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ARTICLE INFO ABSTRACT

Keywords: The placement of artificial reefs on the seafloor alters the water velocity field, promoting proper nutrient cir-
Artificial reef design culation and thus improving the richness of ecosystems. This nutrient circulation is closely related to water
Estuaries

currents, which in turn can be driven or influenced by wind action. The present work addresses the influence of
the wind-driven circulation on the site-specific design of artificial reefs in the Ares-Betanzos estuary (NW Iberian
Peninsula). To this end, a shallow water hydrodynamic circulation model is developed to compute the circulation
induced by the wind, acting in conjunction with the other relevant forcings, namely the tide, river discharges,
and its mixing with shelf waters. Particular attention is paid to average and intense wind-favourable upwelling
conditions. The resulting velocity design parameters are used as input for near-field hydrodynamic analysis
through computational fluid dynamics modelling around the artificial reef, and assess its proper design. It is
found that the influence of wind action on the artificial reef design obtained for average conditions in absence of
winds is limited. However, at certain locations, it is shown that wind action may induce sufficient hydrodynamic

Galician rfas
Wind-induced circulation
Numerical modelling

changes to require its consideration.

1. Introduction

The indiscriminate use of natural resources, together with the
increasing human population density, are affecting coastal marine eco-
systems with the loss of habitats and species richness
(Bracho-Villavicencio et al., 2024; Portugal et al., 2016). In this critical
situation, the management of these coastal areas has become a major
concern for society, prompting the development of strategies to improve
the management of aquaculture and artisanal fisheries (Bacher et al.,
2003).

This situation is also present along the Iberian Peninsula (Reis et al.,
2021), being of special interest the Galician coast, characterized by its
Rias. These coastal bodies are unique ecosystems with high biological
productivity, where marine species that occupy the first links of the food
chain develop, being essential for achieving high yields
(Gonzalez-Garcés Santiso et al., 2008). However, these areas are also in
need of protection due to the intense human pressure they face such as
fishing, shellfishing, urbanization of their surroundings, recreational
use, and so on.
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In this regard, artificial reefs (AR) can contribute to improving their
management strategy (Ramos-Espla et al., 2000). Over the last decades,
a progressive knowledge of AR functioning has been accumulated pri-
marily resulting from detailed analyses of numerous AR deployments all
over the world (David da Costa et al., 2022). Thus, and despite that
many issues of their performance remain poorly understood (Lima et al.,
2020), a common conservation and management measure can consist in
using ARs (Sanchez-Caballero et al., 2023), for which new restoration
concepts must be applied based on the knowledge accumulated, and in
this way give support to the large number of AR projects to be developed
(Wilking et al., 2023).

AR installation affects the ecosystem in different ways, being the
hydrodynamics a key aspect to understand how this modification takes
place. The deployment of ARs on the seabed modifies the surrounding
circulation, and could promote adequate nutrient disposal. In particular,
ARs lead to the modification of the flow close to their structure gener-
ating: (i) an upwelling in the stoss side which results from the separation
of the flow from the seabed being redirected upwards, and (ii) turbu-
lence at the back area, less exposed to the currents, or back eddy. The
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Fig. 1. - Location of the Galician Rias in the NW Iberian Peninsula (left), which can be divided into Rias Baixas and Rias Altas (right). The area of study is indi-

cated (right).

upwelling leads to a vertical circulation, which lifts the nutrients from
the seabed transporting them through the water column, and thus its
supply throughout the reef (Wang et al., 2018). In addition, this sepa-
rated flow extends to the other side on the AR leading to further hy-
drodynamic changes which tend to accelerate seawater exchange,
enhancing the overall water circulation and thus habitat conditions.
Finally, the back eddy contributes to favour the circulation at the side
less exposed to currents. In this area, the flow is weaker and more stable,
and thus fish tend to group around it (Xue et al., 2023), and favouring
the creation of nursery habitats.

In addition, after the installation of ARs at the seafloor, particulate
organic matter (POM) enrichment close to the reefs is also apparent,
which results from the effect of AR structures, tending to trap drifting
organic material and to accumulate animals and plants that sink as they
die (Falcao et al.,, 2009). More precisely, the term POM refers to
microscopic organic water-borne particles (detritus) derived from the
remains of marine organisms or introduced from land, which may exist
on the seabed (Libes, 2011). Considering that the size of POM is less than
1 mm, the behaviour of these particles is considered to be determined by
water flow, accumulating or dispersing along the water flow ((Kim et al.,
2024). POM is a key component of the ecosystem whose presence is
promoted after the installation of ARs on the seafloor ((Feng et al., 2023;
Kim et al., 2024; Xu et al., 2017; Zhang, R. et al., 2021; Zhang, Z. et al.,
2020)). The interaction of POM with an AR is important for preventing
its sinking to the seafloor and favouring its utilisation by individuals in
the ecosystem. Therefore, the hydrodynamic study of the AR seeks to
understand the interaction between ARs and POM through altering the
physical environment of the seafloor (Na, 2023; Xu et al., 2017), leading
to high productivity (Kim et al., 2024). However, the complex in-
teractions between ARs and POM can have both positive and negative
effects on ecosystems (Kim et al., 2024), as it is the case of excessive
accumulation of POM can have negative consequences, such as oxygen
deficiency (Han et al., 2024; Swarzenski et al., 2008; Zhu et al., 2011).

(Kim et al., 2024)As previously stated, the appropriate functioning of
an AR group is highly dependent on the surrounding hydrodynamics.
Therefore, it emerges that its design should be adapted to their
site-specific characteristics. To this end, an accurate hydrodynamic
characterization should be conducted at the locations of interest for their
deployment, and on that basis to define the most suitable AR design. In
this context, one of the most promising areas for AR operation are

estuaries, as it is the case of the Galician Rias (Fig. 1), a specific type of
estuaries which have been previously proposed for AR deployment in
the light of their high ocean productivity resulting, amongst other as-
pects, from their recurrent and intense upwelling events (Carral et al.,
2019). In this context, it is well known that areas with recurrent up-
welling and downwelling events, ascending and vortex currents,
constitute appropriate sites for AR deployment (Bohnsack and Suther-
land, 1985).

The Galician Rias, which can be divided into Rias Baixas (southern
rias) and Rias Altas (northern rias), are mesotidal coastal areas, in many
cases subject to river discharges leading to complex 3D flow patterns.
Previous studies in the Galician Rias establish that the circulation in this
coastal region is driven by different forcing factors, namely the tide,
barotropic and baroclinic flows resulting from the presence of river
discharges and oceanic water masses, along with wind action (Carballo
et al., 2009; Iglesias and Carballo, 2009), with the tide being the main
driving factor during average conditions. However, river inflows present
different relative importance amongst Rias (Duarte et al., 2014), which
in turn may significantly alter the resulting hydrodynamics, and lead to
complex 3D flow patterns, even in the absence of winds.

Finally, wind induced hydrodynamics are also shown to be of great
interest during specific events, in particular under intense upwelling or
downwelling periods induced by the presence of high winds (Iglesias
and Carballo, 2010). In the Rias Baixas, upwelling, and to a lesser extent
downwelling, are recurrent events, occurring during large time periods
and with high intensity, primarily resulting from their orientation (di-
rection of their main axis) which is aligned with the predominant wind
direction, i.e., N in the coastal shelf and NE in the Rias. In the case of the
Rias Altas, their orientation does not correspond with that of the pre-
dominant winds leading to less intense upwelling events.

The Ria de Ares-Betanzos (Fig. 2) corresponds in a Ria Alta which has
shown to be of particular interest for AR deployment, being previously
proposed three specific zones (Z1, Z2 and Z3) and locations (L1, L2, and
L3) to this end (Carral et al., 2019) (Fig. 2). The hydrodynamics of this
Ria has been previously analysed, showing a complex 3D behaviour with
river discharges leading to a positive circulation with independence of
the local wind regime (Duarte et al., 2014), and with specific areas being
influenced under certain conditions by the hydrodynamics of the adja-
cent Ria de A Coruna (to the W) and Ferrol (to the N). A more recent 3D
analysis in absence of winds shows that the average circulation
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Fig. 2. — Bathymetry of the Ria de Ares-Betanzos and its surroundings, and
numerical grid applied (only one in three gridlines are shown for clarity) (area
indicated in Fig. 1 right). The zones of AR interest (grey areas) (Z1, Z2, Z3), and
their representative locations (L1, L2, L3, respectively) are also indicated, along
with SIMAR and ADCP data sites, and the main river inflows (Eume, Mandeo,
Mero and Belelle).

throughout a complete average spring-neap tidal cycle does not present
large variations (Carral et al., 2023a); nevertheless, the intensity of the
resulting flows widely differs amongst the proposed three zones. Based
on these results, i.e., average circulation in absence of wind action,
preliminary AR site-specific designs were proposed.

Despite the interest of previous results, to ensure the appropriate
functioning of ARs, it emerges that the influence of upwelling events on
the average hydrodynamics of these zones should be also investigated.
To this end, in the present work, a methodology considering seasonal
wind analysis, together with 3D numerical coastal modelling (shallow
water hydrodynamic circulation model), along with near-field model-
ling (hydrodynamic model for food delivery prediction) is applied to this
coastal region to address the capability of upwelling favourable winds to
alter the average circulation, and thus to adapt the available site-specific
AR design in this Ria.

2. Methodology
2.1. General procedure

To assess the influence of upwelling events on the average hydro-
dynamics of the proposed zones and locations of interest in the Ria de
Ares-Betanzos (Fig. 2), and on that basis to adapt the previous AR site-
specific designs, a comprehensive methodology is proposed and
applied considering different stages. This methodology is summarized in
Fig. 3. Once the zones and locations of interest are identified, a thorough
global and seasonal wind analysis is developed to assess the potential
wind scenarios of interest with capability to alter the average circulation
in absence of winds. In particular, winds generating both average up-
welling and intense upwelling are investigated. To this end, the closest
set of large wind data currently available is used, a SIMAR point located
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Fig. 3. Flowchart with the overall methodology applied.

close to the mouth of the Ria providing hourly wind data over a 18-year
period (2006-2024) (Fig. 2). SIMAR dataset consists in numerically
generated wind and wave data being available from 1958 and covering
the North Atlantic, which is provided by the Spanish Port Authority
(Puertos del Estado). In the case of wind data, they are generated by
using different types of models, HIRLAM until 2018 which was
substituted by and HARMONIE-AROME leading with to a higher spatial
resolution and, over the last years also being extended to other regions
such as the Mediterranean Sea, and port areas.

The resulting hydrodynamics in the zones and locations of interest
provoked by the winds of interest are computed through a shallow water
hydrodynamic circulation model (Delft3DFLOW), based on which ve-
locity design parameters are defined. Finally, the velocity parameters
obtained are used to re-design the site-specific AR configuration through
a near-field hydrodynamic model (OpenFOAM). The work therefore
aims to determine the effect of the wind-induced circulation which may
lead to a modification in the existing AR design, and adapt it, if required,
for the proper circulation near the cavities/nest, based on the consid-
eration of velocity design parameters.

2.2. Numerical modelling of coastal hydrodynamics

As indicated in Fig. 3, the software Delft3DFLOW (Deltares, 2010) is
used to investigate the 3D hydrodynamic characteristics of the Ria de
Ares-Betanzos under upwelling events of different intensity, and to
assess their capability to alter the average circulation in absence of
winds. It consists in a state-of-the-art open-source model which ap-
proximates the Shallow Water equations under the Boussinesq
assumption. As a result, it considers the continuity equation for an
incompressible fluid (Eq. (1)), and the momentum equations which are
simplified to the hydrostatic pressure distribution in its z-direction (Eq.
(2)). In addition to the computation of barotropic flows resulting from
the action of the tide, river discharges and wind, the model is also
capable of assessing the baroclinic flows resulting from the complex
interaction of the oceanic and riverine waters. To this end, Eq. (2) is
coupled to the transport equation (Eq. (3)) as follows:
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in these equations u, v and w represent the velocity components of the
flow in x-, y- and z-direction, respectively; ¢ is the free surface water
level; po and p denote the reference density and density of ocean sea
water, respectively; M is the source term of mass; f represents the Co-
riolis parameter; v, and v, account for turbulent eddy viscosity in hori-
zontal and vertical directions, respectively; x; and «, account for the
turbulent eddy diffusivity in horizontal and vertical directions, respec-
tively; e denotes any constituent or element of interest, in the present
application salinity and temperature; d, stands for decay processes of 1st
order of the constituent e; finally, E stands for the source of both salinity
and temperature constituents.

For model application, a 100 m spatial resolution inside the Ria is
considered. In addition, based on previous studies in the Galician Rias,
and with the aim of appropriate modelling the influence of the offshore
coastal area in the upwelling events inside the ria, the model extends up
over the continental shelf increasing the grid size up to 250 m at over the
continental shelf. The model also covers the adjacent Ria de A Coruna
and Ria de Ferrol (Fig. 2), which may also influence the hydrodynamics
of the Ria de Ares-Betanzos, primarily close to its mouth. Furthermore,
when analysing upwelling events, the vertical discretization should
consider an adequate number of layers to appropriately characterize the
circulation throughout the whole water column. With this aim, a o-grid
model is applied, i.e., the layer size in z-direction is defined as a per-
centage of the water depth at each specific location, enabling a much
better representation than other models, such as the z-grid model, in the
case of the depth limited locations in the middle to inner Ria. Following
previous works dealing with 3D complex flows in the Galician Rias
(Iglesias and Carballo, 2009), a total number of 12 layers are considered
with vertical size (%) of the total water depth from surface to bottom of:
2,3, 5,10, 15, 15, 15, 15, 10, 5, 3, 2.

With respect to the boundary conditions, at the open sea boundaries
the water level is prescribed by imposing the tidal constituents as ob-
tained from TOPEX/Poseidon database (Le Provost et al., 1995), along
with average thermohaline conditions as provided by coastal buoys
operated by Puertos del Estado covering large time periods close to the
area of interest. In the inner Ria, river discharges are also imposed
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according to their corresponding gauging stations as provided by Xunta
de Galicia (Regional Government). The boundary conditions at land
margins were null flow through the boundary and zero shear stress (free
slip). On the free surface, the wind stress exerted is modelled by:

—
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where ﬁlo represents the wind velocity vector at a height of 10 m above
the sea surface, p, is the air density and Cy corresponds to a dimen-
sionless drag coefficient, which is modelled according to Smith (1980)
for wind velocities below 6 m s’l, and following Yelland et al. (1998) for
wind velocities above 6 m s™!. Wind data is obtained from a SIMAR
point in the area of study (Fig. 2) (see section 3 for further details on
SIMAR dataset). At the bottom boundary, a quadratic stress law is pre-
scribed (Deltares, 2010; Le Provost et al.,, 1995). Finally, the initial
conditions are zero free surface elevation and velocity at all grid points
(the so-called cold start). Thus, the model runs for a certain period before
the period of interest to dynamically adjust the flow field and the
thermohaline variables (spin-up).Prior to using the numerical model to
characterize the hydrodynamics in the Ria de Ares-Betanzos under
favourable wind upwelling conditions, its capability for accurately
reproduce the hydrodynamics in this water body is demonstrated. With
this aim, the model is calibrated and validated by comparing model
results against field data of (i) water levels, and (ii) current velocity
magnitude and direction at an intermediate depth, gathered by an
Acoustic Doppler Current Profiler (ADCP) deployed in the middle Ria
(Fig. 2) at a mean water depth of about 20 m. The measurements cover a
total period of 23 days favourable to upwelling conditions (3-July 26,
2007) during which weak to high intensity winds were present, along
with variable river discharges (please note that the discharge of River
Mandeo into the Ria is regulated by a hydroelectric power plant. The
wind field and river discharges present during the validation period and
input to the model are plotted in Figs. 4 and 5, respectively.

To provide accurate results, the horizontal grid (spatial location) cell
selected from the model corresponds to that closer to the ADCP. More
specifically, the ADCP is located at X = 558717 m, Y = 4806047 m (UTM
Zone 29) which corresponds with the model grid cell (m = 264, n =
131), whose centre is located at X = 558742 m, Y = 4806086 m (i.e., at
26 m distance).

In Fig. 6 the water levels as computed by the model (continuous line)
and measured by the ADCP (dots) are provided. It is shown that the
model can reproduce the water levels in the Ria with very high accuracy,
as it is apparent by the virtually perfect overlapping between line and
dots. This is corroborated by the resulting statistical parameters, with a

&) o

Velocity (m-s'ﬂ)
o

time (days)

Fig. 4. — Hourly wind velocity and direction during the validation period (only one in two data is plotted for clarity).
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Fig. 5. — Daily river discharges flowing into the Ria de Ares-Betanzos (River Eume and River Mandeo) during the validation period.
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Fig. 6. — Water levels as computed by the model (continuous line) and measured by the ADCP (dots).
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Fig. 7. — Current velocity component along the main ria axis computed by the model (continuous line) and measured by the ADCP (dots) at an intermediate

water depth.

correlation coefficient, R, close to 1 (R = 0.997), and very low root mean
square error, RMSE = 0.0717 m.

Next, in order to assess the capability of the model to reproduce the
resulting circulation, the current velocity component in the main inflow-
outflow direction is computed by projecting the velocity vector over an
axis defining the main orientation of the estuary, which results in pos-
itive values indicating inflow and negative values outflow. This pro-
cedure has shown to be of high interest for hydrodynamic analysis in
estuaries (Souto et al., 2003) insofar as the resulting velocities show
flood and ebb periods along with their alteration by forcing factors

Suspension system holes Interior hole @ 600 mm

Nest cavities

Lateral hole @ 250 mm

Nest cavities

different to the tide. Again, and in order to provide accurate results, the
vertical grid cell (depth) selected from the model correspond to that
closer to the ADCP. More specifically, the centre of the selected ADCP
intermediate layer (that with less noise and inaccuracies) is located at
10.7 m of water depth, which corresponds with the vertical layer 7
located at 11.5 m of water depth. Fig. 7 shows the current velocity
component along the main axis of the ria as computed by the model
(continuous line) and measured by the ADCP (dots).

The results show the capability of the model to reproduce the hy-
drodynamics of this water body resulting not only by the tide, as it is

Lateral hole @ 450 mm

AA section BB section

Fig. 8. — Artificial reef design.
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shown by the accurate representation of flood and ebb flows, but also by
the rest of the forcing factors. This is also apparent by the statistical
fitting results obtained between model data and measurements, with a
very high correlation coefficient, R = 0.943, and low root mean square
error, RMSE = 0.032 m s~ L. The presence of a peak during the 20th day
not captured by the model appears to be the result of malfunctioning or
low frequency noise in the ADCP, insofar as during that day neither
unusual strong winds (Fig. 4) or large river discharges (Fig. 5) were
recorded.

2.3. AR design and modelling

The proposed ARs are shown in Fig. 8. This design was proposed in
previous works (Carral et al., 2022; Lamas Galdo et al., 2022) according
to biological, logistic, structural and hydrodynamic considerations cor-
responding to a complete spring-cycle under average circulation in
absence of winds. In addition, ecological materials were proposed in the
manufacturing process to produce “green” AR (Camba et al., 2021;
Carral et al., 2023b). The faces present nest cavities of 200 mm and 300
mm in diameter, specifically designed for the species expected to colo-
nize the AR. An inner hole of 600 mm in diameter connects the interior
to the exterior, providing light and a pathway for nutrient uptake. In
addition, two lateral holes of 250 mm and 450 mm in diameter, also
connect the exterior to the interior. According to the conclusions of
previous works (Carral et al., 2021), based on average current velocities
in the Ria de Ares-Betanzos, it is more appropriate to orient the 250 mm
diameter hole in the direction of the current(Carral et al., 2021).

For AR design, the OpenFOAM CFD software is used for the near-field
hydrodynamic modelling. Like the Delft3DFLOW hydrodynamic circu-
lation modelling, OpenFOAM is based on the continuity equation for an
incompressible fluid (Eq. (1)), and the momentum equations. However,
in this case, the near-field model is not simplified to the hydrostatic
pressure distribution in its and z-direction since there is no large dif-
ference in vertical and horizontal length scales. Another difference is
that the current velocity profile from the shallow water hydrodynamic
circulation model is assumed to be stationary. Consequently, Eq. (5) is
used as the momentum equation in the x, y and z directions.

9 9%, 9
ox;  0x;

(- puap) ®)

Pa—xj (wy) = — ax;
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in the equation above, 7;; denotes the viscous stress tensor, while y; and u;
represent the velocity components in the x, y, and z directions.

Regarding numerical parameters, OpenFOAM is based on the finite
volume method. The RANS equations are solved together with the
standard k-e¢ turbulence model. Water is treated as a Newtonian,
incompressible, single-phase fluid. The pressure-velocity coupling is
handled by the SIMPLE (Semi-Implicit Method for Pressure Linked
Equations) algorithm. A second-order upwind scheme was used to dis-
cretize the governing equations.The domain consists of a cube with di-
mensions of 20,000 m, 5000 m and 4000 m, considered to be large
enough to avoid boundary effects (Fig. 9). The grid size ranges from
0.005 m near the AR surfaces to 0.15 m on the outer surfaces. As can be
seen, the AR is not centered within the computational domain, resulting
in a larger rear section compared to the front. The main reason for this is
to accurately capture the wake effects and turbulence generated by the
AR. This setup allows the wake to develop and dissipate, along with
ensuring realistic boundary conditions by preventing premature inter-
action with the outlet boundary, and providing space for the flow to
recover to a natural state. On the other hand, the incoming flow in front
of the AR varies its behaviour over a smaller region than the flow behind
the AR.

For the boundary conditions, an inlet is applied on the left side of the
domain, using the velocity profile from the Delft3DFLOW model, and an
outlet on the right side of the domain. Non-slip boundary conditions are
applied to both the AR surfaces and the seafloor. Due to symmetry, only
half of the domain geometry is analysed.

The CFD model is validated based on previous experimental results
(Carral et al., 2021; Santiago Caamano et al., 2022);. In particular, the
latter work (Santiago Caamano et al., 2022) used results from tests
carried out in the towed tank at the Ferrol campus (Universidad da
Coruna) (Fig. 10). During these tests, the velocity field inside the AR was
measured using a Nortek Vectrino velocimeter. In addition, two
different orientations of the AR with respect to the current velocity were
analysed: orientation A (with the 0.25 m diameter hole parallel to the
current velocity), and orientation B (with the 0.45 m diameter hole
parallel to the current velocity). The experimental results were
compared with the numerical results obtained from CFD. Fig. 10 shows a
comparison between the experimental and numerical velocities ob-
tained at different points inside the artificial reef and corresponding to
different current velocities. As can be seen, a satisfactory agreement was
obtained, which confirms the validity of the CFD model for AR near-field
modeling.

3. Metocean data analysis and upwelling favourable conditions

To investigate the wind conditions of interest in the Ria de Ares-
Betanzos with capability to modify the average circulation in absence
of winds, the closest set of large data currently available in the area, a
SIMAR point located close to the Ria’s mouth, is analysed. The dataset
comprises hourly wind conditions during an 18-year period, from 2006
to 2024. In the present analysis, and for the sake of clarity, 45°
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?g /// ////
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Fig. 10. - Facilities (towing tank) used for experimental tests (left); comparison between CFD and experimental results (right).
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directional sectors are retained.

A global annual analysis (Fig. 11) shows that the predominant wind
directional sector is NE with and frequency of 23.18 % and average
speed of 5.80 m s, followed by S and SW attaining a similar occurrence
with 15.29 % and 14.35 %, respectively, but with greater average speed
in the case of the SW sector than S sector, with 6.43 m s~ ! and 5.30 m
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s71, respectively. However, the identification of specific hydrodynamic
events of interest taking place during given time periods, as it is the case
of the circulation during upwelling wind favourable conditions —which
is the aim of the present work—, based on global annual figures could
lead to ill-informed conclusions; instead, intra-annual figures should be
considered.

To this end, a seasonal analysis is also developed considering the
following four time periods: Spring (March to May), Summer (June to
August), Autumn (September to November), and Winter (December to
February). The corresponding wind roses are plotted in Fig. 12.

During Spring and Summer, recognised as the most favourable
period for upwelling in the Galician Rias, it is observed that the Ria de
Ares-Betanzos is subject to northerly component winds, primarily from
NE with similar figures during both seasons, with frequency, f, of 26.64
% and mean speed, Vy,, of 5.99 m s~* during Spring, and frequency of
28.24 % and mean speed of 5.87 m s~! during Summer. In Autumn, and
despite NE winds being also those with the largest occurrence leading to
the presence of occasional upwelling events, southerly winds (S, SW and
SE) present a similar joint occurrence (41.43 %) than northerly winds
(NE, N, NW) (39.30 %). As Autumn progresses, the frequency and in-
tensity of southerly winds increases, with S sector being during Winter
that with the largest occurrence with 22.21 % and mean speed 5.90 m
571, followed by SW sector with 18.51 % but significantly greater wind
velocity attaining 7.58 m s~ *. The aforementioned results are summa-
rized in Table 1.

The identification of the most representative upwelling periods in the
Galician Rias is complex. Probably, the most usual analysis resorts to a 6-
month period including both Spring and Summer seasons (Carballo
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Fig. 12. Seasonal wind roses at SIMAR point.
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Table 1
Wind scenarios retained for numerical modelling analysis. AUC: Average Up-
welling Conditions; IUC: Intense Upwelling Conditions.

Season Direction  f (%) Vi (ms™) Vs (m Vinzsos (m
sh sh
Spring NE 26.64  5.99 7.84 9.64
Summer NE 28.24 5.87 7.60 9.03
Spring- NE 27.44 5.93 7.72 9.32 (IUC)
Summer (AUQ)
Table 2

Wind conditions and river discharges in numerical modelling case studies: AUC
(Average Upwelling Conditions) and IUC (Intense Upwelling Conditions). For
simplicity only river discharges within the Ria de Ares-Betanzos are indicated.

Conditions ~ Wind Wind velocity (m Qpume (M° Qutandeo (M°
Direction s sh sh

AUC NE 5.93 12.12 11.07

1uc NE 9.32 12.12 11.97

et al., 2009). However, the consideration of other periods such as only
Spring, and despite the almost negligible differences in the mean wind
velocity with respect to Summer, may well lead to somewhat different
hydrodynamic results, arising from the much larger river discharges
during Spring than in Summer which tend to reinforce the NE wind
induced circulation (Iglesias and Carballo, 2009).

Estuarine, Coastal and Shelf Science 318 (2025) 109225

Based on the above results and considerations, the following condi-
tions are retained for its hydrodynamic analysis through numerical
modelling, being representative of average conditions of wind-
favourable upwelling, or AUC (Average Upwelling Conditions): Spring
and Summer upwelling favourable conditions characterized by NE
winds representing 27.44 % of time, and mean wind velocity of 5.93 m
571 (Table 1), and the corresponding average river discharges flowing
into this ria during the same period (Table 2).

With the aim of thoroughly analysing the capability of northerly
winds to generate upwelling events, further scenarios may be also of
interest. In this regard, upwelling under average wind conditions in the
Rias Baixas is frequent, leading to a very high oceanic productivity.
However, as stated, in the case of the Rias Altas the presence of ENACW
(Easter North Atlantic Central Water) takes place easily on the shelf
despite wind conditions being not very favourable, as it is the case of
average wind velocities; nevertheless, these upwelling conditions need
to present high intensity to substantially affect the middle and inner rias
(Bode et al., 2005; Varela et al., 2001). Thus, the capability of average
upwelling favourable winds to significantly modify the average circu-
lation in the Ria de Ares-Betanzos in absence of winds is still to be
established. A low or very low capability would imply that its action
could be disregarded for AR design, and would require the consideration
of winds of greater intensity as those of potential interest for AR design.

Previous research has not clearly established any specific threshold
of wind velocity leading to intense upwelling events in this coastal re-
gion. According to previous studies in the Galician Rias, it can be
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established that winds leading to intense upwelling events will be those
coming from the upwelling favourable direction and with at least me-
dium to high intensity blowing for a specific period of time. In this
context, a wind velocity of 10 m s~ identified as of “high winds” was
used as that with the capability to generate intense upwelling (Iglesias
and Carballo, 2010). Furthermore, this value has been also used as
threshold for generating intense upwelling events in other coastal re-
gions (Millot, 1979; Rahn and Garreaud, 2014).

It is important to note that the wind velocity resulting in intense
upwelling should be defined considering their occurrence at each spe-
cific coastal region; in other words, to assume thresholds established for
other coastal regions may lead to an underestimation of the duration of
wind events leading to intense upwelling (Correa-Ramirez et al., 2020).
Previous studies have analysed winds favourable to intense upwelling as
those corresponding to the upper 25th percentile of wind velocity in-
tensity (Aguirre et al., 2019). A wind analysis in the Ria de
Ares-Betanzos shows that the mean wind velocity favourable to up-
welling (NE directional sector) corresponding to the upper 25th
percentile of velocity magnitude, Vi;259, i.e., mean wind velocity over a
time period with velocity magnitude exceeding Vs, meaning the
threshold velocity exceeded over 25 % of the total time period consid-
ered, attain values of 9.63 m s~ ! and 9.03 m s~ for Spring and Summer,
respectively, thereby being close to the 10 m s™! figure previously used
in the Galician Rias. Based on the results obtained, the aforementioned
upper 25th percentile is retained in present work for further analysis. As
in the case of average wind conditions, the consideration of the whole
6-month period is expected to be more representative for analysing the
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resulting wind-induced hydrodynamics.

Based on the above results and considerations, the following condi-
tions are also retained for its hydrodynamic analysis through numerical
modelling, representative of intense upwelling, or IUC (Intense Up-
welling Conditions): Spring and Summer upwelling favourable condi-
tions characterized by NE winds representing 27.44 % of time, and
Vimzs9% equal to 9.32 m s~! (Table 1), and the corresponding average
river discharges flowing into this ria during the same period (Table 2).

4. 3D coastal hydrodynamics under upwelling events

After being validated, and once defined the case studies of interest,
the shallow water model is applied to analyse the 3D average transient
circulation in the Ria de Ares-Betanzos under wind-upwelling conditions
(AUC and IUC) (Table 1) throughout a representative period. To this
end, a complete average spring-neap tidal cycle under average river
inflows and thermohaline conditions, with the presence of the afore-
mentioned wind conditions, are considered, allowing comparison with
previous studies (average river inflows and thermohaline conditions, in
absence of winds) (Carral et al., 2023a).

In addition, the previous hydrodynamic studies for AR deployment
were focused on the three zones (Z1, Z2 and Z3) (Fig. 2) identified as of
interest considering an Integrated Coastal Zone Management (ICZM)
approach (Carral et al., 2019). Their hydrodynamics were analysed by
considering representative locations (L1, L2 and L3) (Fig. 2) through 2D
numerical modelling (Carral et al., 2021), and 3D modelling in absence
of winds (Carral et al., 2023a). These hydrodynamics results were used
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to define the best site-specific AR configurations. Thus, in order to
analyse the influence of wind action on the definition of the AR
configuration, the aforementioned zones and locations are also consid-
ered in the present work.

The resulting hydrodynamics during AUC at mid-flood and mid-ebb
tide in surface and bottom layers are plotted for a mean spring (Fig. 13)
and a mean neap tide (Fig. 14). It can be observed that the general hy-
drodynamics present similar patterns at both situations; however, there
exist significant differences in the intensity of the currents. During mid-
ebb tide at spring tides, large areas in Z2 and Z3 present current ve-
locities greater than 0.30 m s}, exceeding 0.40 m s~ at specific loca-
tions, with Z1 presenting somewhat weaker currents. During neap tides,
the magnitude of the currents is significantly weaker, with extensive
areas with about 0.25 m s~1, in this case primarily in Z3 and to a lesser
extent in Z2 and Z1, and peak velocities of about 0.30 m s~ .

A comparison with the 3D hydrodynamics induced under average
conditions in absence of winds (Carral et al., 2023a) shows that the
general circulation patterns are not altered, which in turn correspond
with a two-layer positive estuarine circulation, resulting from the bar-
otropic flow induced by river discharges, which is reinforced by the
presence of winds. This reinforcement leads to somewhat greater current
velocities, being apparent as expected during mid-ebb tide in surface
layers, while at other time points or vertical position, wind effects are
virtually negligible. Finally, average winds virtually do not modify other
flow patterns, as it is the case of the flow asymmetry, again presenting
characteristics of greater complexity than 2DH patterns (Carral et al.,

10

2021), with the magnitude of ebb flows being of greater magnitude than
flood flows in surface layers. However, these differences are even greater
in the presence of winds, insofar as the barotropic circulation induced by
river inflows, which strengthen ebb tidal velocities and weaken flood
velocities, is now reinforced by wind action. This flow pattern is
balanced at bottom layers where an utterly different circulation de-
velops, with the same overall characteristics as those presented in Carral
et al. (2023a).

Overall, it can be stated that wind action in AUC is not capable of
significantly altering the average circulation in absence of winds,
generating upwelling conditions of limited intensity, which in turn, is
coherent with previous research in the Rias Altas region. On this basis,
and in order to assess the real capability of wind action to alter the
average circulation in this Ria, IUC situation is also analysed. The
resulting hydrodynamics during IUC at mid-flood and mid-ebb tide in
surface and bottom layers are plotted for a mean spring (Fig. 15) and a
mean neap tide (Fig. 16).

Despite the relatively high winds considered in IUC, the results
shows that wind action is not capable of driving the circulation in this ria
or significantly altering the average circulation, either considering the
action of average upwelling favourable winds (Figs. 13 and 14), or even
in absence of winds (Carral et al., 2023a). These results reinforce the
conclusions of previous works stating the importance of river discharges
in driving the circulation of this water body, and the need of high in-
tensity winds to generate intense upwelling in the coastal shelf capable
of introducing significant amounts of ENACW mass into the Rias Altas.
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Based on the results obtained, it emerges that the importance of significantly modifying the average circulation along with a low

considering the wind action for AR design is limited. However, at spe- occurrence. Thus, it emerges that IUC presents less interest than AUC,
cific locations, wind action may induce the sufficient hydrodynamic with even lower overall capability to alter the circulation but with much
modification to, at least, be necessary to assess its influence in AR design larger occurrence (27.44 % during Spring-Summer). On this basis, AUC
process. In this regard, IUC situation presents a limited capability to conditions are retained for analysis at the specific zones and locations of
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interest L1, L2 and L3.

The site-specific analysis at these locations is conducted by
computing its 3D flow structure throughout the water depth in terms of
different velocity parameters identified as of interest for AR design
based on hydrodynamic criteria (Carral et al., 2021): (i) V},, which stands
for the peak current velocity, (ii) Vi, representing the mean current

Estuarine, Coastal and Shelf Science 318 (2025) 109225

velocity over the total period considered, and (iii) V504, being the
mean current velocity over a period with the velocity magnitude
exceeding Vsgy, or the threshold velocity exceeded over 50 % of the
total period considered. In the present application, a complete average
spring-neap tidal cycle is considered. (Fig. 17).

From a detailed analysis of the velocity vertical profiles, which

Fig. 18. — Velocity field (m s~ 1) around the AR. L3 location under V500, conditions. 250 mm lateral hole.
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Fig. 19. — Velocity field (m s™!) around the AR. L3 location under V,,s9s; conditions. 200 mm lateral hole.
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confirm the previous results of general flow patterns in surface and
bottom layers, further information of interest can be found. It is
observed that whereas L1 and L2 presents similar results to those in the
absence of winds, flow velocities at L3, in particular at a representative
water depth for AR operation (layer 10) are significant altered, with V},
Vi and Vys094 attaining 0.097 m s’l, 0.052 m s~ ! and 0.075 m sh
respectively, showing an increase of about 12 %, 30 % and 27 %,
respectively. This can be the result of Z3 being located in the inner Ria,
in a branch with its main axis being roughly aligned with NE winds,
along with limited water depth (about 10 m), and thus subject to sig-
nificant effects in the resulting circulation under upwelling-favourable
winds.

Thus, and on the basis of these results, it can be established that wind
action can be neglected for AR design at L1 and L2; however, its influ-
ence at L3 requires further assessment through CFD modelling (Section
5).

5. Adaptation of AR design to upwelling events

In the present work the velocity parameter corresponding to Vius09
under average upwelling conditions (AUC) is retained for AR design.
The resulting velocity near-field provided by the CFD hydrodynamic
model for flow behaviour prediction at L3 is shown in Fig. 18. This figure
corresponds to the design previously shown in Fig. 8, with a 250 mm
diameter hole oriented in the direction of the current. As observed, the
AR modifies the velocity field and, considering that POM disperses along
the water flow (Kim et al., 2024), enhances circulation. Two significant
vortices are generated. One of them is due to the water current that
separates from the seafloor and moves upward. This vortex is essential to
promote vertical water circulation, which could potentially increase
nutrient circulation transport from the seafloor. The other vortex forms
behind the AR. This vortex is critical for promoting circulation in the
area sheltered from the current velocity.

The velocity field shown in Fig. 18 indicates that the selected AR
design is adequate for providing water renewal. However, a diameter of
the central hole smaller than 250 mm is sufficient to ensure an appro-
priate water flow. The effect of reducing the size of this lateral hole is
analysed for current velocities obtained during average upwelling con-
ditions, since high current velocities ensure circulation to the AR even
with a smaller entrance hole. The results corresponding to the 200 mm
hole are shown in Fig. 19. As can be seen in this figure, the 200 mm
lateral diameter is more appropriate for these conditions. This size is
sufficient to ensure proper water circulation into the interior of the AR
while maintaining the top and back vortices that are also essential for
circulation to the outer surfaces of the AR. At the same time, this solu-
tion does not reach such high speeds in the interior of the reef, providing
a more comfortable environment for the resident species in the interior.

6. Conclusions

The design of AR should be adapted to the site-specific hydrody-
namic characteristics of the coastal area of interest, which results from
the influence that the water circulation has on the production of coastal
ecosystems. Despite the currents in estuaries being driven primarily by
the tide, river discharges and its mixing with oceanic waters, wind ac-
tion may play also an important role, in particular during specific situ-
ations, such as upwelling wind-favourable conditions. This study
addresses the importance of considering the wind-induced circulation
for AR site-specific design in estuaries, being illustrated for a coastal
area of great interest for AR deployment, the Ria de Ares-Betanzos, a
specific type of estuary in the NW Iberian Peninsula. To this end, the
wind conditions with the capability of modifying the average circulation
in absence of winds are thoroughly analysed. More specifically, a global
and seasonal wind analysis is developed to identify the wind scenarios of
interest, in particular winds generating both average upwelling and
intense upwelling. Then, a shallow water hydrodynamic circulation
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model is applied to characterize the coastal hydrodynamics under the
obtained wind conditions. The influence of wind-induced hydrody-
namics on the design of a reef unit is further investigated by developing
CFD model for near-field hydrodynamic analysis around the AR by using
as input the conditions obtained from the shallow water model. It is
found that the capability of wind action to alter the average circulation
in absence of winds, and thus to require the adaptation of the design of
the AR is limited. However, at certain locations, wind action may induce
sufficient hydrodynamic changes so that certain adaptation in the design
may be appropriate. Considering average upwelling conditions —those
shown as of higher interest for AR design—, an adaptation of the design
at a specific location obtained for average conditions in absence of winds
is proposed, consisting in the reduction of the size of a lateral hole that
connects the outside with the inside of the reef.
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