sistema de Apoyo Meteorolégico
y Oceanograéfico a las Autoridades Portuarias) with Lagrangian particle simulations using
Parcels (Probably a Really Efficient Lagrangian Simulator) [30]. Parcels is a particle La-
grangian solver that allows customized simulations using different tools in Python 3 [31].
The scripts used and instructions for their use are described in the LOCATE repository on
Github by Herndndez et al. (2024) [21].

The hydrodynamic information has been obtained from the high-resolution numerical
models implemented in SAMOA, which uses the ROMS (Regional Ocean Modelling System)
hydrodynamic model [32]. Numerical details, complete data, and source code are available
on the ROMS website, https:/ /www.myroms.org/ (accessed on 10 February 2024). SAMOA
(main features in Table 1) has been developed by Puertos del Estado (PdE), the Maritime
Engineering Laboratory of the Polytechnic University of Catalonia (LIM-UPC), and different
Spanish port authorities and responds to the need for meteorological and oceanographic
information at coastal and port levels [33]. This model was selected for its high resolution,
enabling analysis at very small scales such as harbours, as well as for its accessibility and
ease of access to information. The hydrodynamic data utilized in this study can be found in
the PdE data catalogue: https://opendap.puertos.es (accessed on 10 February 2024). This
model has two regular nested grids with a horizontal spatial resolution of 350 m for the
coastal domains and 70 m for the port domains. The vertical resolution comprises 20 and
15 levels, respectively [34].
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Table 1. Main features of SAMOA computational domains.
Harbour Domain Dimension (Cells) Extension (Km)
Barcelona Coastal 170 x 72 64 x 27
Harbour 165 x 153 12 x 11
Tarragona Coastal 260 x 166 100 x 65
Harbour 130 x 125 9x%x9
Gijon Coastal 223 x 115 78 x 40
Harbour 222 x 142 15 x 10

The operational SAMOA system is nested in the regional daily forecasts provided by
CMEMS-IBI (Copernicus Marine Environment Monitoring Service-Iberia Biscay Irish). On
the one hand, CMEMS-IBI provides hourly current and sea level data, which are utilized as
open boundary conditions (OBC). Additionally, it supplies daily temperature and salinity
values throughout the water column. In cases of significant freshwater discharge, river
discharge is factored in, considering climatological data and maintaining a constant salinity
of 18 PSU. On the other hand, SAMOA at the surface is influenced by wind stress with
hourly frequency, along with atmospheric pressure, water fluxes (evaporation), and surface
heat provided by the Agencia Estatal de Meteorologia (AEMET). AEMET’s data is derived
from the HARMIONE model (2.5 km resolution nested within the IFS forecast of the
ECMWE) [35]. To ensure sufficiently detailed bathymetry, global data sources such as
GEBCO https:/ /www.gebco.net/ (accessed on 10 February 2024) and local data provided
by port authorities are combined. Extended information on the SAMOA model is available
at Alvarez et al. (2018) and Sotillo et al. (2019) [33,36].

SAMOA has been successfully validated through multiple approaches, including com-
parison with alternative models [34], measurements [33], and under different scenarios [37].
The current model results are validated at the mouth by comparing the observations with
the simulations (see Figure 1 for the validated measurement locations). This validation is
divided into two phases: a first visual representation of the time series and a second analy-
sis by calculating the correlation coefficient (R) and the root-mean-square error (RMSE) [38].
Figure 2 shows the time series of simulated and measured currents during the different
campaigns and the statistics calculated corresponding to each case and the corresponding
scatter plot.

The qualitative analysis demonstrates that the SAMOA model captures the overall
pattern observed in the different ports, reflecting the temporal evolution of currents rea-
sonably well. However, some discrepancies are observed in terms of intensity. Specifically,
in the port of Gijon, the model slightly underpredicts the current intensity, particularly
during periods of higher flow rates. Conversely, in the ports of Barcelona and Tarragona,
the model tends to overpredict the current intensity.

Despite these differences, the model consistently reproduces the directional patterns
of the currents, distinguishing periods of inward and outward flows with notable accuracy.
This alignment with the observed patterns supports the model’s applicability for general
trend analysis, even though localized intensity variations require further refinement.

The studies that we referenced have successfully validated the model in external
areas, particularly near the coast, where currents are stronger and more predictable. This
external validation is robust and reliable, and, given that the internal currents within
the harbour are closely linked to these external currents, we consider this to support the
model’s applicability within the harbour as well. However, validation within the harbour
area presents greater challenges due to the much lower current intensities and the complex
geometry of the port [39].
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Figure 2. Time series and scatter plots of current intensity in the direction perpendicular to the
harbour entrance, at the surface and at the bottom. Positive values indicate currents flowing inward,
while negative values represent currents flowing outward. Observations are represented by blue
lines, and SAMOA predictions are shown in black.
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The statistical results reveal correlations of 0.38, 0.42, and 0.80 at the surface, and
0.25, 0.44, and 0.28 at the bottom for Barcelona, Tarragona, and Gijén, respectively. It is
important to note that both the measurements and the model predictions are influenced
by the complexity of each domain, the port infrastructures, and the intensity of tides,
particularly in the case of Gijén. Although the correlation coefficients between model
results and observations are relatively low in some cases, they capture the observed trends.
Although the correlations within the harbour are lower, we regard this initial validation as
a valuable first step, and we accept these results while acknowledging the need for further
investigation to better understand the reasons behind these lower correlations.

2.3. Model Setup

According to the methodology from the LOCATE model proposed by Herndn-
dez et al. (2024) [21], the scripts have been adapted to the ports of Barcelona, Tarragona,
and Gijén. Specifically, the adaptation was applied to a preprocessing script containing the
particle release information, which is adjusted based on the port being analysed. For each of
these ports, two simulations are conducted (surface and bottom), with the duration of each
simulation defined according to the duration of the measurement campaigns mentioned in
the previous work (Table 2).

Table 2. Key simulation parameters: number of nodes, particles, and duration of the simulations.

Harbour Nodes Number of Simulation
Inside Harbour Simulated Particles Duration (Days)
Barcelona 1514 1514 90
Tarragona 765 1530 152
Gijén 587 1174 73

The transport processes considered in the movement of particles include coastal
currents, turbulent diffusion, and the specific boundary conditions of each port. The
availability of high-resolution data for different coastlines has allowed for the applica-
tion of boundary conditions that accurately represent the complex geometry of the ports.
To achieve this, a pre-calculated distance grid between the nodes of the hydrodynamic
model and the high-resolution coastline is utilized. This approach enables the precise
identification of particles near the contours of the harbours, allowing them to be returned
to their immediate previous positions. This process enables particles to ‘bounce” and
continue circulating.

The model simulates the movement of discrete particles that are passively moving
due to currents, providing a trajectory for each particle. The simulations of the trajectories
are started at a specific time (corresponding to the beginning of the measurement cam-
paigns of the previous work) along the entire inland water mass of the ports and have
different durations to coincide with the duration of the measurement campaigns [18,19].
A pre-processing step, which combines tools from Python and the open-source software
QGIS 3.30.3, is used to extract the coordinates of the SAMOA hydrodynamic grid nodes
inside each port. Subsequently, particles are placed on these nodes. For Barcelona, one
particle is placed at each node (Figure 3A), while for Tarragona and Gijén, two particles are
situated at each node. This ensures that all simulations have a minimum of 1000 particles.
Table 2 summarizes the values of these parameters for each port.

The definition of the simulated diffusive phenomenon (Ky,) depends on factors such
as mesh size, resolution, and current intensity [40]. However, experimental data are not
easily available to define its value for the scale used and for each of the analysed ports.
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To determine the most consistent value in the simulations, validation has been conducted
using data from a drifting buoy in the port of Barcelona.

Figure 3. Example of the location of the particle launching nodes in the port of Barcelona (A).
Simulation of trajectories for 10 particles within the port of Barcelona during one week. Initial
locations are represented by points, trajectories are represented by solid lines, and the dashed white
line marks the point from where it is considered to be outside the port (B).

Using observational data (Figure 4), trajectories of five simulated particles with dif-
ferent Ky, values have been compared with the observed trajectory of the buoy. The
Normalized Cumulative Lagrangian Separation (NCLS) distance Skill Score (SS) method-
ology proposed by Liu and Weisberg (2011) [41], previously utilized with this model by
Castro-Rosero et al. (2023) [42] and Hernandez et al. (2024) [21], was applied. The NCLS
quantifies the fit of the simulated trajectories to the real ones, with lower values indicating
more accurate simulations. The SS is calculated from cumulative values over all time
steps using a tolerance threshold ‘n’, as proposed by Liu and Weisberg (2011) [41] and
Révelard et al. (2021) [43]. In this case, the tolerance threshold ‘n” has been set to 16, taking
into account that the SS is quantified in a range from 0 to 1, where an SS of 1 implies
an exact match between the simulated and observed trajectories, indicating a high level
of accuracy in the simulation [44]. To carry out these calculations, the Python module
geopy.distance was used, using the WGS-84 ellipsoid as the geodetic reference, as specified
in the 2022 Geopy documentation [45].

In this case, the constant horizontal diffusion coefficient with the highest SS is
0.05 m?s~! (Figure 4), which is the value used in all simulations. Between 0.01 m?/s
and 0.05 m?/s, the SS shows small variation but it was observed that above 0.05 m2s~!,
the SS increased and the model performance decreased. Although 0.1 may appear closer
to the real trajectory due to its proximity, the simulation with Kh 0.05 m?/s aligns better
because of its straighter shape. Similar coefficients have also been used in problems of
similar geometric dimensions to ours [36,37].

Regarding the validation of the Lagrangian trajectories and the diffusion coefficient,
it is important to note that such coefficients are typically not extensively validated in the
literature, largely due to the limited studies available on this topic [46]. In our study,
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however, we sought to validate our approach by using a buoy in the port of Barcelona
as a small-scale example. The results that we obtained were consistent with the limited
data available in the literature, which led us to consider this validation satisfactory for

our purposes.

Difussion coefficient (Kh) 0.01 0.025 0.05 0.075

SKill score (ss) 0.974 0.974 0.975 0.966

Drifter trajectory

Figure 4. Recorded trajectory (white line) and simulated trajectories with different horizontal diffusion
coefficients (K}) in the port of Barcelona.

2.4. Renewal Times

To calculate the renewal time, the moment at which each particle leaves the port
was identified and compared with the simulation start time. To determine that a particle
is outside, two polygons were created and differentiated using the shapely library in
Python [47]: one representing the water mass within the port and the other representing
the water outside (see Figure 3B). Using the geopy library ‘geopy’ (2022) [44], which
facilitates the manipulation and analysis of geometric elements and enables work with
geo-referenced information, particle coordinates at each time step were obtained. For
computational efficiency, data were recorded at 15 min intervals.

To spatially analyse the simulation results, each port has been subdivided into dif-
ferent zones based on prominent features such as separate docks, breakwaters, or other
constructions dividing the water body (Figure 5). In addition, it has been tried to maintain
a similar number of zones for all of them. This allows a geospatial analysis to identify areas
with the highest susceptibility to pollution problems. In addition, these areas have been
defined to facilitate comparison with the results obtained in previous studies.

As mentioned in Section 2.3 (Model Setup), the duration of each simulation corre-
sponds to the duration of the measured campaigns in previous work, allowing a direct
comparison of the results. During the simulations, not all particles leave the port. Those
particles remaining inside at the end of the simulation are assigned a renewal time equal
to the full duration: 90 days for Barcelona, 152 days for Tarragona, and 73 days for Gijon.
Once renewal times are assigned to each particle, integrated calculations and statistical
analyses are conducted both overall and by zones.

To enhance the clarity and reproducibility of our research methodology, we have
developed a flowchart (Figure 6) that outlines the key processes and analytical steps un-
dertaken throughout this study. This visual representation serves not only to address
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feedback regarding the methodology’s accessibility for individuals unfamiliar with the
software utilized but also to provide a comprehensive overview of our approach. By
illustrating the sequential stages of analysis, the flowchart facilitates a better understand-
ing of the underlying processes and allows for easier replication of our results by other
researchers. This structured approach ensures that critical information regarding input
data and methodological descriptions is readily available, fostering greater transparency in
our scientific contributions.
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Figure 5. Delimitation of the areas considered in the ports of Barcelona (A), Tarragona (B), and Gijén
(©). The red dots represent the reference points used later for the current profile analysis.
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Figure 6. A flowchart detailing the key stages of analysis and methodology used in this study, aimed
at providing clarity for reproducibility and understanding of the processes involved.
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3. Results

This section presents the results of the numerical experiments carried out in the
different ports. In each case, the analysis includes both the surface and bottom levels,
showing different behaviours between the two simulations. The obtained results vary not
only vertically, but also with their horizontal position. In addition to the spatial distribution
maps of the renewal times, tables also show the results in terms of days and the percentage
of particles that, by the end of the simulation, have either left each zone or remained in
the interior.

3.1. Barcelona Harbour

Figure 7 shows the spatial distribution of the renewal time within the port of Barcelona,
calculated from the trajectories of 1514 particles over the entire length of the port in a 90-day
simulation. Surface values vary from 11 days in areas near the harbour mouths to 44 days in
points furthest from the exterior. At deeper waters, although the spatial distribution pattern
is the same (longer renewal time in sheltered areas), more extreme figures are obtained,
ranging from 5 to 86 days. Regarding the integrated value of the entire port, an average
renewal time of 21 days at the surface and 32 days at the bottom is estimated. Generally,
higher renewal times are observed at the bottom, except in zones 6 and 7, which differ from
this pattern.

Surface Renewal Time Bottom Renewal Time
(4/06/2019 - 1/09/2019) (4/06/2019 - 1/09/2019)

Days

2°8'24°E 2°9°E 2°9'36E 2°10'48°E 2°8'24"E 2°9°E 2°9'36E 2°10'48"E
Longitude Longitude

Figure 7. Spatial distribution of the mean renewal time in the port of Barcelona for the period
4 June 2019-1 September 2019, calculated from the surface (left) and bottom (right) simulated particle
trajectories. The red dot indicates the location of the profile analysed in the discussion.

At the end of the simulation, 9.8% of the surface particles and 26.9% at the bottom
(Table 3) remained within the interior of the port, so they are assigned a renewal time
of 90 days, equivalent to the simulation duration. In all of the zones, at least 70% of
the particles are exported at the surface and 8% at the bottom. Significant differences
between the surface and bottom are observed in zone 4, where 79.0% and 8.7% are exported
respectively, and where the average renewal time is higher.
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Table 3. Statistical results of the renewal time by zones in the port of Barcelona for the period from
4 June 2019-1 September 2019.

Particle Exported Particles (%) Non-Exported Particles (%) Mean RT
Zone (Days)
Number
Surface Bottom Surface Bottom Surface Bottom
1 72 70.8 38.9 29.2 61.1 38.7 70.4
2 91 91.2 48.3 8.8 51.7 17.4 60.3
3 142 75.4 64.6 24.6 354 444 45.6
4 195 79.0 8.7 21.0 91.3 424 85.7
5 321 94.4 72.9 5.6 27.1 11.1 37.6
6 502 95.0 99.6 5.0 0.4 13.8 4.8
7 191 99.5 100 0.5 - 12.0 4.7
Total/ 1514 90.2 73.1 9.8 26.9 21.0 32.4
Mean

Latitude
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3.2. Tarragona Harbour

The results of the Tarragona simulations are shown in Figure 8. This simulation has
a duration of 152 days, the longest in this study, and includes 1530 particles. Similar to
previous cases, the estimated renewal times at the surface are lower than those at the
bottom. Surface renewal times range from 3 to 65 days, while bottom renewal times range
from 10 to 111 days, depending on proximity to the port mouth. Integrated results for the
entire harbour give a renewal time of 36 days at the surface and 61 days at the bottom.

Surface Renewal Time Bottom Renewal Time
/0/2019 -12/09/2019) (12/04/2019 - 12/09/2019)

Days

1°12°E 1°12°36"E 1°13'12"E 1°13'48"E 1°14'24°E 1°12°E 1°12'36"E 1°13'12°E 1°13'48"E 1°14'24°E
Longitude Longitude

Figure 8. Spatial distribution of the mean renewal time in the port of Tarragona for the period
12 April 2019-15 September 2019, calculated from the surface (left) and bottom (right) simulated
particle trajectories. The red dot indicates the location of the profile analysed in the discussion, while
the arrow represents the orientation of the positive direction of the vector.

The 19.5% of particles at the surface and 23% at the bottom (Table 4) that have not
been exported at the end of the simulation time are assigned a renewal time of 152 days,
equivalent to the simulation duration. Analysing these results by zone, it is observed that
at the surface, a minimum of 59.9% of particles are exported from all zones, while at the
bottom 36.3% of all zones are exported. There are no significant differences between the
surface and the bottom, but there are substantial differences between the different zones.
In the case of zone 4, low percentages of exported particles are observed, particularly at the
bottom. An integrated renewal time of 88 days is estimated for this zone, considering both
surface and bottom layers.



J. Mar. Sci. Eng. 2025, 13, 341

13 of 22

Table 4. Statistical results of the renewal time by zones in the port of Tarragona for the period from
4 June 2019-1 September 2019.

Particle Exported Particles (%) Non-Exported Particles (%) Mean RT
Zone (Days)
Number
Surface Bottom Surface Bottom Surface Bottom
1 86 76.7 89.5 23.3 10.5 61.5 64.3
2 190 67.9 88.4 32.1 11.6 61.8 64.7
3 50 74.0 82.0 26.0 18.0 46.3 71.3
4 322 59.9 36.3 40.1 63.7 65.4 110.8
5 326 79.5 76.4 20.5 23.6 37.8 69.0
6 228 97.8 89.9 2.2 10.1 7.3 48.3
7 328 99.1 97.9 09 2.1 25 10.1
Total/ 1530 80.5 77.0 19.5 23.0 36.1 61.4
Mean

43°34'48"'N

3°33'36"N

43°33'N 2

5°4236'W  5°42W  5°412 4048'W 5°4012°'W  5°4236'W  5°42W  5°4124'W 5°40'48"W 5°40'12'W

3.3. Gijon Harbour

The results for Gijon (Figure 9) are based on the simulation of the trajectory of 1174 par-
ticles over 73 days. In this case, a different spatial distribution of renewal times is observed
compared to the previous ports. The results at the surface range from 2 to 39 days, while
those at the bottom range from 2 to 11. Notably, higher values are observed at the surface
than at the bottom, with the exception of zone 1, which corresponds to an independent part
of the harbour with its own mouth. The results also vary according to their proximity to
the outside of the port, with higher values observed in the more sheltered areas and farther
away from the mouth of the harbour. Estimation renovation time averages for this port
were 14 days on the surface and 5 days on the bottom.

Surface Renewal Time Bottom Renewal Time
(20/11/2021 - 1/02/2022) (20/11/2021 - 1/02/2022)

40.5

36.0

315

27.0

225

Days

18.0

135

9.0

4.5

D Sl

0.0

Longitude Longitude

Figure 9. Spatial distribution of the mean renewal time in the port of Gijén for the period
20 November 2021-1 February 2022, calculated from the surface (left) and bottom (right) simu-
lated particle trajectories. The red dot indicates the location of the profile analysed in the discussion,
while the arrow represents the orientation of the positive direction of the vector.

In the end, 6% of surface particles and 2.4% of deep particles (Table 5) remain in the
interior of the port, thus giving them a renewal time of 73 days, equivalent to the simulation
duration. In all zones, a minimum of 70% of the surface particles and 90% of the bottom
particles are exported, with similar values between the surface and the bottom. The zone
with the greatest difference is zone 2, which exports the least particles and has the longest
average renewal time (25 days).
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Table 5. Statistical results of the renewal time by zones in the port of Gijén for the period from
20 November 2021 to 1 February 2022.

Particle Exported Particles (%) Non-Exported Particles (%) Mean RT
Zone (Days)
Number
Surface Bottom Surface Bottom Surface Bottom
1 558 98.9 98.8 1.01 1.2 1.7 5.8
2 40 70.0 90.0 30.0 10.0 39.4 10.7
3 62 87.1 100.0 12.9 - 31.9 2.8
4 256 88.2 95.1 11.8 49 259 4.9
5 74 93.2 96.0 6.8 4.0 194 4.8
6 194 94.9 99.0 5.1 1.0 20.0 1.7
Total/ 1174 94.0 97.6 6 24 13.8 49
Mean

4. Discussion

In previous works, renewal times in these ports were calculated using a Eulerian
approximation, involving measurements at a single point over a period of time. Samper et al.
(2023, 2022) [18,19] estimated renewal times by measuring currents at the harbour mouths
with a current meter and considering total water volumes. This method provided integrated
values for each harbour, varying over time. In this study, however, a numerical approach is
used, employing a Lagrangian numerical model that provides detailed and individualized
trajectories for each simulated particle, enabling global averaging of results or analysis on
a zonal scale. The following sections analyse and compare the specificities of the results
obtained with those from previous works.

The results reveal varying renewal times influenced by both the initial horizontal
and vertical positions of particles. As previously mentioned, Barcelona and Tarragona
(two Mediterranean microtidal harbours) show higher renewal times at the bottom, whereas
the opposite trend is observed in Gijon (example of mesotidal harbour). Figure 10 presents
the vertical profiles of currents at the mouth of each port, where positive values indicate
inflow into the port and negative values indicate outflow. The hydrodynamics represented
by these profiles coincide with the results described, with inflow currents at the bottom in
the first two cases and surface currents in the last one, which would generate these higher
renewal times. The location of these profiles is presented in Figure 5.

mean current intensity

Barcelona Tarragona Gijén
0 0.0 0
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- -4
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-16 -175 -16
-0.03-0.02-0.01 0.00 0.01 0.02 0.03 -0.03-0.02-0.01 0.00 0.01 0.02 0.03  —0.03-0.02-0.01 0.00 0.01 0.02 0.03
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Figure 10. Current profile at the mouth for each port during the simulated period.
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Figures 11-13 present horizontal mean flow maps for each port over the entire study
period, providing the mean flow data that support the renewal time results obtained in
this study. These maps illustrate the weaker currents at depth compared to those at the
surface, aligning with the findings of higher renewal times in deeper layers in the ports
of Tarragona and Barcelona. This pattern suggests that the reduced flow intensity at the
bottom likely contributes to slower water renewal in these layers, while surface currents
facilitate a faster renewal rate.

Surface current intensity Bottom current intensity
(June - September) (June - September)
41°23'N : SR 2 . 505 BTN o™

41°22'N

41°21'N
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m/s
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2°8'24°E 2°9°E 2°9'36'E 2°10'48°E 2°8'24°E 2°9'E 2°9'36'E 2°10'48°E
Longitude Longitude

Figure 11. Maps of horizontal mean flow at the surface and bottom from June to September in
Barcelona harbour. The surface currents flow out of the harbour, while the bottom currents flow
inward. This pattern aligns with the current profiles shown in Figures 9 and 11, as well as with the
renewal time results described.
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Figure 12. Maps of horizontal mean flow at the surface and bottom from April to September in
Tarragona harbour. The surface currents flow out of the harbour, while the bottom currents flow
inward. This pattern aligns with the current profiles shown in Figures 9 and 11, as well as with the

renewal time results described.
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Figure 13. Maps of horizontal mean flow at the surface and bottom from November to February in
Gijén harbour. The surface currents flow into the interior of the harbour, while the bottom currents
flow outward. This pattern aligns with the current profiles shown in Figures 9 and 11, as well as with
the renewal time results described.

In the southern basin of Barcelona, encompassing defined zones 6 and 7, a contrasting
pattern is observed compared to the rest of the port, characterized by higher surface renewal
times. The current profile at the mouth of the basin (Figure 14A) shows surface currents
towards the interior of the basin (negative values), resulting in increased particle travel
distance and, consequently, higher renewal times. The location of this profile is identified
in Figure 7, where zone 4 is the one with the highest values, a greater difference between
the surface (43 days) and the bottom (86 days) and also with respect to the other zones of
the port. This 1.10 km? basin is connected to the main channel of the harbour but is situated
away from either of the two harbour mouths. With a minimum width of 220 m, the basin
features more confined waters, less intense currents, and consequently, higher RT.
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Figure 14. Current profile of areas with different patterns or where extreme results have been
identified in Barcelona (A), Tarragona (B) and Gijén (C).

The results obtained in this work present an integrated mean renewal time for the
entire port of 26.7 days compared to the 18 days estimated from the Doppler-measured
data presented in Samper et al. (2022) [18]. These higher values include the entire harbour
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domain, even the values in the most sheltered basins. In contrast, the time calculated from
observations only considers data obtained at a point close to the harbour mouth and is
consequently expected to be lower.

In the case of Tarragona, the same pattern is observed throughout the port domain
(lower renewal times on the surface). However, zone 4 reaches values much higher than
the total average for the port (65.4 days on the surface and 110.8 days on the bottom).
The mouth of the Francoli River, situated within this zone, exhibits a narrow geometry
ranging between 70 and 300 m. This constrained configuration impedes the easy exit of
particles circulating within the zone, consequently prolonging the renewal time. The profile
in Figure 14B, which corresponds to the river mouth (exact location in Figure 8) shows
very-low intensity currents.

The mean integrated renewal time obtained in this study is 48.8 days, higher than that
calculated in the previous studies (11 days in Samper et al. (2022) [18]). This difference may
have two main causes. Firstly, as in the case of Barcelona, the calculation of the mean time
from the model results includes the entire length of the harbour, covering sheltered regions
characterized by lower currents. Secondly, the SAMOA hydrodynamic model incorporates
a statistically predetermined flow for the Francoli River. Consequently, fluctuations such
as floods or increases in river flow are not considered in the model hydrodynamics of the
harbour. In the case of the results obtained from measurements at the mouth of the harbour,
they may be affected by changes in river flow. The primary objective of this study is to
achieve a spatial analysis of water renewal times within ports.

Therefore, even though the model may not provide highly precise correlations, it does
offer a qualitative understanding of which areas or ports may face greater challenges in
water renewal. Furthermore, as mentioned earlier, the model operates as an established
system and has been extensively validated in other studies. It is important to highlight
that the hydrodynamic model used in this study is part of the operational SAMOA system,
which is managed by Puertos del Estado and not by our institution (LIM/UPC). As a result,
modifications to the numerical grid, bathymetry, forcing agents, or numerical schemes
cannot be implemented. Nevertheless, despite limitations in correlation with in situ obser-
vations, the model remains a valuable tool for the qualitative assessment of water exchange
processes in the analysed ports.

In this context, it is important to highlight that the observed subprediction of current
intensity at the port of Gijon, as well as the overprediction in Barcelona and Tarragona, could
impact the numerical estimation of the RT when derived from the Lagrangian simulation.
These deviations in current intensity directly influence the calculated RT. Nonetheless, the
model’s capability to provide spatial distributions and to distinguish zones with differing
susceptibility to pollution or accumulation of residues remains unaffected.

Specifically, while numerical discrepancies in the intensity of currents may introduce
uncertainties in absolute RT values, the spatial patterns identified by the model are con-
sistent with observed trends. This enables the effective identification of areas within the
ports that are more vulnerable to reduced water renewal or prone to the accumulation
of contaminants. Such insights are crucial for environmental management and planning,
even if the exact RT values have inherent limitations due to the model’s performance at
specific locations. It is important to recognize that the accuracy of the model results could
be improved if certain modifications were implemented, such as refining the simulation
grid, updating the bathymetry, and optimizing the forcing agents. These enhancements
would likely improve correlation with in situ measurements and provide greater reliability
in quantifying renewal times. However, since the SAMOA model is an external operational
system, these modifications cannot be implemented within the scope of this study.
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In the port of Gijon, generally higher renewal times are observed on the surface with
the exception of zone 1, where the opposite is the case. Moreover, in this zone, the results
obtained are considerably lower than in the rest (1.7 days on the surface and 5.8 days on
the bottom). The profile in Figure 14C, situated at the basin mouth, reveals surface currents
flowing outward (positive values) and weaker currents inward (negative values). This
section of the harbour operates independently from the rest, directly connecting to the
sea. As a result, it exhibits a lower renewal time compared to the other harbour areas. The
integrated average renewal time is calculated from zones 2, 3, 4, and 5 only (see Figure 5C).
This is due to the location of the current meter-Doppler in the campaign of previous
works, because zones 1 and 6 were outside the domain considered for the calculation. To
compare the results of this work with those obtained previously, the mean time of the zones
equivalent to those considered in Samper et al. (2023) [19] was calculated, with the mean
renewal time obtained in this work being 17.5 days, compared to the 21 days previously
estimated. The result obtained from the numerical simulations is slightly lower than that
calculated from the Doppler data at the mouth.

In Barcelona and Tarragona, a similar distribution of renewal times is observed, with
higher values at the bottom and in the most sheltered areas. However, even though the
port of Barcelona is considerably larger, it has lower renewal times. This may be due to
the existence of two harbour entrances, one in the north and the other in the south, which
facilitates the circulation of particles towards the outside of the port and, therefore, reduces
the renewal time. Orfila et al. (2005) [13] estimated the renewal time in a Mediterranean
port (Cabrera) by simulating the release of Lagrangian particles and calculating the time
elapsed from their release until they exit the port. This study, which employs a similar
methodology to the current research, reveals that renewal times are higher at the bottom
compared to those at the surface, aligning with our findings.

Gijon, however, has the opposite vertical disposition of the renewal times, mean-
ing that the highest renewal times are observed on the surface. This distinction can be
attributed to the port’s location on the Cantabrian coast, characterized by significantly
stronger tides, exceeding 4 m, compared to the Mediterranean Sea [48]. Consequently,
these tides create inward and outward currents in deeper layers generating water exchange
between the port and the external environment, thus reducing renewal times. The same
vertical distribution of renewal time (higher at the surface) was observed in Bilbao, another
Cantabrian environment, in Grifoll et al. (2013) [14], attributed to the effect of sea breezes
countering the influence of tides in deeper layers.

This current configuration at the harbour entrances, particularly in the Mediterranean
ports, resembles positive estuarine circulation in the form of a salt-wedge. In this type
of circulation, freshwater from a river or surface runoff meets denser seawater, creating
a wedge-like structure where the less saline, fresher water flows out towards the exterior
at the surface, while denser saltwater flows in at depth [49]. This results in a net outflow
of water at the surface, which contributes to lower renewal times in the Mediterranean
harbours. In contrast, Gijén, with its mesotidal environment, exhibits characteristics of a
partially mixed negative estuary (without freshwater input from the harbour) [50,51]. Here,
tidal forces lead to more uniform mixing, producing a more even distribution of currents
and influencing the renewal time patterns differently.

Regarding the horizontal distribution of renewal times, in all three ports, it is observed
that the most sheltered areas or those farther from the harbour mouths experience greater
difficulty renewing the water within them [52]. This pattern emphasizes the need for
special attention to these areas, particularly in the case of pollution events, as reduced water
exchange could exacerbate the persistence of contaminants [53]. Local conditions, such as
the specific geometry of each port, the degree of confinement, and hydrodynamic features,
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play a crucial role in shaping renewal patterns. For instance, sheltered regions with narrow
passages or complex bathymetry often exhibit weaker circulation, which contributes to
longer renewal times [54]. These findings underscore the importance of considering local
hydrodynamic characteristics when assessing water quality and management strategies in
port environments.

For future research, it would be beneficial to assess the impact of changes in horizontal
resolution in specific port areas, the inclusion of forcing factors with improved spatial and
temporal resolution, and the optimization of numerical parameters associated with advec-
tive and diffusion processes. These adjustments could enhance the correlation between
modelled results and observations, providing a more precise characterization of water
renewal processes in port environments.

5. Conclusions

The spatial distribution of water renewal time in various harbours was character-
ized using a Lagrangian simulation model of particle trajectories. This approach allows
tracking the horizontal movement of particles across the water body, providing a detailed
and specific overview of water renewal in different areas of the harbour. Moreover, it
accounts for the influence of local topography and morphological factors, providing a
better understanding of hydrodynamics of the harbour.

The results from this study were compared with those obtained in our previous
studies where this parameter was estimated using a Eulerian approach, specifically based
on measurements at single points at the harbour mouths. While Eulerian measurements
offer an integrated perspective on the average renewal time for the entire harbour, it may
underestimate it due to its inability to consider the harbour’s morphological complexity.

The comparison reveals similarities between both methods in terms of magnitude,
although with differences that need to be considered. The analysis reveals that in Mediter-
ranean ports such as Barcelona and Tarragona, the renewal time is higher at the bottom,
whereas in Gijon, situated in the Cantabrian Sea, it is higher at the surface. The presence of
intense tides probably facilitates the exchange of water between the interior and exterior
of the port at the bottom, coupled with the strong influence of the breeze at the surface.
Additionally, higher renewal times have been identified in sheltered areas or areas far from
the harbour mouths in all cases.

The methodology utilized in this study enabled a precise visualization of areas within
harbours that are most susceptible to contamination or spillage issues, facilitating the
design of targeted prevention and intervention plans in the event of potential accidents.
By employing a Lagrangian numerical approach, this study goes beyond the scope of
traditional Eulerian methods, allowing a detailed analysis of renewal times across distinct
spatial scales—surface, bottom, and defined zones within each port. This contributes a new
layer of understanding to the field, providing specific insights into the dynamics of water
renewal that can be especially relevant in semi-enclosed and sheltered port areas, where
water exchange is naturally more limited.

However, the limitations of this method in comparison to other approaches must be
considered. While Lagrangian modelling provides detailed spatial insights, it relies heavily
on high-resolution hydrodynamic data, which, though increasingly available, is not yet
universally accessible for all port locations. Additionally, there are inherent constraints
in the hydrodynamic model itself, such as the exclusion of real-time river flow data. For
ports situated near rivers, fluctuations in river discharge can significantly influence local
hydrodynamics, impacting water renewal times and spatial flow patterns. This factor is
particularly relevant in ports like Tarragona, where such influences could alter the predicted
renewal times. Another limitation stems from the duration of each simulation: particles
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remaining within the port at the end of the simulation period are assigned a renewal time
equal to the simulation’s duration. This cap may skew the average results slightly lower
than actual renewal times in ports with longer retention periods. Additionally, it should
be noted that the renewal times estimated in this study are based on specific seasonal
conditions from the months of data collection; therefore, variations in weather or season
may lead to changes in these seasonal results.

Despite these limitations, this approach offers a detailed, nuanced spatial view of
port hydrodynamics, assessing the vulnerability of port ecosystems without necessitating
direct measurements from current meters or weather stations. This characteristic enhances
its potential utility for environmental management, especially in ports where monitoring
resources may be limited. Through an innovative adaptation of the LOCATE Lagrangian
numerical model—originally developed for marine debris tracking—this study demon-
strates its applicability in analysing temporal hydrodynamic parameters at any depth
within harbour environments. This flexibility and adaptability highlight the model’s poten-
tial for a broader range of applications, positioning it as a valuable tool in the scientific and
practical advancement of harbour water quality and management strategies.
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