Journal
Journalof
ofCoastal
CoastalResearch
Research

SI 64

pg -- pg
1490
1494

ICS2011
ICS2011 (Proceedings)

Poland

ISSN 0749-0208

Impact of morphologic anthropogenic and natural changes in estuarine
tidal dynamics
J. M. Dias† and A. Picado†
†CESAM
Physics Department
University of Aveiro,
Aveiro
3810-193, Portugal
joao.dias@ua.pt
ana.picado@ua.pt
ABSTRACT
Dias, J. M. and Picado, A., 2011. Impact of morphologic anthropogenic and natural changes in estuarine tidal
dynamics. Journal of Coastal Research, SI 64 (Proceedings of the 11th International Coastal Symposium),
1490 - 1494 Szczecin, Poland, ISSN 0749-0208.
In this paper is outlined the application of a hydrodynamic model for the assessment of tidal changes induced by
the impact of estuarine morphologic man-made and natural modifications. In fact, anthropogenic activities and
changes in natural environments affect tidally dominated coastal environments making it more vulnerable. Thus,
the main aim of this work is to address the impact of these problems in coastal systems, studying the particular
case of the Ria de Aveiro. A hydrodynamic model previous implemented for this system is used to investigate
changes in tidal amplitude and phase and its sensitivity to three bathymetric settings: one representing the past
conditions, other representing the present (corresponding to the inlet channel deepening) and a third bathymetry
representing a future scenario assuming the enlargement of the lagoon flooded area. The amplitude and phase of
the M2 and K1 tidal constituents were computed for twenty nine stations distributed along the main channels of
the lagoon. The tidal prism was also computed for the three bathymetric settings for five cross sections in the
central area of the lagoon. Generally, the model results suggest that over the last years, the amplitude of the tidal
constituents has increased and its phase has decreased. When the enlargement of the flooded area is assumed, a
slight decrease in its amplitude and an increase in its phase lag are observed. The tidal prism at the mouth has
increased more than 6% over the last years and the enlargement of the flooded area further increases the tidal
prism.
ADDITIONAL INDEX WORDS: Hydrodynamic, tidal constituents, tidal prism

INTRODUCTION
Anthropogenic activities, changes in natural environmental or
synergistic combinations between both impacts are currently
affecting tidally dominated coastal environments, especially
estuaries and lagoons. These impacts may affect specifically their
tidal characteristics, enlarging their flooded areas and therefore
making these systems more vulnerable to risks of flooding and
increasing the salinization of the adjacent land, as well as
hindering the navigation in the shallow channels. Tidal
propagation in coastal environments depends strongly on their
morphologic configuration. Changes in tidal propagation influence
the sediment balance in the systems, and therefore modify their
potential to export sediment and consequently their morphology.
Since these changes are not fully understood, it is important to
investigate how these processes will affect estuarine tidal
dynamics.
Thus, the main aim of this work is to address the impact of
morphologic man-made and natural changes in the tidal dynamics,
studying through the application of a numerical model, the
particular case of the Ria de Aveiro (Figure 1). This study is
focused in the analysis of possible changes in the two main semidiurnal and diurnal tidal constituents (M2 and K1) and in tidal
prism along the Ria de Aveiro. In fact, Woodworth (2010) reports
on a survey of tidal changes in recent decades, using a quasi-

global data set of tide gauge information, that tidal changes may
be commonplace around the world. He found little evidence in
Europe for extensive regional changes of the main tidal
constituents; however, changes in small regions can be identified
depending on tide gauge information.
Besides the importance of tidal dynamics evaluation, only two
works have been found about the influence of Ria de Aveiro
morphologic changes in its tidal dynamics (Araújo et al., 2008 and
Picado et al., 2010). Araújo et al. (2008) reported that tidal
changes in the Ria de Aveiro show an average increase of 0.245m
in M2 amplitude and an average 17.4º decrease in M2 phase, over
16 years (1987–2004). They investigate the causes of these
changes through a sensitivity analysis of the response of the tidal
constituent, M2, to variations in: lagoon surface area, inlet channel
depth and bottom friction. The results confirm that the changes in
the bathymetry of the inlet channel are the most significant
contribution to the tidal changes observed. Picado et al. (2010)
have explored tidal changes in Ria de Aveiro induced by the
enlargement of the lagoon flooded area and volume, concluding
that it results in an intensification of tidal currents, tidal prism and
tidal asymmetry.
Studies about this subject are also scarce in literature for other
estuarine systems, although another study about this subject was
found for other Portuguese lagoon. Malhadas et al. (2009)
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Figure 1. Ria de Aveiro bathymetry with depth in meters and
with the location of the study stations.
investigated the effect of bathymetric changes on tidal propagation
and residence time (RT) in the Óbidos Lagoon. The results
revealed that tidal propagation strongly depends on bathymetric
configuration and also suggest that dredging operations and the
relocation of the inlet may increase the tidal prism of the lagoon
leading to a reduction of the RT in its central area.
To evaluate all these impacts, which may be generalized to
other similar systems, several scenarios were simulated in this
study through the application of the shallow water numerical
model ELCIRC, whose calibration and assess to skill is described
by Picado et al. (2010).

STUDY AREA
The Ria de Aveiro (40º38’N, 8º44’W), a mesotidal lagoon
located on the Northwestern Portuguese coast, is characterized by
large areas of intertidal flats and a web of narrow channels. The
lagoon has an adjacent area of approximately 250 km2, a
maximum width of 10 km and its length measured along the
longitudinal axis is 45 km (Dias and Lopes, 2006a, b). The Ria de
Aveiro is connected to the sea by a 350 m wide inlet, fixed by two
jetties. The average depth of the lagoon, relative to the mean sea
level is approximately 3 m, although the inlet channel can exceed
28 m deep, due to the dredging operations frequently performed to
allow the navigation.

The lagoon hydrodynamics is tidally dominated and the tide is
predominantly semidiurnal, with a small diurnal pattern. The mean
tidal range is about 2 m at the inlet, however, when reaching the
inner parts of the lagoon tidal amplitudes decrease, while a phase
delay is observed comparing to the oceanic tide (Dias et al. 2000,
Araújo et al., 2008).
The residual circulation is determined essentially by the
asymmetries between the flood and ebb regimes. The lagoon shifts
from mild ebb dominance at the inlet to strong flood dominance in
the upper lagoon. As the lower lagoon is ebb-dominant there is a
trend to export sediments to the ocean (Oliveira et al., 2006;
Picado et al., 2010). Due to the low supply of sediments from the
main rivers discharging in the lagoon this tendency induces the
inlet channel deepening along the time.
The lagoon receives freshwater from two main rivers: Antuã (5
m3s-1 average discharge) and Vouga (50 m3s-1). The Vouga River
contributes with around 2/3 of the fresh water entering the lagoon
(Moreira et al., 1993; Dias et al., 1999). However, river flows into
the lagoon were neglected in this study, because the total mean
fresh water discharge into the lagoon during a tidal cycle is about
1.8×106 m3 (Moreira et al., 1993) while the tidal prism is 137×106
m3 for maximum spring tide and 35×106 m3 for minimum neap
tide (Dias et al., 2000).
Human action has been the major factor controlling the lagoon
morphology (Silva and Duck, 2001). In fact, to mitigate the
persistent accretion problems in the natural inlet two important
constructions were performed: an artificial inlet in 1808 and later
two breakwaters. More recently (1987), the northern breakwater
was extended in order to improve ships navigation to the inner
lagoon harbor. The extension of the breakwater together with the
frequent dredging operations increases the natural tendency for the
deepening of the inlet. However the southward littoral drift along
the West Portuguese coast induces a natural accretion tendency
northward of the north breakwater that sometimes surpasses the
breakwater, contributing to the inlet accretion. Until recently, the
Aveiro Harbour Administration (APA) has regularly dredged the
sand that accumulates northward of the inlet, but due to changes in
national environmental laws those dredging operations were
recently cancelled. As result of these complex interactions, recent
bathymetric surveys reveal erosion at the entrance of the lagoon
close to north breakwater and sand deposition close to the south
breakwater (Plecha et al., 2007; 2010).
The bathymetries in Figure 2 represent the past (after the
extension of the breakwater) and the present (with the inlet
deepening) configurations that will be used in this study. The
differences between both bathymetries are also represented,
revealing a general deepening of the inlet channel.
The Ria de Aveiro has a large area of abandoned salt pans in its
central marsh zone, which are in degradation due to the lack of
maintenance. The salt pans occupied an area of about 15 km2 in
the 15th century when the number of active salt pans was about
500, but nowadays only 8 are explored. Consequently, due to the
salt pan walls collapse is occurring an enlargement of the lagoon
flooded area, which is expected to be amplified in the near future
in response to the larger number of salt pan walls destroyed.

METHODOLOGY
In this study the hydrodynamic model ELCIRC, previously
calibrated and assessed to skill by Picado et al. (2010) for the Ria
de Aveiro, is used to understand the evolution of tidal
characteristics in the lagoon and related it with natural and
anthropogenic changes in the lagoon morphology. Thus, three
simulations were performed using different bathymetries, one
representing the past conditions (Figure 2a), other representing the
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Figure 3. Representation of the enlargement of the lagoon flooded
area.
Possible changes in the lagoon tidal propagation, due to these
bathymetric modifications, are evaluated through the analysis of
the results obtained for each simulation.

Tidal constituent analysis
Figure 2. Numerical bathymetry of the Ria de Aveiro inlet, with
the depth in meters: a) past bathymetry, b) present bathymetry
and c) difference between past and present bathymetries.
present (with the inlet channel deepening) (Figure 2b) and a third
bathymetry representing a future scenario in which the
enlargement of the lagoon flooded area is assumed. The
enlargement of the flooded area was performed in the central area
of the lagoon (Figure 3), where a high degradation of the walls
that involves the existing salt pans is observed. This area was
determined in accordance with the analysis presented in
INTERREG III B (2008) and with Google Earth images. The total
area and volume of the lagoon has increased about 5.61% and
3.49% respectively, with the enlargement performed.
The numerical model is used to investigate changes in tidal
amplitude and phase and its sensitivity to the three bathymetric
settings referred previously. In this study we concentrate on the
main semi-diurnal, M2, and diurnal, K1, constituents of the ocean
tide. The amplitude and phase lags of the M2 and K1 tidal
constituents were computed from the sea surface elevation results
of each simulation, for twenty nine stations distributed along the
main channels of the lagoon (Figure 1), using the t_tide matlab®
package of Pawlowicz et al. (2002).
To further investigate these tidal changes, the tidal prism was
also computed for five cross-sections defining the inlet channel
and the four main channels of the lagoon (Figure 4).
Once the tidal prism depends on the location of the crosssections and on the tidal range, it was computed for a maximum
spring tide (~3 m of tidal range at the lagoon mouth) in order to
forecast extreme conditions. Simulations were performed for the
three bathymetric configurations and the tidal prism was compared
for each one.

The harmonic analysis results show that M2 and K1 are the
main semi-diurnal and diurnal tidal constituents in the entire Ria
de Aveiro, in agreement with previous studies (Dias et al. 2000).
Model results suggest that over the last years the amplitude of the
main tidal constituent in Ria de Aveiro, M2, has increased and its
phase has decreased for all the stations analyzed (Figure 5). An
increase of about 2% in amplitude and a decrease of
approximately 2 minutes are observed in the lagoon mouth
(station 1). These changes are amplified towards each channel
head, showing the importance of the deepening of the inlet
channel. These results are corroborated by the ones achieved by
Araújo et al. (2008), that reported an average increase of 0.245 m
in M2 amplitude and an average 17.4º decrease in M2 phase, over
16 years, which were found to depend mainly on the inlet
deepening. The highest changes in M2 amplitude and phase are
observed in Mira channel, where the increase of the M2 amplitude
has reached to about 50% in stations 12 and 19. The M2 phase
generally decreased from the past to the present configuration,
revealing that the tide arrives early at each place. Therefore the
tide travels faster at the present time due to the inlet channel
deepening. Concerning to K1 constituent its amplitude had also
increased along the time, being the highest variation verified at
Mira channel at stations 5 (with an increase of about 10%) and
station 12 (with an increase of about 18%). The phase of the
diurnal constituent has decrease in almost all stations, except for
some located in the lagoon central area. The highest variations in
the K1 phase were also verified in Mira channel. For instance, a
phase decrease of approximately 68 minutes was observed at

RESULTS
Model results for the simulations performed for the three
bathymetric configurations were compared, which represent the
system under different conditions: past and present bathymetries
and another bathymetry representing future conditions with the
enlargement of the lagoon flooded area.
Figure 4. Cross-sections where the tidal prism were computed.
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Figure 5. Amplitude and phase of M2 (above) and K1 (below) tidal constituents for the three configurations. Black: past configuration,
gray: present configuration and white: flooded configuration.
station 12 from the past to the present configuration.
According to the model results an enlargement of the lagoon
area leads to slight decrease of the semidiurnal constituent
amplitude as well as an increase of the phase lag along the lagoon.
These results are in agreement with the sensibility analysis
performed by Araújo et al. (2008) through the development of an
analytical model for Ria de Aveiro, which show that an augment
in the lagoon area will decrease the tidal amplitude and increase
the phase lag. The highest differences are observed at stations 9
and 16 (close to the flooded area), with an amplitude decrease of
approximately 4% and 1% respectively, and an increase in the
phase lag of approximately 8 minutes.
Regarding the diurnal constituent the amplitude decreases at
stations located in the central area of the lagoon. The highest
variation was also observed at station 9, with a decrease of
approximately 4%. For the stations located in northern channels
no variations were observed. Model results also show an increase
in the phase lag at all stations, being the highest variation of
approximately 20 minutes at station 9.

flux, it has the highest relative increase on tidal prism with
approximately 18%.
The enlargement of the lagoon flooded area further increases
the tidal prism values (Figure 6). For instance, for the inlet crosssection the tidal prism increases approximately 5%, relatively to
the present configuration. The highest increase occurs for the
cross-section located near the flooded area (Ílhavo), with an
increase of approximately 25%.
The results achieved herein agree with previous studies for
other coastal systems. For instance, Malhadas et al. (2009) reveal
that the dredging operation and the relocation of the Óbidos
lagoon inlet will enlarge the tidal prism. Dias et al. (2009)
achieved the same conclusion for the relocation of Ancão inlet in
Ria Formosa. The tidal prism in Ancão inlet increase
approximately 20% with it relocation, enlargement and deepening.
The tidal prism is a good indicator of water renewal capacity of
an estuary. The results suggest that the deepening of the lagoon
inlet and the enlargement of the flooded area reduces the residence
times, leading to better water renewal and mitigating the water
pollution effects.

Tidal prism
The tidal prism is defined as the volumetric flux passing
through a cross-section in a flooding cycle, so it depends on the
location of the cross-sections as well as on the tidal range. Thus, in
this work the tidal prism was computed for the five cross sections
represented in Figure 4 and for a maximum spring tide (~3 m of
tidal range), for the three bathymetric settings previously referred.
According to the model results (Figure 6), from the past
configuration to the present one, the tidal prism values increase for
all the cross-sections. In fact, the bathymetric differences are
mainly in the inlet depth and, as previously referred the tidal prism
depends on the cross-section. Once the tidal prism in the inlet
changes (increase more than 6%), it will change for the other
cross-sections. As the Mira channel has the smaller volumetric

Figure 6. Tidal prism for the three bathymetric configurations
and for the five cross-sections.
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CONCLUSIONS
The main goal of this study was to contribute to the
understanding of tidal dynamic changes in estuarine systems
induced by morphologic changes, analyzing the consequences of
the inlet deepening and the enlargement of the lagoon area.
The outcome of this study indicates that morphologic
anthropogenic and natural changes in the channels depth and
geometry impact the tidal dynamics of Ria de Aveiro. The inlet
channels deepening (and the lagoon area enlargement) increase (or
decrease) the tidal amplitude, decrease (or increase) the tidal phase
and raise the tidal prism in the main lagoon channels crosssections.
In summary, the Ria de Aveiro tidal characteristics has
undergone substantial changes during the last years, which are
expected to continue due to both continued human interference in
certain areas of the lagoon and neglect in maintenance and
conservation of other areas.
The flooding risk in coastal systems, as a result of degradation,
land reclamation, sea level rise, dredging and/or erosion is a
persistent global problem. Thus, the conclusions achieved for the
Ria de Aveiro could be generalized to other similar systems at risk
of flooding.
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