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Abstract: Shallow coastal lagoons driven by tidal processes are extremely dynamic environments
prone to continuous natural and anthropogenic pressures. The hydrodynamics of these systems
deeply depends on the effect of local morphology on the tidal propagation, so their permanent
evolution constantly changes tidal dependent processes. For this reason, the present work aims to
review the main characteristics of Ria de Aveiro hydrodynamics, a shallow lagoon located at the
Atlantic Coast of Portugal, evaluating its evolution over the last 30 years (between 1987 and 2020) and
investigating the main morphological changes in its origin. For this purpose, a comparative analysis is
performed to determine the main process, including the observed hydrodynamic changes: Deepening
of the inlet channel or of the main lagoon channels. To achieve these goals, the authors explored
a remarkable database including bathymetric, tide gauge, and salinity data from 1987 until the present.
This analysis is completed by the exploitation of a hydrodynamical model (Delft3D), validated
against field data. Several simulations were performed to analyse changes in tidal propagation along
the lagoon channels (considering the main semi-diurnal constituent M2), tidal asymmetry, tidal
currents, tidal prism, and salinity patterns. The results show that the general deepening of the lagoon
observed between 1987 and 2020 led to important changes in the lagoon hydrodynamics, namely the
increase/decrease of the M2 constituent amplitude/phase, as well as the increase of tidal currents
and salt intrusion within the entire lagoon, with the changes being amplified towards the head of the
main channels. Although the inlet deepening partially contributed to the modifications found, the
results revealed that the deepening of the main lagoon channels had the most significant contribution
to the changes observed during the last 30 years.

Keywords: morphology; Delft3D-FLOW; tidal amplitude; tidal phase; tidal asymmetry; tidal
currents; tidal prism; salinity; Atlantic coast of Portugal

1. Introduction

Coastal lagoons are shallow inland water bodies, separated from the ocean by a sand
barrier, that connect, at least intermittently, to the ocean by one or more restricted inlets [1].
The main driving forces of circulation, which determine the distribution of water properties
within a coastal lagoon, are the tidal propagation, through one or more restricted inlets, and
the river flow at the head of the estuary [2]. In addition, many other forcing agents such
as precipitation, evaporation balance, wind stress, and surface heat balance can influence
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the circulation and the distribution of physical properties of water. [1]. However, these
exchanges can be modified by natural or man-induced geomorphological changes [3].

By these reasons, changes in estuarine dynamics due to geomorphological modifica-
tions have been studied by several authors through numerical modelling. The authors
of [4,5] used an exploratory semi-analytical model/3D numerical model (Delft3D), respec-
tively, to study the effect of Ems Estuary (Germany) channel deepening on suspended
particulate matter (SPM)/suspended sediment concentration (SSC). The results showed
that the deepening of the main channels increased the salinity-driven estuarine circula-
tion and consequently changed SPM and SSC dynamics, increasing transport up-estuary.
A previous study [6] using tide gauge data and simulations performed with a shallow-
water hydrodynamic finite element model (SHYFEM), verified that Venice lagoon’s (Italy)
general deepening resulted in an increase of tidal amplitude and a shift from flood to
ebb-dominance, and the construction of mobile barriers in the inlets resulted in reduced
exchanges between the ocean and the lagoon. Similar results were found in response
to the inlet deepening for Óbidos lagoon (Portugal), using the ELCIRC shallow water
model [7]. Another study [8] applied a numerical model to the Hudson River Estuary
(USA) and surrounding regions to study the impact of channel dredging, with the results
showing a tidal amplitude increase and an amplification of coastal storm effects landward.
Furthermore, the authors of [9] applied a hydrodynamical model based on the hydrostatic
model MARS3D to study the effect of the Seine Estuary’s (France) gradual deepening and
narrowing, and found that those changes led to a tidal amplification, a decrease in tidal
duration asymmetry, and a migration of the salinity front up-estuary.

As described in the works previously referred, tidal propagation in estuaries depends
strongly on their geomorphologic configuration [10]. At the same time, changes in tidal
propagation influence the sediment balance in coastal lagoons, and therefore modify their
potential to export sediment and consequently their morphology [11]. Anthropogenic
activities, such as artificialization and regulation of inlets, the construction of port areas
and terminals, the dredging operations, and the construction of tanks for aquaculture
are some common examples of geomorphological changes occurring in several coastal
lagoons around the world and that may lead to changes in their dynamics [12]. One of the
strong examples given by [12] was Ria de Aveiro (Figure 1), where numerous engineering
activities and regular dredging highly changed its tidal characteristics in recent years.
Therefore, this work aims to assess the evolution of the Ria de Aveiro hydrodynamics over
the last 30 years (between 1987 and 2020), determining whether it is induced by the inlet
or the main lagoon channels deepening, taking advantage of an extensive database and
numerical modelling simulations.

The first works about the characterization of Ria de Aveiro hydrodynamics were
published 20 years ago [13–15] and were based on the analysis of in-situ data and modelling
results, based on field data mostly collected in 1987/1988. These revealed that the dynamics
of this coastal system is ruled by tidal propagation, where M2 is the main harmonic
constituent. Moreover, these works show that the tide is strongly deformed along its
propagation throughout the lagoon main channels (amplitude attenuation and phase
delay), and, for the first-time, present maps of the local hydrodynamics properties. Since
then, large modifications have occurred in the lagoon morphology, and therefore in local
hydrodynamics, justifying the elaboration of several works reporting the influence of
geomorphological changes in Ria de Aveiro tidal dynamics. For example, [16] found
an average increase of 0.245 m in M2 amplitude and an average decrease of 17.4◦ in its
phase between 1987 and 2004, and explained such changes with the deepening of the inlet
channel, which is in agreement with [10]. Another study [11] observed that an increase of
flooded area due to the salt pans walls collapse would lead to an increase of the tidal prism
and an enhancement of ebb dominance of the central lagoon. A further study [3] verified
that the general deepening of the lagoon between 1987/1988 and 2012 led to an increase in
the lagoon flooded area and tidal prism, and [17] described an increase/decrease of tidal
currents/tidal asymmetry.
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Figure 1. Location of Ria de Aveiro (a) and its bathymetry in 2020 (b), showing the location of the
main channels and tributaries. The marks represent the location of the tide gauge (red and green)
and salinity stations (green). Zoom of the inlet region showing the location of cross-sections where
tidal prism was evaluated (c).

Although some changes in the Ria de Aveiro tidal propagation are documented, their
causes are not fully understood nor quantified. It is known that the lagoon deepening
triggered hydrodynamic changes, however, it is unknown what the contribution was of
two different processes of great interest for the local community and authorities: The
deepening of the inlet channel (motivated by regular dredging to facilitate access to Aveiro
Port) compared with the deepening of the main channels (motivated by the dredging
carried out in the late 1990s to facilitate local navigation). Moreover, a study evaluating
the tidal propagation changes along with the saline intrusion is of utmost importance
in coastal systems. In this context, this work aims to review and investigate the Ria de
Aveiro tidal propagation, and consequent changes in tidal asymmetry, tidal currents, and
saline intrusion observed in the context of the morphological evolution of the lagoon
that occurred in the last 30 years (from 1987 until 2020). An extensive database will be
explored to assess changes in the bathymetry, sea surface elevation, and salinity throughout
the lagoon, complemented by hydrodynamic modelling, to fully characterize the local
properties as well as to understand the main causes of those changes. So, this paper focuses
on the analysis of the data recorded between 1987 and 2020, to quantify morphologic
modifications as well as changes in the most important tidal harmonic constituent (M2),
tidal asymmetry, and salinity patterns. Moreover, the hydrodynamic model Delft3D (FLOW
module), previously calibrated, was validated and applied to this system, and four different
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implementations were made. The first two implementations consider the 1987 and 2020
bathymetric configurations and the last two consider only the deepening of the inlet or
of the main channels, aiming to further characterize Ria de Aveiro hydrodynamics and
investigate which process induces the observed changes.

2. Study Area

The Ria de Aveiro is a mesotidal shallow water coastal lagoon located on the North-
western Portuguese coast (Figure 1). This lagoon is approximately 45 km long and 8.5 km
wide [13]. It is characterized by its large mudflats and salt marshes, narrow channels, and
for being connected to the sea by an artificially fixed inlet. This is the only connection
between the lagoon and the sea, and the deepest area of the lagoon, so changes in its
configuration have a strong impact on the exchanges with the sea, as well as in lagoon
tidal properties [16]. The lagoon also comprises four main channels (S.Jacinto, Espinheiro,
Ílhavo, and Mira), and receives freshwater mainly from five rivers (Vouga, Antuã, Cáster,
Boco, and Ribeira dos Moínhos) located at the head of each channel (Figure 1) as well as
from residual surficial runoff.

Human action is the major factor controlling the lagoon morphology during the last
decades [12,16]. Due to the instability of the inlet since the formation of the lagoon (dating
from the 10th century), in 1802, works began to open an artificial inlet in the place where
it is presently, having been completed in 1808, through the construction of a channel in
the sandbank and a breakwater with the eastwest direction, on the south bank of the
channel. These works resulted in profound changes in the lagoon hydrodynamics, which
changed from fluvial to tidal dominance. Since then, interventions have been carried
out frequently in this area, with the construction of another breakwater with east–west
direction on the north bank of the channel, and posterior modifications and extensions of
the breakwaters accompanied by works to regularize, consolidate, and protect the inlet
banks. These interventions have also been complemented by several dredging operations
of the lagoon mouth and adjacent areas, especially in the last decades, to assure the traffic
of larger draft vessels to Aveiro Port. As a result, changes were identified in the dynamics
of the tide in the lagoon, which made it more vulnerable to flood risks and to the effects of
ocean forcing, namely sea level fluctuations [18].

The dredging operation carried out within the scope of the silting project of the Ria de
Aveiro that concluded in 1998 should also be highlighted for its impact on the morphology
of the lagoon. These aimed to improve the hydrodynamic conditions of the S.Jacinto and
Mira channels, to optimize their use for small recreational boats and artisanal fishing. This
dredging action was considered a necessary resource to preserve the Ria de Aveiro and its
exploitation, considering the verified silting processes.

The lagoon hydrodynamics is predominantly controlled by a semidiurnal tide, with
a mean amplitude of 2 m in the inlet, which increases to 3.2 m in spring tide and de-
creases to 0.6 m in neap tide [15]. The tide propagates from the mouth and its effect is
felt throughout the entire system. The tide in the lagoon presents the characteristics of
a damped progressive wave: The amplitude decreases from the mouth to the channels
heads as the phase increases [15]. The mean freshwater in Ria de Aveiro during a tide cycle
is 1.8 × 106 m3 [19], which is considerably lower than the total tidal prism volume for neap
and spring tide conditions, which is estimated to be 65.8 × 106 m3 and 139.7 × 106 m3 [3],
respectively. Accordingly, the Ria de Aveiro is considered vertically homogeneous for most
of the year, except occasionally during periods of intense rainfall that induce an increase in
rivers discharge, which may lead to restricted vertical stratification in the upper part of the
channels where the rivers flow [15,19,20].

3. Data and Methods

In this section, the dataset available to perform this study is described, the methods
used to characterize Ria de Aveiro hydrodynamics and assess observed changes that
occurred between 1987 and 2020 in local morphology, tidal, and salinity properties, the
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Deft3D model implementation and validation procedures, as well as the scenarios defined
to model and understand the processes that drive tidal and salinity changes.

3.1. Data

This work analyses an extensive topo-bathymetric dataset recorded over a long period
of time in Ria de Aveiro, used to identify the main morphologic changes that occurred
between 1987 and 2020, and to elaborate the numerical configurations that serve as basis
for the model exploitation:

• 1987/88 by the Hydrographic Institute of the Portuguese Navy (HIPN) for the over-
all lagoon;

• 2011 by the Polis Litoral da Ria de Aveiro (PLRA) for the lagoon main channels;
• 2011 by the Directorate-General for Territory (DGT) for the intertidal areas;
• 2020 by the University of Aveiro (UA) for the inlet channel [21];
• 2020 by the Aveiro Port Administration (APA) at a restricted area of the Mira channel.

This work uses water level data recorded at 19 tide gauge stations between 1987 and
2020 in four different surveys performed during this period (Table 1). The most extensive
1987/88 and 2002/03 surveys were performed by HIPV and UA, respectively. The most
recent data (2012/2017 and 2019/20) is part of two monitoring programs carried out by
APA and PLRA, respectively. The records of 1987/88 and 2002/03 refer to hourly sea
levels over 30 to 90 days, except for Barra station that presents a continuous annual record.
The 2012/17 data have a 20-min periodicity, while 2019/2020 data were recorded every
5 min. Additionally, APA delivered the water level records for Barra station (lagoon mouth)
during the entire period under analysis.

Table 1. Details of tide gauge stations.

Domain Station 1987/88 2002/03 2012/17 2019/20

Lagoon Entrance

BA—Barra 1 01/01/1987 01/01/2002 01/04/2012 01/06/2019
31/12/1988 31/12/2002 31/03/2017 31/08/2020

SJ—São Jacinto
23/06/1987 11/12/2003

09/01/2004
- -

04/08/1987

CN—Costa Nova 1 25/05/1987 21/11/2002
20/02/2003

01/01/2013
31/12/2013

-
28/06/1987

CI—Cires
11/08/1987 07/08/2003 - -
17/09/1987 08/09/2003

S.Jacinto Channel

T—Torreira 1 23/06/1987
04/08/1987

09/01/2004 - 01/06/2019
09/04/2004 31/08/2020

V—Varela 1 16/06/1987
06/08/1987

- 01/04/2012 -
31/03/2017

C—Carregal 1 08/10/1987
13/11/1987

27/08/2002
18/10/2002 - 01/06/2019

31/08/2020

PU—Puxadouro 1 14/10/1987
25/11/1987

26/08/2002
18/10/2002

- 01/06/2019
31/08/2020

PA—Pardilhó 13/10/1987
25/11/1987

26/08/2002
18/10/2002 - -

M—Manchão 13/10/1987
25/11/1987

27/08/2002
18/10/2002 - -

Mira Channel
VG—Vagueira 1 28/04/1987

10/06/1987
21/11/2002 01/04/2012 01/06/2019
20/02/2003 31/03/2017 31/08/2020

A—Areão 1 - 22/11/2002 - 01/06/2019
29/12/2002 31/08/2020
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Table 1. Cont.

Domain Station 1987/88 2002/03 2012/17 2019/20

Ílhavo Channel

P2—Ponte Cais 2
28/09/1988 07/08/2003 - -
10/11/1988 04/09/2003

L—Lota
23/03/1987 06/03/2003 - -
17/05/1987 09/04/2003

VA—Vista Alegre 1 26/09/1988 09/09/2003 01/04/2012 01/06/2019
08/11/1988 09/12/2003 31/03/2017 31/08/2020

CP—Cais da Pedra
28/09/1988 10/09/2003 - 01/06/2019
10/11/1988 10/10/2003 31/08/2020

Espinheiro
Channel

CB—Cais do Bico 1 26/08/1987 12/06/2003 01/04/2012 01/06/2019
10/12/1987 14/07/2003 31/03/2017 31/08/2020

RN—Rio Novo 1 01/02/1988 08/03/2003 01/04/2012 01/06/2019
14/04/1988 09/04/2003 31/03/2017 31/08/2020

CA—Cacia
11/02/1988 06/03/2003
14/04/1988 09/04/2003
1 Stations used for model validation.

This work further analysed salinity records in seven stations (Table 2). The 1997
data results from campaigns carried out by UA, while the 2012/17 data are part of the
monitoring program performed by APA. The 1997 data were recorded every 2 min in
June during a tidal cycle (approximately 12.5 h), except for Barra station that presents
records between 3 and 22 of June. The most recent salinity data were recorded at the
middle of the water column every 20 min between April 2012 and March 2017, except
for Costa Nova and Barra that present records between February 2013 and August 2014
and between January 2013 and December 2013, respectively. It should be noted that
previous works analysed in situ salinity profiles throughout the lagoon and verified that
the salinity values do not vary across the water column in most conditions [13,19,22,23].
Therefore, the salinity measured in the middle of the water column can be considered as
representative of the average salinity along the vertical. Both tide gauge and salinity
data were organized for analysis purposes in five domains, corresponding to the lagoon
entrance and four main lagoon channels (S.Jacinto, Mira, Ílhavo, and Espinheiro).

Table 2. Details of salinity records.

Domain Station 1997 2012/17

Lagoon Entrance
BA—Barra

03/06/1997 01/02/2013
22/06/1997 31/08/2014

CN—Costa Nova 20/06/1997
01/01/2013
31/12/2013

S.Jacinto Channel V—Varela 19/06/1997
01/04/2012
31/03/2017

Mira Channel VG—Vagueira 22/06/1997
01/04/2012
31/03/2017

Ílhavo Channel VA—Vista Alegre 10/06/1997
01/04/2012
31/03/2017

Espinheiro Channel
CB—Cais do Bico - 01/04/2012

31/03/2017

RN—Rio Novo - 01/04/2012
31/03/2017
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In addition, the tidal asymmetry was analysed for both periods by assessing the
amplitude ratio (Ar) and relative phase (φ) following [25]:

Ar =
AM4

AM2

, (1)

φ = 2θM2 − θM4 , (2)

where AM2 , AM4 , θM2 , and θM4 are the amplitudes and phases of M2 and M4 constituents.
Ar is a measure of the tidal distortion (as larger is Ar the more distorted is the tide)
whereas φ measures the tidal dominance (0◦ < φ < 180◦ indicates flood dominance and
180◦ < φ < 360◦ indicates ebb dominance).

Salinity data were analysed only for four stations (Barra, Vagueira, Varela, and Vista
Alegre) since these are the only stations presenting data available in both periods under
study (June of 1997 and 2012/2017). Mean and maximum salinity values were determined
for the 1997 campaign, while for the most recent data (2012/2017) the mean and maximum
values in June of each year were determined. The average values for the period 2012/2017
were also determined and compared with those obtained for 1997.

3.2. Model Implementation

In this section, the multidimensional hydrodynamic model Delft3D was implemented
and explored to reproduce the tidal dynamics and the salinity intrusion in Ria de Aveiro.
The Delft3D-FLOW module, used in this work, solves the non-steady shallow water
equations in two or three dimensions and calculates unsteady flow phenomena that result
from tidal and meteorological forcing on a curvilinear, boundary fitted grid [26]. The FLOW
module can perform hydrodynamic simulations and calculate salt and heat transport. In
this work, the Delft3D-FLOW module was set up with a curvilinear orthogonal grid that
was improved based on a previous grid developed by [27]. The final grid build in the frame
of this study was refined in central regions of the lagoon to better represent the tidal flat and
marginal areas, and therefore the flooding of the low-lying areas, and has 193 × 458 cells,
resulting in a solution computed in 18,330 elements. Because of the shallowness of the
lagoon and the low daily freshwater input when compared with the total tidal prism,
the vertical gradients in the lagoon can be neglected when compared to the longitudinal
gradients [19]. Therefore, a single vertical layer was considered in the scope of this work.

In this study, two different sets of topo-bathymetric data were used to construct
numerical bathymetries for 1987 and 2020. Firstly, the data from the general survey
performed by HIPV in 1987/88 were used and interpolated to the numerical grid. Secondly,
the 1987 bathymetry was updated with the latest data, to obtain the numerical bathymetry
that best represents 2020, collected in 2011 by PLRA in the main channels of the lagoon,
and in 2020 by APA and UA [21] in the lagoon inlet and port area.

The open ocean boundary of the model was forced with the mean sea-levels and
harmonic constants (amplitude and phase of 19 tidal constituents) concordant to each sim-
ulation date, resulting from the harmonic analysis performed to water level observations
in Barra tide gauge, and with a temporal resolution of 6 min. A correction factor was
considered taking into account the distance between the boundary and the tide gauge
and following the best procedures adopted by [2,27]. The salinity and water temperature
data imposed at this boundary were obtained from the Atlantic Iberian Biscay Irish Ocean
product from the Marine Copernicus database [28]. In the open air-sea boundary of the
model, wind and heat flux data obtained from the European Center for Medium-range
Weather Forecast ERA Interim database [29] were imposed. For the five main lagoon
tributaries (Figure 1), inflow, water temperature, and salinity climatologies derived from
the watershed model Soil and Water Integrated Model (SWIM) [30] were imposed as open
landward boundary conditions, except for the Vouga River, where observed flow data
provided by PLRA were imposed. The bottom roughness is estimated with a dynamic
coefficient of friction, following the procedure implemented by [31], which is determined
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at each model time step. Finally, to guarantee the stability of the model simulations, a time
step of 0.5 min was considered.

3.3. Model Validation

To assess whether the bathymetric configurations developed for 1987 (past) and 2020
(present) constitute a good representation of the local depth for the respective periods and,
therefore, lead to accurate numerical modelling results for each case, several simulations
were performed with both bathymetries, and results compared with available data. The
water level validation was performed for both past and present periods, while salinity
validation was only performed for the most recent period due to the lack of data for
1987/88. Regarding the validation of water level, for the past bathymetry, data collected
at 19 stations between 1987 and 1988 were used, whereas for the present bathymetry the
data were collected at 13 stations for the years 2013, 2016, and 2019. The 2013 and 2016
data were considered since no major dredging operations have been carried out along the
main channels since 2013 and, therefore, the current morphology of the lagoon must be
very similar to that of 2013 and 2016. For salinity validation, data were available at seven
stations for the period 2013 and 2014.

A set of simulations with a duration of 35 days (with 5 days being spin-up) was
performed for the water level validation for both periods, considering the concurrent tidal
constituents to force the past and the present configurations. For the salinity validation,
the simulations have a duration of 120 days with 90 days of spin-up. The model accuracy
was quantified computing the root mean square error (RMSE) and the predictive Skill [32]
for both water level and salinity, for all stations and periods referred, through:

RMSE =

√√√√ 1
N

N

∑
i=1

(Mi −Oi)
2, (3)

Skill = 1− ∑N
i=1|Mi −Oi|2

∑N
i=1
[∣∣Mi −O

∣∣+ ∣∣Oi −O
∣∣]2 , (4)

where N is the number of observations available for analysis, Oi are the observations, Mi
are the model results for a variable, and O the average value of observations. Additionally,
the RMSE was compared with the local mean tidal range and local salinity range (LR)
through NRMSE (normalized root mean square error):

NRMSE =
RMSE

LR
. (5)

3.4. Modelling and Assessing Tidal and Salinity Changes Between 1987 and 2020

After the model validation, four simulations were performed to characterize Ria
de Aveiro hydrodynamics and quantify the tidal and salinity changes induced by the
morphological modifications (Table 3), considering the effects of deepening the inlet or
the main channels, to investigate which induces the observed changes. The first two
simulations correspond to the bathymetric configurations of 1987 and 2020 (Table 3) and
will allow to characterize Ria de Aveiro hydrodynamics and identify the tidal and salinity
changes that occurred from 1987 to 2020. To understand whether these modifications
were due to the lagoon inlet or main channels deepening, two additional simulations were
performed: The first one considers the 1987 bathymetry for most of the lagoon updated
with the 2020 inlet (Scenario 1), and the second one considers the 2020 bathymetry for most
of the lagoon with the 1987 inlet (Scenario 2) (Table 3). In summary, Scenario 1 considers
the deepening of the inlet, while Scenario 2 considers the main channels deepening. All
simulations have a duration of one year with additional 90 days of spin-up.
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Table 3. Description of the bathymetric configurations.

Year Description

1987 Survey by HIPV

2020 Set of surveys from 1987/88 by IHPV,
2011 PLRA, 2020 APA and UA [21]

Scenario 1 1987/88 bathymetry updated with 2020 inlet
Scenario 2 2020 bathymetry with 1987/88 inlet

The model setup was equal for both simulations, only differing in the bathymetry
used. For each configuration described in Table 3, the tidal constituents were computed
using the T_TIDE program [24] and the amplitude and phase of the M2 were mapped.
Additionally, the tidal asymmetry was evaluated through the Ar and ϕ, and the tidal
currents through the annual average of the root mean square velocity (VRMS), given by

VRMS =

(
1
N

N

∑
i=0

V2

)1/2

, (6)

where V =
√

u2 + v2 is the velocity modulus.
The tidal prism (defined here as the volume of water flowing through a cross-section

during the flood of the tide) was computed for all model configurations for minimum neap
tide and maximum spring tide at cross-sections located at the inlet and at the mouth of the
four main channels (Figure 1). Besides assessing changes in the tidal prism for the different
bathymetric configurations, changes in water distribution through the main channels of the
lagoon were analysed. Finally, the mean annual salinity was also computed and analysed
for all configurations.

4. Results
4.1. Morphologic Changes Between 1987 and 2020

The modifications in the lagoon morphology are assessed through the analysis of the
difference between the 2020 and 1987 bathymetries, represented in Figure 2. This figure
shows that the depth increased in most of the lagoon channels, with the highest differences
observed in the entrance (about 10 m), but also with important changes along the main
channels of the lagoon (around 5 to 8 m). The deepening of the inlet channel can be
explained by the extension of the northern breakwater in 1987 along with the dredging
operations carried out at this region [3], in order to facilitate the vessels traffic to Aveiro
Port. Moreover, the tidal asymmetry of the lagoon, determined for the first time by [13],
shows an ebb dominance pattern at the lower lagoon and a flood dominance at the upper
lagoon, with expected trends of erosion and accretion, respectively, which also contribute
to the natural inlet deepening. However, it should be emphasised that the deepening of
the inlet region resulted mostly from dredging activities, as proved by previous works
dedicated to study the inlet morphodynamics [33,34]. These authors demonstrated that
the natural erosion induced by tidal currents and waves does not explain the bathymetric
changes observed, suggesting therefore that dredging operations are the main cause of
the inlet deepening. In addition, the deterioration and collapse of the lagoon salt pans
along the last decades increased the flooded area, therefore increasing the tidal prism
and ebb currents, and reinforcing the tendency of the system to export sediments to the
sea, increasing the erosion especially in the inlet [11]. The deepening of the main lagoon
channels can be mainly explained by dredging operations concluded in 1998 and planned
to improve local navigability conditions [35]. The areas where depth decreased (around
1 m) are mainly located at the head of the main lagoon channels and resulted mainly from
the general accretion trend found for these areas [13].
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Figure 2. Difference between 2020 and 1987 bathymetries.

4.2. Assessing Observed Tidal and Salinity Changes Between 1987 and 2017

Figure 3 shows the evolution of amplitude and phase of M2 constituent in monitoring
sites between 1987 and 2020. To facilitate the understanding of the changes in the tidal
propagation along each of the main channels of the lagoon, the analysis of the results
obtained will be individualized for each domain previously defined. Regarding the Lagoon
Entrance (Barra, Costa Nova, and S.Jacinto), the amplitude of the M2 constituent increased
by 9 cm in the period under analysis (Figure 3a). It should be noted that the highest
amplification (8 cm) occurred between 1987 and 2002. The phase changed slightly in the
same stations (Figure 3b). The major modification between these stations was found in
Costa Nova, where a decrease of 5◦ (10 min) was detected between 1987 and 2002. Results
for the stations located in the S.Jacinto Channel (Figure 3c,d) reveal that the M2 amplitude
increased by 30 cm, 35 cm, 46 cm, and 53 cm in Puxadouro, Torreira, Varela, and Carregal,
respectively. Moreover, the phase decreased by 20◦ (~40 min), 30◦ (~60 min), 40◦ (~80 min),
and 55◦ (~100 min) in Torreira, Varela, Puxadouro, and Carregal, respectively. In Mira
Channel, the M2 amplitude (Figure 3e) increased by 30 cm in Vagueira and 50 cm in Areão.
Furthermore, the M2 phase (Figure 3f) decreased 25◦ (50 min) in Vagueira and remained
unchanged in Areão. Again, it is noteworthy that changes in M2 constituent occurred
between 1987 and 2002. In the Ílhavo Channel (Figure 3g,h), the M2 amplitude increased
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11 cm in all stations between 1987 and 2002 and after 2002 it slightly increased (~2 cm) in
Vista Alegre and remained unchanged in Cais da Pedra. In addition, the phase decreased
by 11◦ (22 min) between 1987 and 2002 in the two stations located further upstream (Vista
Alegre and Cais da Pedra). In the Espinheiro Channel, Figure 3 shows that the amplitude
of the M2 increased by 20 cm and 25 cm in Cais do Bico and Rio Novo, respectively. These
stations further experienced a reduction in the M2 phase (Figure 3j). In detail, reductions of
12◦ (~25 min) and 25◦ (~50 min) were found for Rio Novo and Cais do Bico, respectively.

Figure 3. Temporal evolution of M2 amplitude (left) and phase (right) throughout the lagoon entrance (a,b), S.Jacinto
channel (c,d), Mira channel (e,f), Ílhavo channel (g,h) and Espinheiro channel (i,j).

Figure 4 depicts the tidal asymmetry evolution, namely amplitude ratio and relative
phase, throughout the lagoon channels between 1987 and 2020. The results evidence that
the stations located in the entrance channel and at the beginning of the main channels
present values of amplitude ratio (0.03–0.08) lower than those observed in the upstream
stations (0.1–0.4), indicating that the tide is more distorted in the channels extremities than
in the lagoon central area. Regarding the relative phase, it is verified that the upstream
stations are flood dominated (35–180◦), while the ones located in the central regions are
ebb dominated (180–280◦). In the stations located at the lagoon entrance, slight changes in
the amplitude ratio and an increase in the relative phase of 40◦ were observed, denoting
an intensification of the ebb dominance. In the S.Jacinto channel, the amplitude ratio
decreased between 0.04 in Torreira and Varela and 0.06 in Manchão, Pardilhó, Carregal,
and Puxadouro within the period analysed. This region is flood dominated, however as
the relative phase increased since 1987, the flood dominance decreased. Regarding the
Mira channel, it is notorious for intensification/weakening of the tidal distortion and flood
dominance at the end/middle of the channel (Areão/Vagueira). The Ílhavo and Espinheiro
channels experienced slight changes (lower than 0.02) in tidal distortion, but important
changes in the relative phase. It is noteworthy that the Cais do Bico, Rio Novo, and Cacia
stations changed from flood to ebb dominance between 1987 and 2002.
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Figure 4. Temporal evolution of amplitude ratio (left) and relative phase (right) throughout the lagoon entrance (a,b),
S.Jacinto channel (c,d), Mira channel (e,f), Ílhavo channel (g,h) and Espinheiro channel (i,j). The dashed line represents the
transition between ebb/flood dominance.

Table 4 presents the mean and maximum salinity values for the campaigns carried
out in 1997 and the average of mean and maximum salinity values in June for the period
2012/2017. Results reveal that the mean values increased in all stations between 1997
and 2012/2017. The Vista Alegre and Varela stations experienced the highest increases
(12.00 and 4.60, respectively) while Barra and Vagueira the lowest ones (1.33 and 1.10,
respectively). The maximum salinity values also increased in all stations (6.82, 5.67 and
3.70 for Vista Alegre, Varela, and Vagueira, respectively), except in Barra where a slight
decrease (0.43) was observed.

Table 4. Mean and maximum salinity values and the respective temporal variation (dMean, dMax).

Station Period Mean dMean Max. dMax

Barra
1997 33.60

+1.33
36.14 −0.432012/2017 34.93 35.71

Vagueira 1997 16.60
+1.10

27.90
+3.702012/2017 17.70 31.57

Vista Alegre 1997 15.85
+12.00

26.57
+6.822012/17 27.85 33.52

Varela
1997 21.94

+4.60
26.30

+5.672012/17 26.54 31.97

4.3. Model Validation

Model results and observed water level and salinity were compared in this section for
past and present conditions, to quantify the model accuracy in both periods and therefore
validate the numerical model configurations developed. Model performance was assessed
considering the RMSE and Skill values (Tables 5 and 6).
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Table 5. Root mean square error (RMSE) (m), skill, and estimated normalized root mean square Error (NRMSE) (%) for
water level time series.

Stations
1987/1988 2013/2016/2019

RMSE (m) Skill NRMSE (%) RMSE (m) Skill NRMSE (%)

Barra 0.08 0.996 5 0.05 0.999 2
Costa Nova 0.07 0.997 4 0.10 0.995 4
São Jacinto 0.07 0.997 4

Cires 0.14 0.989 7
Ponte Cais 2 0.15 0.982

Lota 0.18 0.972 11
Vagueira 0.15 0.942 14 0.07 0.996 4

Vista Alegre 0.17 0.946 16 0.22 0.962 13
Rio Novo 0.20 0.955 14 0.17 0.985 8

Cais do Bico 0.14 0.970 12 0.18 0.983 9
Cacia 0.15 0.972 12

Torreira 0.11 0.966 11 0.10 0.993 5
Varela 0.12 0.915 16 0.13 0.987 7

Manchão 0.11 0.873 25
Pardilhó 0.14 0.875 22

Puxadouro 0.14 0.853 23 0.19 0.962 13
Carregal 0.16 0.820 23 0.19 0.978 9

Cais da Pedra 0.17 0.940 17 0.25 0.932 17
Areão 0.22 0.921 15

Table 6. RMSE, skill, and estimated NRMSE (%) values for salinity time series.

Stations RMSE Skill NRMSE (%)

Barra 1.62 0.804 5
Costa Nova 4.51 0.875 18

Vagueira 4.34 0.909 43
Vista Alegre 2.16 0.925 8

Varela 1.71 0.787 6
Cais do Bico 3.02 0.688 10

Rio Novo 5.70 0.890 41

Generally, the best fit between model results and observed water level time series
was obtained for the stations located close to the lagoon’s mouth, namely in Barra station,
with RMSE below 10 cm and Skill values higher than 0.99, for both past and present
bathymetries. Results also show that the model performance decreases with the distance
from the inlet, with the weakest fit observed for the stations located at the channel’s heads
(Cais da Pedra, Areão, and Carregal stations), with RMSE values between 16–26 cm. The
model accuracy was found to be higher for the present configuration, with RMSE ranging
between 5 and 25% of the local tidal amplitude for 1987 and between 2 and 17% for 2020.

Regarding salinity, the errors obtained are generally higher than those obtained for
the water level time series, as usual when modelling salt transport. The best fit was again
observed at Barra and Varela stations, with RMSE representing less than 10% of the local
mean salinity, and the highest deviations were observed at Vagueira and Rio Novo stations,
with values exceeding 40% of the local salinity range.

4.4. Assessing the Effect of the Lagoon Morphology on Tidal and Salinity Patterns

Figure 5 shows the amplitude and phase of the main tidal constituent M2 for 1987 and
2020 configurations. For both simulations, a decrease is observed in M2 amplitude from
the inlet to the channel’s heads along with an increase in the phase. For example, for the
1987 bathymetry, a difference of nearly 0.75 m is observed between the lagoon’s mouth
(~0.90 m) and the heads of S.Jacinto channel (~0.15 m). For Espinheiro, Ílhavo and Mira
channels head the attenuation of the tidal amplitude is less pronounced, approximately
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0.45, 0.50, and 0.65 m, respectively. Regarding the 2020 bathymetry, the damping of the
tidal amplitude is nearly 0.30, 0.15, 0.50, and 0.60 m between the lagoon’s mouth and
S.Jacinto, Espinheiro, Ílhavo, and Mira channels heads, respectively.

Figure 5. M2 constituent amplitude (a,b) and phase (c,d) for 1987 (left) and 2020 (right) bathymetries.

Concerning the phase of the M2 constituent, it ranges from 95◦ at the lagoon mouth
for both bathymetries to 240◦ (170◦) at the end of S.Jacinto (Espinheiro) channel for the 1987
bathymetry and to 180◦ (140◦) for 2020 bathymetry. For the Mira and Ílhavo channels head,
the phase is approximately 95◦ and 65◦ for past and present bathymetries, respectively.
The M2 constituent patterns are consistent with previous results [13,14], demonstrating
that the tidal wave in Ria de Aveiro has the characteristics of a damped progressive wave:
During the propagation the amplitude decreases, and the phase lag increases.

The tidal asymmetry (amplitude ratio and relative phase) was computed for all the
lagoon and is mapped in Figure 6, for 1987 and 2020 bathymetries. Results indicate that the
magnitude of the tidal distortion increases from the mouth (between 0 and 0.1) towards the



J. Mar. Sci. Eng. 2021, 9, 234 15 of 26

channels heads for both configurations, reaching values higher than 0.3 in the Mira channel
head (Figure 6a,b). The results of relative phase evidence that the lagoon is ebb dominated
from the inlet until the middle of the main channels and flood dominated upstream for
both configurations (Figure 6c,d). It is noteworthy that the ebb dominated region extends
slightly upstream for 2020 bathymetry.

Figure 6. Amplitude ratio (Ar) (a,b) and relative phase (ϕ) (c,d) for 1987 (left) and 2020 (right) bathymetries.

The tidal current velocity (Figure 7), quantified through the VRMS, is stronger in the
inlet channel with values between 1.4 and 1.6 m s−1 for both configurations, while for the
S.Jacinto and Espinheiro channels the VRMS ranges from 0.8 to 1.2 m s−1. For the rest of the
lagoon, the current velocity is lower than 0.8 m s−1.
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Figure 7. VRMS for 1987 (a) and 2020 (b) bathymetries.

The mean salinity values for 1987 and 2020 bathymetries were also computed and
are shown in Figure 8. A typical estuarine pattern can be observed characterized by
a longitudinal salinity gradient, with the highest salinity values observed closer to
the ocean boundary (nearly 35) and decreasing with the distance from the inlet, as the
fluvial input increases (with values between 6 and 8, and 8 and 15, at the end of the
channels, for the past and present bathymetries, respectively.).

Figure 8. Annual mean salinity for 1987 (a) and 2020 (b) bathymetries.
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To assess the changes that occurred between 1987 and 2020, the differences between
model results obtained for both periods were computed for M2 amplitude and phase,
VRMS, tidal asymmetry, tidal prism, and salinity (Figures 9–13). Additionally, and to
understand whether the changes that occurred over the years are due to the inlet or main
lagoon channels deepening, the differences between 1987 and scenarios 1 (considering the
deepening of the inlet), and 2 (considering the deepening of the main channels) are also
represented (Figures 9–12).

Figure 9. M2 amplitude and phase differences between 1987 and 2020 (a,d), 1987 and Scenario 1 (b,e),
and 1987 and Scenario 2 (c,f).

The results show that the tidal amplitude increased in response to the morphologic
changes that occurred between 1987 and 2020, with the highest differences observed at
the end of the channels, reaching 0.60 m in the S.Jacinto head (Figure 9). At the end of
Espinheiro, Ílhavo and Mira channels the amplitude increases between 0.30 and 0.45 m.
Otherwise, the phase delay decreased, with the highest differences observed at the channel
heads. Once again, the main changes are observed in S.Jacinto channel end, with a phase
lead higher than 60◦, which means that for the present the M2 tidal constituent takes
nearly 2 h less to propagate from the lagoon mouth to the head of S.Jacinto channel than
in 1987. For Espinheiro, Ílhavo, and Mira channels the phase lead is approximately 40◦

(80 min). These patterns determined by numerical modelling fully agree with observations
represented in Figure 3, showing the good model performance for both configurations de-
veloped.
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Figure 10. Amplitude ratio differences between 1987 and 2020 (a), 1987 and Scenario 1 (b) and 1987
and Scenario 2 (c). Relative phase variations between 1987 and 2020 (d), 1987 and Scenario 1 (e), and
1987 and Scenario 2 (f).

Figure 11. VRMS differences between 1987 and 2020 (a), 1987 and Scenario 1 (b), and 1987 and
Scenario 2 (c).
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Figure 12. Tidal prisms at five cross-sections of Ria de Aveiro (Figure 1), at maximum spring tide (a) and minimum neap
tide (b) for each model configuration.

Figure 13. Annual mean salinity difference between 1987 and 2020 (a), 1987 and Scenario 1 (b) and
1987 and Scenario 2 (c).

Regarding the differences between the 1987 configuration and the two synthesized
scenarios (Scenario 1 and Scenario 2), two different patterns are observed. On one hand,
Scenario 1, which reflects the deepening of the inlet, induces an increase of M2 amplitude
and a decrease in the phase delay close to the inlet, while differences are almost negligible at
the higher lagoon. The differences at the inlet are not higher than 0.15 m and 20◦ (~40 min),
respectively. On the other hand, results for Scenario 2, which reflects the deepening of
the main channels, reveal an increase of tidal amplitude and a decrease in phase delay
from the inlet to the channel’s head. Changes are almost negligible at the inlet, but are
significant towards the end of the channels, showing a pattern similar to that resulting from
the differences between the 1987 and 2020 configurations. Namely at S.Jacinto channel, an
increase between 0.30 and 0.45 m in M2 amplitude and a decrease between 40◦ (~80 min)
and 60◦ (~120 min) in the phase can be observed, in a way consistent with observations.

Generally, the results for tidal asymmetry suggest that the tidal wave is less distorted
nowadays than in the past for most of the lagoon (Figure 10a). Exceptions are observed
at the far end of the main channels and in a specific channel in the central lagoon, where
a slight increase in the tidal distortion occurs. Additionally, in the inlet region and at the
beginning of Mira channel, the amplitude ratio differences are negligible. Comparing the
amplitude ratio between 1987 and Scenario 1, it is observed that the deepening of the



J. Mar. Sci. Eng. 2021, 9, 234 20 of 26

inlet channel induces a reduction in the tidal wave distortion from the inlet to the middle
of the main channels and an amplification of the wave distortion upstream (Figure 10b).
Moreover, when the deepening of the main channels is considered (Scenario 2), results are
similar to the ones observed for the 2020 configuration, with a general decrease of the tidal
distortion (Figure 10c).

Regarding the relative phase, results show that the ebb dominance of the central
lagoon extends further upstream from 1987 to 2020 (Figure 10d) and no differences occur
between 1987 and Scenario 1. Otherwise, for Scenario 2 the ebb dominance observed at the
beginning of Mira channel extends further upstream, and at the beginning of Espinheiro
and Ílhavo channels, the tide dominance changes from ebb to flood (Figure 10f).

The current velocity was evaluated through the VRMS, and the results suggest its
general increase along the main channels of the lagoon between 1987 and 2020 (Figure 11a),
with the highest changes observed in S.Jacinto and Espinheiro channels (between 0.3 and
0.4 ms−1). At the intertidal areas, the current velocity slightly increases (less than 0.1 ms−1).
When the deepening of the inlet is considered (Scenario 1), a decrease of the VRMS occurs
at the inlet channel (more than 0.5 ms−1), while for the rest of the lagoon the differences
are negligible. Additionally, the comparison between VRMS for 1987 and Scenario 2 shows
that the channels deepening induce a significant increase of the current velocity in the
main channels and a slight increase in intertidal areas. This pattern is very similar to that
resulting from the differences between the 1987 and 2020 configurations, suggesting that
the deepening of the lagoon main channels is the main cause of the changes verified in the
Ria de Aveiro.

The values of computed tidal prisms (Figure 12) reveal a significant rise between 1987
and 2020 in all cross-sections analysed, and for both tidal conditions. In detail, at the inlet,
the tidal prism increased 60% on average, from 153.0 × 106 m3 to 242.2 × 106 m3 (~58%)
and from 59.4 × 106 m3 to 96.9 × 106 m3 (~63%) for maximum spring tide and minimum
neap tide, respectively. Results evidence that the tidal prism rise is not uniform across the
lagoon main channels. Indeed, Espinheiro and S.Jacinto channels experienced the highest
increase rates (85% and 77%, respectively) while Ílhavo and Mira channels experienced
the lowest ones (45% and 35%, respectively). It is noteworthy that the tidal prism changes
observed in S.Jacinto and Mira channels were mostly due to the main channels deepening,
whereas the changes observed in the Espinheiro and Ílhavo channels are explained by both
the deepening of the inlet channel (~15% and ~17%, respectively) and the main channels
(~50% and ~27%, respectively).

Differences between the 1987 configuration and the two synthesized scenarios (Figure 13)
are also presented to assess the main causes of the changes observed in the salinity patterns.
Results show that saline intrusion increased in the entire lagoon between 1987 and 2020.
As for tidal propagation, salinity changes are almost negligible in the inlet and the highest
differences are observed at the channel’s heads, with the maximum expression at S.Jacinto
channel. So, salinity changes range from values close to 0 at the inlet to values between 8 and
14 at far the end of S.Jacinto channel, between 2 and 4 in Espinheiro and Ílhavo channels, and
between 0 and 2 in Mira channel head.

Regarding the changes induced by the deepening of the inlet region (Scenario 1), they
are almost negligible in the entire lagoon, ranging from −2 to 2. Otherwise, the deepening
of the main channels (Scenario 2) induces a salinity increase in the entire lagoon, except for
the inlet region and Mira channel head, where the differences are negligible. At the end of
S.Jacinto channel, the salinity increases between 8 and 14, while for Espinheiro and Ílhavo
heads, the salinity increases between 2 and 4, as found from the differences between the
1987 and 2020 configurations.

5. Discussion
5.1. Model Validation

The FLOW module of Delft3D was successfully implemented, revealing its accurate
performance in representing the tidal propagation and the salinity in Ria de Aveiro, for
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both past and present configurations. Despite the model validation being a challenging
task, mainly for salinity, a good fit between model results and observations was achieved.

Regarding the water level, both in 1987 and 2020 configurations, the model presents
the highest accuracy for the stations located close to the lagoon’s inlet. Indeed, in Barra,
S.Jacinto and Costa Nova stations, the deviations represent less than 5% of the tidal
range. However, the model accuracy decreases towards the most upstream and shallower
channels, with errors between 15 and 25% of the tidal range in some stations located at
the head of the channels in the 1987 configuration. Moreover, the best fits were generally
observed in 2020 configuration, with errors below 10% in most stations and the highest
deviations not exceeding 17% of the total tidal range. The resolution of the numerical grid
used in this work may explain some of the errors found for the validation of the water level
since the narrowest channels may not be fully well represented, leading to inaccuracies in
the final numerical bathymetry and therefore in tidal propagation.

Concerning salinity, the deviations were generally higher than those obtained for
water level, as usual when modelling this variable. Though four stations presented good
correlations between numerical results and observed salinities, with errors below 10% of
the local salinity range, the other two presented errors higher than 40% (Vagueira and
Rio Novo). The use of monthly climatological data for river flow can explain most of
these errors, mainly in those stations closer to the river’s mouth (Vagueira and Rio Novo).
Nevertheless, the difficulty in predicting salinity values in Mira channel (Vagueira), was
recognized before by [13], who suggested that some unknown freshwater fonts in Mira
Channel exist and are not being considered in modelling efforts. In fact, as aquifer effects
in the lagoon are not documented, some sensitivity tests and analysis of satellite images
done by other authors hypothesized that local agricultural discharge channels may be
the freshwater source justifying the discrepancies found. However, this assumption is
impossible to prove in this study and further investigation is needed to demonstrate its
impacts on the Mira channel. Despite that, the relative errors obtained for salinity values
are in the same order of magnitude as those obtained by [36] for Ria de Aveiro.

As the RMSE and skill values for both water level and salinity are in line with those
observed in previous model validations for Ria de Aveiro [17,36–39] and for other estuar-
ies [40–44], it can be considered that the model reproduces adequately the tidal propagation
and salinity patterns in this lagoon for both model configurations developed.

5.2. Effects of Morphologic Changes on Tidal and Salinity Patterns

Both the analysis of in-situ data and numerical simulations revealed that the tidal
action and salinity intrusion increased within the lagoon between 1987 and 2020. The
numerical experiments performed showed results in agreement with the observations
and allow to suppose that these changes are induced by the morphologic evolution of
the lagoon. In fact, both the inlet and the main channels of the Ria de Aveiro are deeper
today compared to 1987, due to several factors. Firstly, the effects of human intervention
in this system must be considered, namely through frequent dredging operations carried
out over the last few decades in the inlet, to facilitate the access of larger draft vessels to
the Aveiro Port. A further noteworthy point is the general dredging of the main channels
of the lagoon carried out in the late 1990s, which resulted in the significant deepening of
these channels. Secondly, the natural evolution of the lagoon must be considered, which,
according to the results obtained for the tidal asymmetry, presents a tendency of silting at
the heads of the main channels, and of erosion in the lower lagoon. Results show that this
trend has been accentuated over the last few decades, resulting in the long-term transport
of sediments to the adjacent ocean, and consequently in the natural deepening of the inlet
and of the main channels of the lower lagoon.

The changes found for the tidal characteristics are amplified toward the channel’s
heads, with the highest modifications being observed in S.Jacinto channel. This means
that the tidal wave propagates faster and dissipates less energy in its path nowadays
than before, as the channels have a higher depth and therefore lower bottom stress (the
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bottom stress reduction induces the faster tidal wave propagation and decreases the energy
dissipation that conducts to higher wave amplitudes). Salinity values increased in the
entire lagoon, with the highest changes observed at the end of the channels. The saline
intrusion now extends further inland than before, reflecting the tidal influence expansion
towards the upper lagoon, which results from the increase in the tidal prism induced by
the tidal amplitude amplification (around 60%, in agreement with [3]) and enlargement of
the lagoon flooded area [10,11,45].

In detail, numerical results evidenced that the hydrodynamics changes found are
strictly dependent on morphological modifications of the lagoon, as differences between the
two periods simulated fully agree with observations. Indeed, the general deepening of the
lagoon that occurred between 1987 and 2020 induces the amplification of the tidal amplitude
in the entire lagoon and the decrease of the phase lag. This evidence is corroborated by
previous works: [16] found an average increase of M2 amplitude in Ria de Aveiro by 0.245 m
and a decrease of 17.4◦ in its phase and explained that changes with the deepening of the
lagoon that occurred between 1987/88 and 2002/2003.

The results also showed that the deepening of the inlet observed between 1987 and
2020 only partially induces the tidal and salinity modifications observed in the recent
decades. Indeed, [10] showed that the deepening of the inlet increased the M2 amplitude
and decreased its phase delay along the main lagoon channels. However, the modifications
induced by the inlet deepening do not reflect the magnitude and the pattern of the tidal and
salinity modifications observed in the last decades. Indeed, the changes observed for M2
constituent due to the deepening of the inlet (Scenario 1) are almost negligible comparing
to those observed between 1987 and 2020, both in in-situ data and in model results. In that
scope, the impact of the deepening of the main channels was also studied (Scenario 2). The
results showed that the morphologic modifications in the main channels resulted in an
increase in the tidal amplitude and a decrease in the phase lag, as well as an increase in
the mean salinity values. The changes are amplified towards the end of the channels, in
a pattern similar to that described for 1987 and 2020 scenarios, both for in-situ data and
model results. Consequently, it can be concluded that, although the modifications in the
inlet impact the lagoon’s hydrodynamics, the changes observed from 1987 until the present
in tidal propagation and mean salinity values are mainly due to the deepening of the main
channels of the lagoon. Therefore, the local authorities and stakeholders should bear this
fact in mind when designing measures to define the uses of the lagoon and its management.

It should be noted that the hydrodynamic changes that have been occurring in the Ria
de Aveiro had a strong impact on the usual uses of this lagoon system, and consequently
on its economic exploitation. In fact, the increase in tidal amplitude has several direct and
indirect effects that must be discussed. Firstly, they lead to an increase in high tide level
and a decrease in low tide level, especially at the upper lagoon, which leads to an increase
in marginal floods in areas of lower topography (in the first case), and to a decrease in
the water column height available for the navigation in the shallowest channels, in the
second case. This situation results in great difficulties for navigation by local fishermen and
recreational boating for several hours of each tidal cycle, which leads to frequent complaints
about the silting up of the lagoon and demands to the competent authorities for carrying
out further dredging operations. However, it should be emphasized that the results of this
work demonstrate that new dredging operations will lead to a further increase in the tidal
amplitude, and consequently to the aggravation of this and other problems.

It should also be noted that the increase in tidal amplitude leads to an increase in tidal
asymmetry, tidal currents, tidal prism, and saline intrusion. Similar effects were reported
in Venice (Italy) [6] and Óbidos (Portugal) [7] lagoons, and Seine (France) [9] and Ems
estuaries [4,5]. The lower lagoon reveals a natural trend for the export of sediments to
the adjacent ocean, which has been intensified over the last few decades, resulting in an
acceleration of the natural deepening of these areas. In this case, there is a natural feedback
process, since the increase in the depths of the channels in this zone induces changes in the
hydrodynamics of the lagoon, which in turn increases the depth of the channels noticeably.
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Tidal currents of greater amplitude also reinforce the processes of erosion and transport
of sediments within the lagoon, in addition to conditioning navigation. In fact, the walls
that protect salt pans in the Ria de Aveiro have been undergoing accelerated destruction
due to the higher tidal currents, which in turn change the lagoon geomorphology and
consequently the hydrodynamics processes, in another feedback process. In addition,
several benthic species have also been suffering the effects of the higher tidal currents,
presenting difficulties in fixing at the bottom of the channels and, as such, have declined in
the lagoon, with the consequent loss of ecological value [46,47]. Finally, the progression of
saline intrusion also has several negative effects in the Ria de Aveiro. On the one hand, it
can affect the survival and distribution of several species dependent on fresh or brackish
water, whose habitat is being reduced and increasingly moved upstream [35]. This was
also observed by [48] when studying the influence of salinity on seagrass in Biscayne Bay
(Florida). On the other hand, and in conjunction with the growth of the tidal amplitude,
the increasingly frequent marginal flooding in the upper lagoon [17,18,49] implies the
submerging of agricultural fields by increasingly salty water, which destroys crops and
disables the productive capacity of land previously very fertile.

5.3. Recommendations

To mitigate the negative effects of the tidal amplitude and currents amplification, and
consequently of the increase in saline intrusion and in the frequency and area affected
by marginal floods, the first recommendation to follow is to identify the most vulnerable
regions by carrying out environmental impact studies. Subsequently, the design and
construction of artificial structures that can control the exchange with the sea or protect the
most threatened areas are suggested.

In this context, it is recommended to assess the effects of the construction of barriers
that control the interchange with the sea and therefore will reduce the tidal amplitude and
currents intensity, or of dikes and adherent longitudinal structures that prevent marginal
flooding by increasingly salty water. The Maeslant barrier in Rhine River, the Thames
Barrier, and the mobile gates installed in the Venice Lagoon are three examples of en-
gineering works that could be investigated to evaluate their effectiveness in reducing
the effects of the changes in tidal amplitude and currents registered in Ria de Aveiro.
Moreover, in this lagoon some previous works were already done to determine the area’s
most vulnerable to marginal flooding and salinity contamination, even in a future climate
change context [18,49], being identified as the upstream regions of Espinheiro and S.Jacinto
channels, and the areas marginal to Mira Channel. To protect these regions some works
were already done and should be used as examples to follow. In the 1980s, a dike was
projected to prevent the salinization of agricultural fields upstream regions of Espinheiro.
However, only the central part of the dike was built, but the projected effect appears to
have been achieved and there is no evidence of dike breach or overtopping. As the adjacent
unprotected areas still report the occurrence of saltwater intrusion, it is recommended to
conclude the dike extension northward and southward, in order to protect these regions.
Moreover, the access road to agricultural fields parallel to the Mira channel was also raised
a few years ago to protect this area from marginal flooding, and more recently adherent
longitudinal structures have been built at the upstream regions of S.Jacinto channel for
the same purpose. These are good examples of possible measures that can be followed to
reduce the effects of the registered changes in Ria de Aveiro.

6. Conclusions

This study aimed to review the evolution of Ria de Aveiro lagoon hydrodynamics
during the last 30 years, assessing tidal and salinity changes induced by morphological
modifications that occurred between 1987 and 2020, and investigating the main causes of
those changes. For this was used a remarkable database including bathymetric data of the
entire lagoon and in-situ water level and salinity retrieved from several stations, as well as
data generated from a set of numerical experiments.
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The necessary model validation of the configurations developed for 1987 and 2020
bathymetries was performed comparing the model results and observed water level and
salinity values. Results highlighted the adequate reproduction of tidal propagation and
salinity patterns within the lagoon, demonstrating an excellent model performance for the
aims of this study.

Once validated, the model was used to characterize the lagoon hydrodynamics and
study the tidal modifications induced by morphological changes that occurred between
1987 and 2020, with a focus on those induced firstly by the deepening of the inlet and
secondly by the deepening of the main channels. The results regarding the characterization
of the lagoon showed that:

• The tidal amplitude decreases with the distance from the inlet and the phase lag
increases, revealing that the tide in the lagoon behaves as a damped progressive wave;

• The tidal velocity is strongly dependent on the lagoon morphology, with maximum
values found at the inlet and main channels, and minimum values at the shallowest
regions and intertidal areas;

• The tidal asymmetry revealed that the upper lagoon is flood dominated, while the
lower lagoon is ebb dominated;

• Salinity distribution is strongly dependent on the balance between freshwater input
from the main tributaries and saltwater intrusion through the inlet, presenting typical
longitudinal estuarine gradients.

Regarding the modifications induced by morphological changes that occurred between
1987 and 2020, the main results revealed:

• A general increase/decrease in tidal amplitude/phase with the differences being
amplified towards the end of the channels.

• The tidal velocity, tidal asymmetry and tidal prism have also increased as well as the
salinity intrusion.

The hydrodynamics-salinity changes found in this tidally dominated lagoon are
mainly due to the impact of man-made activities on lagoon morphodynamics, namely
through dredging operations carried out along the main channels of the lagoon during
the last decades, which resulted in a general deepening of the lagoon. Moreover, this
study allowed a more detailed analysis, which revealed that although the deepening
of the inlet area partially explains the results found, the deepening of the lagoon main
channels was the main responsible for the changes that occurred in the Ria de Aveiro in
the last 30 years.

Consequently, this research provides the basis to understand the main impacts of
morphological changes in Ria de Aveiro, considering the direct influence of dredging
operations performed at the inlet region and at the main lagoon channels, and, therefore,
to help decision-makers on evaluating the consequences of future dredging scenarios.
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