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Abstract: Residual flows are of major importance in coastal areas, driving environmental processes
such as sediment transport or nutrient dispersion. Consequently, in those areas where a large tidal
stream energy resource is available, prior to the installation of a tidal farm, it is imperative to assess
how energy extraction affects the residual flows and, in particular, upwelling events. In this paper,
the potential effects of different configurations of tidal stream farms on the residual circulation and
its seasonality are analysed by means of a case study: Ria de Ortigueira, the westernmost of the
Galician Rias Altas (NW Spain). For this purpose, a 3D numerical model was implemented and
validated against field measurements. Next, a total of eight case studies, including the operation
of bottom-fixed and floating converters under typical summer and winter scenarios, considering
upwelling favourable winds, were studied. Overall, when a tidal farm operates, regardless of its
configuration and the forcings considered, the resulting general residual flow pattern does not
experience significant modifications. This pattern is characterized by a 2D circulation in the inner
ria and a positive estuarine circulation in the middle and outer ria. The largest modifications of the
residual flow are apparent in the vicinities of the plant, with maximum values of about 0.05 ms−1.
Outside this area, the alteration is lower than 0.01 ms−1 and virtually negligible at some distance
from the farm where upwelling events develop.

Keywords: tidal stream energy exploitation; impact assessment; residual circulation; seasonal
variability; upwelling; 3D numerical model

1. Introduction

The interest in carbon-free energy sources has increased drastically, resulting to a large
extent from the effects of climate change, which have become more evident over the last
decades [1,2]. In this context, a large number of policies have been implemented within
different legal frameworks in order to achieve more ambitious quotas of renewable energy
production [3–8]. In this regard, the development of new renewable energies is a key to
reduce fossil fuels consumption and to fight against climate change [9]. More specifically,
marine renewable energies (MRE), and in particular tidal stream energy, stand out as one
of the most promising alternatives to diversify the energy mix by means of zero emission
technologies, principally due to its advantages in comparison with other types of renewable
energies, such as its predictability, no land occupation, or a high load factor [10–12], along
with it being mature enough to be ready for its commercial development [13].

Generally speaking, tidal stream exploitation is potentially of interest in coastal areas
where peak velocities exceed 1.0–1.5 ms−1 [14], resulting from different factors such as
large tidal prisms and a constricted morphology [15,16]. These factors are sometimes
reinforced by baroclinic flows and river discharges [17]. The harnessing of tidal stream
energy resource is carried out through tidal energy converters (TECs), which are usually
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classified according to their principle of operation as reciprocating [18] or rotating [19]
devices. Rotating devices, also known as tidal stream turbines (TSTs), present the highest
technology readiness level (TRL). Nowadays, third-generation TSTs [20] are designed to
operate in shallow areas (approx. 1 m depth) with relatively low cut-in velocities (roughly
0.7 ms−1) [17]. TSTs can be installed in different configurations, whose influence on the
performance of a tidal farm was investigated in previous works [12]. Depending on their
position in the water column, TSTs may be classified as [21]: (i) floating TSTs, i.e., devices
anchored to the sea bottom floating below the sea surface, which harness the energy of
the upper layers of the water column, and (ii) bottom-fixed TSTs, i.e., converters rigidly
anchored to the sea bottom that harness the energy available in the bottom layers of the
water column.

Suitable sites for installing a tidal farm are usually located in coastal areas driven
by complex hydrodynamic patterns, such as estuaries or bays, which typically have high
environmental value. This highlights the key role of an appropriate environmental impact
assessment for informed decision making when installing a tidal farm [22–24]. In order
to investigate the impacts of tidal stream energy exploitation over estuarine circulation,
both transient and residual tidal flows were analysed in previous works by means of
3D numerical modelling [25], including a comparison between floating and bottom-fixed
TSTs [26]. The results demonstrate that: (i) the impacts on the residual circulation extend
their effects over wider regions than in the case of transient circulation (despite being of
the same order in terms of percentage of velocity variation), and (ii) there are almost no
differences regarding the impact on estuarine circulation between floating and bottom-fixed
configurations, with the most significant differences occurring in the vicinity of the plants,
principally due to the different vertical configuration.

For all this extensive work, in areas suitable for tidal stream energy exploitation,
there are other circulation patterns to be considered, e.g., upwelling-downwelling systems,
which have not been well-studied in the vicinity of a tidal farm. An example of the effects
of upwelling events can be found in the Galician Rias (NW Spain)—a region with one
of the largest oceanic productivities worldwide [27]. Galician Rias are flooded tectonic
valleys, which are usually classified into Rias Altas and Rias Baixas according to the
geographical location (north and south of Cape Fisterra, respectively). There are important
tectonic and geomorphological differences between both groups [28]: the Rias Baixas are
larger, deeper, and more homogeneous in their orientation (roughly NE-SW) than the Rias
Altas. Upwelling events throughout the Rias Baixas have been extensively analysed in the
scientific literature [29–36], and their key role in cooling and fertilizing surface waters is
clearly highlighted [37]. Ekman transport is the driver of upwelling processes due to the
incursion of Eastern North Atlantic Central Water (ENACW) into the Rias Baixas, which
usually occurs during spring or summer in the presence of N-NE winds. As a result of the
orientation of these rias (NE-SW), northerly winds cause a positive estuarine circulation,
which consists in an outflow in the surface layers and inflow of cold and nutrient-laden
ENACW, which ascends from the continental shelf and finally flows into the ria [38–40].

The frequency and intensity of upwelling episodes are highly influenced by the
orientation of the coast, which modifies the wind velocity and direction [41,42]. Several
studies [27,43] remarked that the forcing factors driving the hydrodynamics in the Rias
Altas are clearly dependent on the geographic orientation of a specific coastal system, as it
is much more heterogeneous than in the case of the Rias Baixas. Taking this into account,
and as a result of their different coastal orientation, upwelling favourable conditions along
the Rias Altas are not related to the spring-summer NE winds typical of the Rias Baixas [41].
In effect, the features of the upwelling episodes along this coastal region are partially
unknown, with the specific orientation of each estuary playing a significant role in the
resulting hydrographical, biogeochemical, and biological patterns during upwelling and
downwelling events within Rias Altas [44].

With this in view, and in order to go further into the analysis of the impacts of a tidal
farm on the residual circulation and estuarine upwelling, this work studies the effects
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resulting from the operation of a tidal stream plant in a specific coastal area of the Rias
Altas, the Ria de Ortigueira, by means of the implementation of a 3D high-resolution
hydrodynamic numerical model.

This paper is structured as follows. First, in Section 2, a brief description of the study
area, the Ria de Ortigueira, is presented. Next, in Section 3, the methodology used in this
work for assessing the impacts of the operation of a tidal farm on the residual circulation
and estuarine upwelling is thoroughly described. Then, in Section 4, results are presented
and discussed focusing on two situations: unaltered and altered conditions (i.e., without
and with energy extraction, respectively). Finally, in Section 5, conclusions are drawn.

2. Study Area

The Ria de Ortigueira (Figure 1) is the westernmost of the Galician Rias Altas (NW
Spain) delimited by Cape Ortegal and Pt. Estaca de Bares, presenting a total surface area of
85 km2 and a length of 18 km along its main axis. This coastal area emerges as a promising
region for tidal stream energy exploitation thanks to its complex geomorphology, with a
number of constrictions, and its relatively high tidal range (maxima of 4.5 m). Previous
works [16,45] show that tidal flows of approximately 2.5 ms−1 can be reached in the
narrowing between Pt. Postiña and Pt. Cabalar, indicating the suitability of the Ria de
Ortigueira as the location for a tidal stream farm.
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Figure 1. The Ria de Ortigueira (b) and its location in Galicia (NW Spain) (a).

Regarding the tidal regime of the Ria de Ortigueira, it is characterized by a predomi-
nance of semidiurnal components (Table 1), especially M2, as in the rest of the European
Atlantic. In this regard, considering the main tidal constituents (M2, S2, K1, and O1) by
means of a harmonic analysis, the tidal form factor (F) confirms the semidiurnal behaviour
(F = 0.082) of this body of water [46]. In this Ria, the action of the tide is highly modified
by its main geomorphological features. Ria de Ortigueira presents a gradual reduction in
the width of its cross-sections from the mouth to the inner ria, ranging from more than
10 km at its ocean boundary to 150–200 m in the inner estuary. As far as the water depth is
concerned, it presents an average value of 7.3 m [47] but with strong variations throughout
the estuary, varying from maximums of 30–35 m at its mouth to less than 5 m throughout
extensive zones in the inner ria, including large intertidal areas.
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Table 1. Main tidal constituents in the Ria de Ortigueira.

Constituent Amplitude (cm) Phase (◦)

M2 122.79 90.15
S2 42.91 121.08
N2 25.98 70.39
K2 12.03 118.76
K1 7.35 73.49
O1 6.22 324.62
P1 2.22 65.15
Q1 2.11 271.31
M4 1.45 334.80

Even though that the hydrodynamics of the Ria de Ortigueira are dominated by
the tide, tides are not the only relevant forcing factor within this estuarine area, such as:
(i) fluvial discharges, (ii) thermohaline conditions, and (iii) wind regime. As a result of
the interaction of the different forcing factors driving the hydrodynamics of the Ria de
Ortigueira, this coastal location can be classified according to the salinity structure criterion
as a well-mixed estuary [16].

Regarding fluvial discharges, though there are several fluvial courses flowing into this
estuary, only the River Mera presents a significant flow rate (i.e., average annual discharge
of 5.45 m3 s−1) to be considered as a relevant hydrodynamics forcing agent in this coastal
area. A seasonal analysis [17] considering mean monthly flow rates since 1970 shows
that a marked intra-annual discharge variability is apparent, resulting in two different
periods (autumn–winter and spring–summer) within the hydrological year. The average
characteristics of fluvial discharges and thermohaline conditions of oceanic waters for these
two periods are shown in Table 2.

Table 2. Average values of river discharges and thermohaline conditions during spring–summer and
autumn–winter scenarios.

Scenario

River Discharge Conditions Oceanic Conditions

River Flow
(m3 s−1)

Salinity
(ppt)

Temperature
(◦C)

Salinity
(ppt)

Temperature
(◦C)

Spring–summer 3.07 0.051 15.60 35.68 15.51
Autumn–winter 8.48 0.051 11.10 35.48 13.17

With respect to the wind regime, pronounced patterns of seasonality are found again,
as in the case of river discharges, and in line with other Galician Rias [48,49]: (i) autumn–
winter scenario (prevalence of W-SW winds) and (ii) spring–summer scenario (prevalence
of NE winds), hereinafter referred to for simplicity as winter and summer winds, re-
spectively. Moreover, as mentioned in Section 1, in the Rias Altas the coastal orientation
determines which wind directions produce upwelling flows. Considering the orientation
of the shoreline in the Ria de Ortigueira (SSW-NNE), and despite NE winds being preva-
lent during spring–summer (upwelling favourable periods in other Galician Rias), SW
winds are responsible for upwelling processes within this waterbody during both winter
and summer scenarios. Upwelling episodes take place mainly during spring or summer;
notwithstanding, they also occur during autumn or winter in both Rias Baixas [31] and
Rias Altas [50].

3. Materials and Methods
3.1. Numerical Model (I): Equations

With the aim of analysing the impacts of tidal stream energy exploitation on the
hydrodynamics of the Ria de Ortigueira, and more specifically on the upwelling events, the
3D hydrodynamic model Delft3D-FLOW was implemented in this estuarine area. Delft3D-
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FLOW approximates by means of a finite-difference code, the Navier Stokes equations
(under the shallow-water and Boussinesq assumptions) combined with the transport
equation, allowed the computation of both the baroclinic and barotropic circulation [51]. In
order to fully describe the resulting 3D flow structure during upwelling events [40] and
how a tidal farm affects them, the numerical model was implemented in its 3D form. The
model equations read:

∂u
∂x

+
∂v
∂y

+
∂w
∂z

= Q (1)

Du
Dt = f v− g ∂ζ

∂x −
g
ρ0

∫ z′=ς
z′=z

∂ρ
∂x dz′ + υh

(
∂2u
∂x2 +

∂2u
∂y2

)
+ υv

(
∂2u
∂z2

)
Dv
Dt = − f u− g ∂ζ

∂y −
g
ρ0

∫ z′=ς
z′=z

∂ρ
∂y dz′ + υh

(
∂2v
∂x2 +

∂2v
∂y2

)
+ υv

(
∂2v
∂z2

) (2)

∂p
∂z

= −ρg (3)

Dc
Dt

= Dh

(
∂2c
∂x2 +

∂2c
∂y2

)
+ Dv

∂2c
∂z2 − λdc + Rs (4)

Equation (1) represents the conservation of mass under the assumption of incompress-
ibility (Boussinesq assumption); Equation (2) expresses the conservation of the momentum
along x- and y-directions; Equation (3) represents the conservation of the momentum in the
z-direction, which is simplified to the hydrostatic pressure distribution according to the
shallow-water assumption; lastly, Equation (4) stands for the transport equation, which
is solved for salinity and temperature constituents. In these equations, u, v, and w are the
velocity components in the x-, y-, and z-directions, respectively; Q stands for the mass
source intensity per unit area; t is the time; f represents the Coriolis parameter; g is the
gravitational acceleration (≈9.81 ms−2); ζ stands for the free surface elevation relative
to z = 0, i.e., the water level; ρ0 and ρ represent the reference density of sea water and
the density, respectively; υh and υv represent the horizontal and vertical eddy viscosities,
respectively; Dh and Dv stand for the horizontal and vertical eddy diffusivities, respectively;
c represents the thermohaline conditions (i.e., salinity or temperature); λd stands for decay
processes; finally, Rs is the source term per unit area.

3.2. Numerical Model (II): Implementation

The numerical model covers the whole ria by means of a Cartesian grid extending
towards the adjacent continental shelf up to the 150 m isobath at a distance of approx.
10 km offshore. This grid (Figure 2) is composed of 57,361 varying-size cells, with the
grid size set as follows: in the inner and middle ria, a grid resolution of 50 × 50 m is
adopted, progressively decreasing in the y-direction up to 50 × 150 m at the outer ria
(northern boundary of the grid). Regarding the vertical discretisation, a σ-coordinate
system composed of twelve layers was used [52], with the following layer thicknesses
(percentages of water column) from surface to bottom: 2, 3, 5, 10, 15, 15, 15, 15, 10, 5, 3, and
2 [23,40,53].This distribution of σ-layers, which provides a higher grid resolution near the
surface and seabed, ensures an adequate modelling of boundary layer flows [53].

The bathymetric data of the Ria de Ortigueira and its surroundings were obtained
from nautical charts #408 and #4083 from the Navy’s Hydrographic Institute (Instituto
Hidrográfico de la Marina). Additionally, intertidal areas are fully described by using data
from a 10 × 10 m resolution digital elevation model.

The initial conditions for the hydrodynamic numerical model are null free-surface
elevation and velocity at each node of the computational grid (cold start) [54]. As far as
the transport model is concerned, the initial thermohaline conditions were prescribed at
the oceanic boundaries through field measurements (the reader is referred to Table 2 for a
better understanding). Moreover, in order to avoid the influence of the initial conditions
on the numerical results, a 30-day spin-up period was adopted to ensure their dynamical
adjustment with the flow field [35,55].
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Regarding the open boundary conditions, Dirichlet-type conditions were imposed
along the oceanic boundaries by considering the M2 constituent and the thermohaline
conditions (Table 2). At the land–water transition, null flow through the boundary and zero
shear stress were imposed. At the sea bottom boundary, the shear stress,

→
τ b3D, induced by

a turbulent flow was computed by means of a quadratic law:

→
τ b3D =

gρ0

∣∣∣→u b

∣∣∣→u b

C2
3D

, (5)

where
→
u b represents the magnitude of the horizontal velocity in the bottom layer, and C3D

represents the 3D Chézy coefficient, which is computed as:

C3D = C2D +

√
g

κ
ln
(

∆zb
2H

)
, (6)

with k as the von Karman constant (k = 0.41), ∆zb the distance from the sea bottom to the
nearest grid node, H the water depth, and C2D the 2D Chézy coefficient, which can be
expressed as:

C2D =
6
√

H
n

, (7)

where n stands for the Manning’s coefficient, which is prescribed in this work as a function
of the water depth [56] in order to consider the full influence of the water depth on the
seabed stress [57,58].

Finally, the wind shear stress,
→
τ s, at the free surface is given by:

→
τ s = ρaCd

∣∣∣∣→U10

∣∣∣∣→U10, (8)
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where ρa represents the density of the air,
→
U10 stands for the wind velocity vector at 10 m

height above the sea surface, and Cd is the wind drag coefficient computed following [59,60].
Moreover, regarding the main numerical and physical parameters of the numerical model,
the horizontal advection terms in Equation (2) are calculated using the cyclic method [61];
as regards the temporal discretisation, the model resorts to an alternating direction implicit
(ADI) algorithm [62]; finally, the k-ε model was adopted for the turbulence closure [63].

The numerical model was successfully validated against field measurements obtained
by means of an ADCP (Acoustic Doppler Current Profiler) and a tidal gauge deployed at
two different locations in the inner and middle ria during a 19-day period. During this
period, the model was forced along the oceanic boundaries with the main tidal harmonics,
thermohaline conditions, wind velocity and direction and fluvial discharges of River Mera.
A good agreement between computed and observed series (for both water levels and
velocities) was obtained, reaching high values of the correlation coefficient R (i.e., R ≈ 0.99
for water levels and R > 0.82 for flow magnitude and direction at each layer) and low values
of several statistical coefficients (i.e., mean difference, MD, and mean square error, MSE).
For further details of the numerical model validation, the reader is referred to previous
works [12,25,26].

The implementation of the TSTs in the numerical model was conducted through the
so-called momentum sink approach [22,23,64]. It consists of introducing a momentum
sink term into the right-hand side of Equation (2) by means of a retarding force, which
compensates the thrust force exerted by the flow on the TST [65]. Considering this, the
momentum sinks can be modelled as follows:

Mx = Fx
ρ

My =
Fy
ρ

}
, (9)

with Fx and Fy as the components of the retarding force per unit volume V along x- and
y-directions, respectively. These components are opposite and equal to the thrust force, and
therefore, they can be expressed as:

Mx = − 1
2

CT A
V Uu

My = − 1
2

CT A
V Uv

}
, (10)

where A represents the cross-section of a TST, U stands for the magnitude of the flow
velocity, and CT is the thrust coefficient [66]. The retarding force is considered in the
vertical model layers, which correspond with the water depth at which they operate. It is
important to note that the methodology applied in this study provides accurate results when
analysing the modifications in the general circulation patterns considering the type of model
implemented (shallow water models) and grid resolution. However, an accurate near-field
analysis should resort to the implementation of high-resolution CFD (Computational Fluid
Dynamics) models solving RANS (Reynolds Averaged Navier Stokes) equations.

Figure 3 shows the layout of the proposed tidal farms, which are located in the
surroundings of the narrowing between Pt. Postiña and Pt. Cabalar, where the strongest
tidal currents are found (see Section 1). Both plants have the same layout with a surface area
of about 1500 m2. The first plant is composed of floating TSTs occupying the upper part of
the water column, and the second plant is composed of TSTs of the same characteristics but
fixed to the bottom and occupying the lower part of the water column.
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Figure 3. Location of the considered tidal stream plant, indicating the locations (S1, S2, and S3) for
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The TST selected is an Evopod turbine in view of its appropriateness for shallow
waters areas [12,26,67], as is the case of the proposed location in the Ria de Ortigueira.
Following the distance recommendations between lines of TSTs [68], 30 turbines with a
sweep area of approx. 600 m2 were distributed over three lines roughly perpendicular
to the main flow direction, allowing their operation in a rather similar water depth. The
technical characteristics of the Evopod turbine are provided in Table 3.

Table 3. Technical specifications of the Evopod turbine as provided by its developer (rotor diameter
(D), cut-in velocity (Vci), rated velocity (Vr), cut-of velocity (Vco), swept area (A), rated power (Pr),
power coefficient in normal operation (CpNO), and power coefficient in stall control (CpSC)).

D (m) Vci (ms−1) Vr (ms−1) Vco (ms−1) A (m2) Pr (kW) CpNO CpSC

5 0.7 2.2 3.1 19.6 40 0.35 0.2

3.3. Tide-Driven Residual Circulation

The most usual procedure to compute the residual circulation induced by the tide
consists of time-averaging or filtering the transient velocities computed by the numerical
model [69]. There are other approaches, such as those based on the numerical solving of the
so-called residual velocity evolution equations [70], which are not considered in the present
application. The transient Eulerian horizontal velocity vector numerically computed (u, v)
is decomposed into its periodic and residual components (up, vp) and (ur, vr), respectively,
as follows:

(u, v) =
(
up, vp

)
+ (ur, vr), (11)

with the residual velocity vector computed as:

(ur, vr) =
1
T

∫ T/2

−T/2
(u, v)dt, (12)

where T represents the cut-off period of the averaging operator. A value of 12 h 25 min was
adopted for this cut-off period in order to fully filter the variability of the semidiurnal tide
prescribed by the dominance of the M2 tidal constituent.

3.4. Case Studies

In this work, a detailed assessment of the impacts of tidal stream energy exploitation
on the residual circulation and estuarine upwelling was conducted following a seasonal
approach. To this end, several case studies (CS) were undertaken with the aim of comparing
the differences between altered and unaltered conditions (i.e., with and without energy
extraction, respectively). Based on available data (Section 2), autumn–winter and spring–
summer scenarios were defined, considering typical characteristics of their forcing factors.



J. Mar. Sci. Eng. 2022, 10, 1545 9 of 21

First, the tide is introduced by considering its major semidiurnal component (M2). Second,
fluvial discharges and thermohaline conditions correspond with those established in Table 2.
Finally, the average value of SW winds is considered. The combinations of forcings leads to
a total of eight different case studies, which are summarized in Table 4.

Table 4. Summary of boundary conditions and the situations simulated in the different case
studies analysed.

Case Study Tidal Plant Wind Fluvial and Oceanic
Conditions (Table 2)

CS1 No plant No wind Spring–summer
CS2 No plant No wind Autumn–winter
CS3 No plant SW mean summer wind (3.32 ms−1) Spring–summer
CS4 No plant SW mean winter wind (6.03 ms−1) Autumn–winter
CS5 Floating plant No wind Autumn–winter
CS6 Bottom plant No wind Autumn–winter
CS7 Floating plant SW mean winter wind (6.03 ms−1) Autumn–winter
CS8 Bottom plant SW mean winter wind (6.03 ms−1) Autumn–winter

4. Results and Discussion
4.1. Unaltered Conditions

Unaltered hydrodynamic conditions (i.e., without considering energy extraction) in
the Ria de Ortigueira were analysed through four case studies (CS1 to CS4), focusing
this analysis on how the seasonality of river discharges and thermohaline conditions, in
conjunction with the circulation induced by upwelling favourable SW winds, influence
the estuarine residual circulation. With this aim, the results are provided in terms of
the vectorial distribution (vector) and magnitude (colour map) of the unaltered residual
circulation patterns throughout the estuary.

CS1 describes the residual circulation within the Ria de Ortigueira under summer
conditions for fluvial discharges and thermohaline conditions in the absence of winds.
Figure 4 shows the resulting unaltered residual circulation patterns in surface and bot-
tom layers of the numerical grid. Two regions can be distinguished in terms of residual
circulation patterns. In the inner ria (i), similar hydrodynamic patterns (i.e., a marked
outflow) are present throughout the whole water column, including also a vortex rotating
counterclockwise, with somewhat stronger flow velocities in surface layers (with peak
velocities located in the surroundings of the narrowing between Pt. Postiña and Pt. Cabalar
of about 0.20 ms−1 and 0.15 ms−1 in surface and bottom layers, respectively). On the
other hand, the middle and outer ria (ii) are characterized by typical patterns of a positive
estuarine circulation (i.e., inflow on the bottom layer and outflow on the surface layer)
driven from river discharges flowing out in the surface layers.

Regarding CS2, the same forcing factors as CS1 were considered but now under winter
conditions (Figure 5). As a result, the induced circulation is similar in both case studies,
with somewhat greater velocities in the surface layer in the case of CS2, in particular in the
middle and outer ria, due to the larger fluvial discharges. Therefore, it can be concluded
that, in the absence of winds, the seasonality of the hydrodynamic driving agents does
not lead to significant variations in the residual circulation of the Ría de Ortigueira as a
consequence of the typical low riverine inputs to this estuary.
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The influence of river discharges driving the residual circulation in the inner part of
the Ria can be further studied by analysing the vertical distribution of salinity at specific
sites of interest, namely S1, S2, and S3 (Figure 3) in CS1 (spring–summer with no wind)
and CS2 (autumn–winter) (Figure 6). It can be observed that this area can be considered
as well-mixed throughout the whole year (autumn–winter and spring–summer scenar-
ios), with virtual no differences in salinity throughout the vertical at S1 and S2 although
with variations between seasons provoked by the different river discharges and oceanic
thermohaline conditions (a greater fluvial discharge during winter reduces the salinity).
This is the result of the large capacity of the tide (large tidal range in a shallow water area)
to mix the overall low river discharges in this area. The capacity of the tide to mix the
riverine and oceanic waters diminishes in the middle and outer ria, as the water depth and
cross-sections increase, as it is apparent in S3.
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Figure 6. Salinity vertical profiles at S1, S2, and S3 during CS1 (spring–summer season) (red line) and
CS2 (autumn–winter season) (black line).

The resulting low capacity of the river discharges generating residual currents is
apparent in Figure 7, showing the vertical distribution of the residual circulation at S1,
S2, and S3 in CS1 and CS2. The increase in discharge in the autumn–winter season is not
capable of provoking significant greater residual velocities.

With respect to CS3, it corresponds to CS1 (i.e., summer conditions) but considering the
action of the summer SW wind. The resulting circulation (Figure 8) could be characterized
as a conventional two-layer estuarine circulation, reinforcing the residual patterns described
in CS1 and CS2. In this case, the wind-induced outflow in the surface layer is strengthened,
attaining values of about 0.25 ms−1 in the inner ria in the surroundings of the narrowing
between Pt. Postiña and Pt. Cabalar and increasing the shelf-water intrusion through the
bottom layers. Finally, it is worthy of mention that surface water masses tend to leave the
ria next to its right margin. This pattern, which is also apparent although with less intensity
in CS1 and CS2, is probably the result of wind action reinforced by the river discharges,
which tend to deviate the flow to the right margin of the estuary as a consequence of the
Coriolis force in the Northern Hemisphere.



J. Mar. Sci. Eng. 2022, 10, 1545 12 of 21

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 12 of 22 
 

 

 
Figure 6. Salinity vertical profiles at S1, S2, and S3 during CS1 (spring–summer season) (red line) 
and CS2 (autumn–winter season) (black line). 

The resulting low capacity of the river discharges generating residual currents is ap-
parent in Figure 7, showing the vertical distribution of the residual circulation at S1, S2, 
and S3 in CS1 and CS2. The increase in discharge in the autumn–winter season is not ca-
pable of provoking significant greater residual velocities. 

 
Figure 7. Vertical profiles of the magnitude of the residual circulation at S1, S2, and S3 during CS1 
(spring–summer season) (red line) and CS2 (autumn–winter season) (black line). 

With respect to CS3, it corresponds to CS1 (i.e., summer conditions) but considering 
the action of the summer SW wind. The resulting circulation (Figure 8) could be charac-
terized as a conventional two-layer estuarine circulation, reinforcing the residual patterns 
described in CS1 and CS2. In this case, the wind-induced outflow in the surface layer is 
strengthened, attaining values of about 0.25 ms−1 in the inner ria in the surroundings of 
the narrowing between Pt. Postiña and Pt. Cabalar and increasing the shelf-water intru-
sion through the bottom layers. Finally, it is worthy of mention that surface water masses 

Figure 7. Vertical profiles of the magnitude of the residual circulation at S1, S2, and S3 during CS1
(spring–summer season) (red line) and CS2 (autumn–winter season) (black line).

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 13 of 22 
 

 

tend to leave the ria next to its right margin. This pattern, which is also apparent although 
with less intensity in CS1 and CS2, is probably the result of wind action reinforced by the 
river discharges, which tend to deviate the flow to the right margin of the estuary as a 
consequence of the Coriolis force in the Northern Hemisphere. 

 
Figure 8. Residual flow pattern in Ria de Ortigueira under case study CS3 conditions. (a) Surface 
layer; (b) bottom layer. 

As far as CS4 is concerned, it considers the same forcing factors as in the case of CS3 
but under the action of a winter SW wind. The results obtained (Figure 9) are similar to 
those obtained in CS3 (Figure 8). However, due to the larger wind velocity and fluvial 
discharges under winter conditions, the residual currents induced in CS4 are stronger 
than in CS3, in particular in the surface layer, which is more influenced by wind action 
and river discharges, reaching values of up to 0.25 ms−1. 

Overall, the aforementioned comparison of the case studies corresponding to unal-
tered conditions (CS1 to CS4) shows how the typical low fluvial inputs discharging into 
the Ria de Ortigueira are not capable of inducing significant residual currents; on the con-
trary, the seasonality of the wind regime plays a key role in the residual circulation within 
this semi-enclosed waterbody. 

Figure 8. Residual flow pattern in Ria de Ortigueira under case study CS3 conditions. (a) Surface
layer; (b) bottom layer.



J. Mar. Sci. Eng. 2022, 10, 1545 13 of 21

As far as CS4 is concerned, it considers the same forcing factors as in the case of CS3
but under the action of a winter SW wind. The results obtained (Figure 9) are similar to
those obtained in CS3 (Figure 8). However, due to the larger wind velocity and fluvial
discharges under winter conditions, the residual currents induced in CS4 are stronger than
in CS3, in particular in the surface layer, which is more influenced by wind action and river
discharges, reaching values of up to 0.25 ms−1.
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Overall, the aforementioned comparison of the case studies corresponding to unaltered
conditions (CS1 to CS4) shows how the typical low fluvial inputs discharging into the Ria
de Ortigueira are not capable of inducing significant residual currents; on the contrary,
the seasonality of the wind regime plays a key role in the residual circulation within this
semi-enclosed waterbody.

4.2. Altered Conditions

The altered hydrodynamic conditions (i.e., considering energy extraction) in the Ria de
Ortigueira that would result from the operation of a tidal farm were analysed through four
additional case studies (CS5 to CS8), which consider different configurations (i.e., floating
and bottom-fixed converters). As a consequence of the results provided by CS1 to CS4,
which show the limited effects of the seasonality of thermohaline conditions and fluvial
discharges on the resulting residual patterns, CS5 to CS8 only consider typical winter
thermohaline and riverine conditions (summer scenarios are not retained) under no wind
action and upwelling favourable winds.
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With the aim of assessing the impacts of the energy extraction, the results are provided
through a comparison with unaltered conditions case studies. In this way, the results
provided by CS5 to CS8 (Figures 10–13) show the vectorial distribution of the altered
residual circulation patterns (vectors) and the differences in the magnitude of the residual
currents between altered and unaltered conditions (colormap) in the coastal area close to
the location proposed for tidal energy exploitation (Figures 4, 5, 8 and 9).
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Figure 10. Residual flow pattern in Ria de Ortigueira under case study CS5 conditions (vectors);
differences in the residual flow magnitude between altered flow and reference situation (CS5–CS2)
(colour map). (a) Surface layer; (b) bottom layer.

CS5 computes the altered residual circulation within the study area considering winter
thermohaline and riverine conditions in absence of winds. Regarding the implementation
of the tidal farm and its energy extraction in the numerical model, it is conducted by
considering a floating tidal farm, i.e., operating in the upper σ-layers of the grid. The
results provided by CS5 (Figure 10) show that the major changes in the residual velocities
are located in the constriction between Pt. Postiña and Pt. Cabalar as a consequence of
the location of the proposed farm (Figure 3). Resulting from the layout of the tidal farm,
which is distributed in three different lines along a W-E axis, the changes in the residual
velocities along this section are spatially distributed as follows:(i) in the westernmost
part of the constriction, in the surroundings of row 1, there is an apparent increase in the
residual velocities towards the N and S margins of the ria for both surface and bottom
layers, attaining maximum increments up to 0.05 ms−1 in the case of the surface layer,
where the differences between unaltered and altered conditions are somewhat higher;
(ii) in the central section of the constriction, in the surroundings of row 2, the situation is
not homogenous, combining residual velocity increments (roughly 0.02–0.03 ms−1) with
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weaker decrements (0.01–0.02 ms−1) located W and E of row 2, respectively; finally, (iii) in
the easternmost part of the constriction, in the surroundings of row 3, decrements towards
the N (surface and bottom layers) and S margins (primarily in the surface layer) of the
ria are apparent, along with a remarkable increase in the residual velocity within the
central channel of this section (attaining maximum figures of approx. 0.05 ms−1). Finally,
the maximum residual velocities are of the same order than in the case of the unaltered
conditions, roughly 0.25 ms−1.
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Figure 11. Residual flow pattern in Ria de Ortigueira under case study CS6 conditions (vectors);
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In CS6, the same forcing factors and conditions as in the case of CS5 (winter ther-
mohaline and riverine conditions in absence of winds) were input to the model but now
considering a bottom-fixed tidal farm, i.e., operating in the lower σ-layers of the grid
(Figure 11). The results show similar hydrodynamic patterns as in the case of the floating
farm in CS5. With respect to the differences between unaltered and altered conditions, the
spatial distribution of the effects of the energy extraction corresponds, in general, with those
exposed in the case of CS5 (Figure 10); however, several peculiarities are now apparent:
on the surface layer, the increments and decrements in the residual velocities are slightly
stronger and weaker, respectively; on the contrary, on the bottom layer, the situation is
roughly the opposite although with even less differences with respect to CS5. Moreover, as
Figure 11 shows, there is an apparent decrement in the residual velocity (approx. 0.02 ms−1)
located in the surroundings of row 1, more specifically in the central channel of the ria,
which is not present in the case of a floating plant.
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As far as CS7 is concerned, winter thermohaline and riverine conditions were con-
sidered under the action of SW upwelling favourable winds. Likewise, the effects of the
energy extraction were modelled by means of a floating tidal farm as in the case of CS5.
The results of CS7 (Figure 12) show the influence of SW winds on the surface layers, in
which greater outflow residual velocities are attained (i.e., close to the maximum figures of
about 0.25 ms−1) in comparison with previous altered conditions case studies in absence
of winds. In the same way, bottom layers also present outflow residual flows throughout
the inner ria although with weak residual velocity magnitudes. Regarding the spatial
distribution of the impacts generated by the energy extraction in the vicinities of the farm,
CS7 presents a similar pattern along the W-E axis, as in the case of CS5 and CS6: (i) in the
surroundings of row 1, there are two major areas, located towards the N and S margin of
the channel, in which the greatest increase in the residual velocities (i.e., 0.03–0.04 ms−1)
for both surface and bottom layers is apparent; (ii) in the surroundings of row 2, there exist
several areas characterized by increments (0.02–0.03 ms−1) and decrements (0.01–0.02 ms−1)
in the residual velocities W and E of row 2, respectively; finally, (iii) in the surroundings of
row 3, the largest reductions in the residual velocities are located within two major areas
towards the N (surface and bottom layer) and S (surface layer) margin of the ria; on the
contrary, the maximum increments in the residual velocities (0.04 ms−1) are located within
the central channel of the narrowing between Pt. Postiña and Pt. Cabalar.
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Finally, CS8 computes the altered residual circulation within the inner Ria de Or-
tigueira produced by the operation of a bottom-fixed tidal farm under winter riverine and
thermohaline conditions along with SW winds. The results obtained (Figure 13) are close,
in terms of residual patterns, to those of CS6 in the absence of winds. Likewise, regarding
the impacts of the energy extraction on the magnitude of the residual currents, the spatial
distribution and magnitude of these impacts present, as in the case of other cases studies
conducted (CS5 to CS7), a clear spatial distribution in three different areas (corresponding
with the surroundings of the different lines of TSTs), which alternate increments and decre-
ments in residual velocities. Finally, Figure 13 confirms that, in the case of a bottom-fixed
tidal farm, a clear reduction in the residual velocity in the surroundings of row 1 is observed
and, more specifically, in the central channel of the ria, which is not apparent in the case of
a floating plant, as indicated in CS6 (Figure 11).

All in all, it can be established that the operation of the tidal farm proposed in the
Ría de Ortigueira only provokes significant alterations in the residual circulation (less
than 0.05 ms−1) in the area occupied by the farm and in its vicinities (about 150 m dis-
tance) regardless of the tidal farm configuration and seasonal scenario considered. These
modifications diminish abruptly at some distance from the plant (about 1 km), where
they can be neglected. Based on previous results [26], which computed the modifications
in the transient circulation in this area with the same plant configuration (both floating
and bottom fixed plants), it can be established that the alteration in the magnitude of the
residual flow is lower than in the transient circulation and is restricted to a smaller region.
This situation contrasts with studies considering a tidal plant occupying the whole water
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column, in which the alteration in the residual currents is greater than that in the transient
circulation [25].

5. Conclusions

In this work, a 3D numerical model was implemented in the Ria de Ortigueira, the
westernmost of the Galician Rias Altas (NW Spain), in order to study the potential effects
of different configurations of tidal stream farms on the residual circulation, including the
estuarine upwelling and its seasonality. First, the model was successfully validated against
field measurements obtained by means of an ADCP (Acoustic Doppler Current Profiler)
deployed at two different locations in the inner and middle ria during a 19-day period,
obtaining correlation coefficients between model and measured data very close to unity.
Next, a total of eight case studies (CS) were analysed in order to obtain a detailed seasonality
assessment of the impacts of tidal stream energy exploitation on the residual flow. In
particular, the unaltered hydrodynamic conditions (absence of tidal farm) and altered
conditions (operation of floating and bottom-fixed tidal farms) under typical summer
and winter scenarios were analysed, including the absence of wind action and upwelling
favourable winds.

The unaltered conditions in the absence of wind action are rather similar under winter
and summer conditions. In both cases, two different regions can be distinguished in
terms of residual circulation patterns throughout the ria: (i) the inner ria presents similar
hydrodynamic patterns throughout the whole water column, with somewhat stronger flow
velocities in surface layers, reaching peak velocities of about 0.25 ms−1 and 0.15 ms−1 in
surface and bottom layers, respectively. On the other hand, the middle and outer ria (ii) are
characterized by typical patterns of a positive estuarine circulation.

When the summer SW wind is considered together with summer thermohaline con-
ditions, the resulting circulation follows a conventional two-layer estuarine circulation,
reinforcing the residual patterns described above, with similar peak values. However, in
the case of a typical winter SW wind, although the resulting circulation pattern is also
similar, due to the larger wind velocity and fluvial discharges present, the residual currents
induced are stronger, in particular in the surface layer.

Overall, when a tidal farm that partially blocks the water column (either floating
or bottom-fixed) operates, the resulting modifications on the residual flow are primarily
restricted to the narrowing between Pt. Postiña and Pt. Cabalar in the area occupied by the
farm and in its vicinities (roughly over 100–150 m distance) regardless of the combination
of tidal farm configuration and boundary conditions selected. The maximum values of the
variation in the residual velocities due to the tidal farm operation are of about 0.05 ms−1

in the influence area of the plant. Outside of this area, the variations on the residual flow
magnitude are lower than approx. 0.01 ms−1 and are virtually negligible at a certain
distance from the farm. These results establish that the alteration in the magnitude of the
residual flow caused by the operation of a tidal plant either floating or bottom-fixed is
lower than alteration in the transient circulation and is restricted to a smaller region. This
situation contrasts with studies considering a tidal plant that occupies the entire water
column, in which the modification of the residual currents has shown to be greater than in
the transient circulation.

In general, and regardless of the combination of tidal farm configuration and hydro-
dynamic forcing factors, the residual flow velocity increases to the W of the plant and
decreases to the E of the plant both in the surface and bottom layers. In addition, in the
bottom layer, the magnitude of the effects is quite similar in all the CS considered (bottom
or floating plant, with and without wind action) and of less than 0.03 ms−1. Although the
pattern in the variations in the surface layer is also similar in the four CS, their magnitude
is slightly greater when a bottom plant operates in the absence of wind, with increments in
the residual flow velocities of around 0.05 ms−1 at the W of the plant.

This paper determined the potential impact on the residual flows in the Ría de Or-
tigueira caused by the operation of different tidal stream farms configurations under
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different typical hydrodynamic scenarios, establishing that these impacts are restricted to
the surroundings of the proposed plants and virtually do not affect the upwelling events,
which are of crucial importance in this coastal area. The procedure followed can be used to
analyse the potential impacts on the hydrodynamics in other estuaries of interest for a tidal
stream energy operation.
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