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A basic knowledge of tidal dynamics is a condition to understand different processes occurring in coastal zones, 
and in this particular study, in the Tagus estuary. The main goal of this study is to characterize Tagus estuary 
tidal dynamics through an analysis of the amplitude, phase and tidal ellipses parameters of the main semi-diurnal 
and diurnal tidal constituents.  
A two-dimensional vertically integrated hydrodynamic model was considered to be adequate to simulate Tagus 
estuary hydrodynamics and a model developed from the SIMSYS2D model was applied. Harmonic analysis of 
the model results was carried out to identify the main constituents of the tide as well as the tidal ellipses along 
the entire estuary. This work proved to be important because until the present there were few studies about the 
specific analysis of these parameters in Tagus estuary, and therefore the estuarine tidal dynamics was barely 
known. Results showed that the most important semi-diurnal and diurnal constituents in this system are M2 and 
K1, respectively. It was observed that the variations in amplitude occur where changes in the estuary morphology 
and depth are larger. The ellipses orientation reveals the importance of the bottom topography and of the bay 
geometry on the tidal fluxes, with the main flux being through the deeper zones. In fact, model results show that 
the tidal dynamics of this system is extremely dependent on the estuarine topography and coastline features, 
resulting essentially from a balance between convergence/divergence and friction effects and from an estuarine 
resonance mode with a period close to twelve hours.  
 
ADDITIONAL INDEX WORDS: Harmonic analysis, tidal propagation, tidal ellipses 

 
INTRODUCTION 

According to Pritchard (1967), an estuary is defined as a half-
closed water body that has a free connection with the open sea. 
The water movements and the turbulent mixture that result from 
these forcing actions express problems and interesting challenges 
in the hydrodynamic field. Knowledge of tidal heights and tidal 
currents structure is essential to understand problems such as 
dispersion, rate of pollutants, sediment transport and erosion 
processes in coastal areas (Prandle, 1982). Therefore, the 
understanding of the central processes lined by the tidal wave 
propagation along an estuary seemed to be crucial to obtain an 
overview concerning to the different uses of these coastal systems. 

Covering an area of approximately 320 km2, Tagus estuary is 
the most extensive wetland area of the Portuguese territory. About 
40% of the estuary’s total area is tidal flats (Fortunato et al., 
1999), which is an important feature of many estuaries from 
varied point of view. For example, at the physical level, they slow 
the tidal propagation and dissipate large amount of tidal energy or, 
from an ecological perspective, they contribute significantly to 
primary production. Actually, tidal flats effects on hydrodynamics 
can have repercussions on the ecosystem and inclusively affects 
biological cycles (Fortunato et al., 1997).  

Morphologically,  Tagus estuary width varies between 2 and 15 
km, has an average depth of 10.6 m (Fernandes, 2005) and can be 
divided in two distinct regions, the upper and lower estuary, that 

present different morphologies and properties. The upper estuary 
(bay), extending from Vila Franca de Xira to Cacilhas (Figure 1), 
is wide (more than 10 km in some places) and shallow (15 m of 
maximum depth) and is characterized by extensive zones of tidal 
flats and salt-marshes, small islands and a net of narrow channels 
(sometimes only ten meters width). The lower estuary connects 
with the Atlantic Ocean and is a channel of about 30 m depth, 2 
km of width and 12 km length that opens in a large bay (upper 
estuary) on the east side (Fortunato et al., 1997).  

Tagus is a mesotidal estuary and tides are primary semi-diurnal. 
According to Fortunato et al. (1999), M2 is the dominant tidal 
constituent with amplitudes of the order of 1 m. The amplitudes of 
astronomic constituents grow rapidly in the lower estuary and 
more steadily in the upper estuary, up to St. Iria, and then decrease 
up to Vila Franca de Xira (Fortunato et al., 1999). Floods are 
typically an hour longer than ebbs and this behaviour leads to 
stronger velocities during ebbs, and thus to a net export of 
sediments. However, there is a reduction of the sediment flux into 
the shelf, which could be partially responsible for both the erosion 
at the mouth of the estuary, and the accretion in the upper estuary 
(Fortunato et al., 1999). The area affected by tides reaches 80 km 
landward of Lisbon and the maximum current speed induced by 
the tides is around 2.0 ms-1 (Gameiro et al., 2007). 

This environment represents an important ecological system 
that is classified as a natural reserve since 1976 (Ramsar 
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Convention on Wetlands). According to Gameiro et al. (2007) it is 
characterized by a large diversity of species of resident and 
migratory fishes and constitutes the natural habitat for a large 
resident and migratory bird population. However, this estuary is 
still subject to considerable urban and industrial pressures that 
induce several environmental problems including contamination 
by heavy metals and faecal material. As result, numerous studies 
have been performed concerning for example the pollution 
(Andreae et al. 1983; Figueires et al., 1985) and biological 
dynamics (Costa, 1986; Gameiro et al., 2007; Costa et al., 2007) 
of this estuary, but the amount of work dedicated recently to its 
hydrodynamics is limited. Dias (1993) performed the deepest 
study on the Tagus estuary hydrodynamics and the most 
significant work was developed by Fortunato et al. (1997) 
concerning the numerical study of the 3-dimensional currents at 
the mouth of the estuary. Recently, Neves (2010) analysed the 
results of several monitoring programmes performed along the 
Tagus estuary, studying its dynamics and hydrology. He found 
that the Tagus dynamics and hydrology is strongly dependent on 
the tidal forcing and also depends on the seasonal changes of the 
river inflow and meteorological forcing. 

In this work it was performed a numerical modelling study of 
the tidal wave propagation along the estuary, in order to improve 
the comprehension about the Tagus dynamics. From the model 
predictions were determined the amplitude, phase and tidal 
ellipses parameters distribution of the main semi-diurnal and 
diurnal constituents of this system, M2 and K1, respectively. 

HYDRODYNAMIC MODEL 
The Tagus estuary is a shallow vertically homogeneous 

mesotidal estuary during most of the year (Neves, 2010). 
Considering this characteristic a two-dimensional vertically 
integrated hydrodynamic model was found to be adequate to 
simulate the tidal wave propagation along the estuary. Therefore 
an adaptation of the SIMSYS2D model (Dias and Lopes, 2006a) 
previous implemented and calibrated for Tagus estuary was 
applied in this study. The equations solved by this model express 
the conservation of mass and momentum, and are written in the 
following form: 
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where U and V are the depth integrated velocity components in the 
x (eastward) and y (northward) directions, respectively, ζ is the 
surface water elevation above the local datum, H  is total water 
depth (= h + ζ, where h is the water depth relative to the local 
datum), t is the time, f is the Coriolis parameter, g is the 
acceleration of gravity, ρ is the water density, Ah is the kinematic 
constant turbulent horizontal viscosity, τb is the magnitude of the 
shear stress on the bottom. 
The bottom stress is assumed proportional to the square of the 
horizontal velocity (Dronkers, 1964; Leendertse and Gritton, 
1971): 
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where C is the Chézy coefficient. This coefficient depends on the 
bottom roughness and composition and on the height of the water 
column. In the present work the Chézy coefficient is determined 
from the Manning roughness coefficient, n (Chow, 1959): 
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The system of equations (1)-(3) was discretized using a finite 
difference method and is solved by implicit finite difference 
techniques, with the variables defined on a space-staggered 
rectangular grid (Leendertse and Gritton, 1971). With appropriate 
boundary and initial conditions, this system of equations 
constitutes a well-posed initial boundary value problem, whose 
solution describes the depth-averaged circulation in a tidal basin.  

This model was recently used with success in the hydrodynamic 
study of Ria de Aveiro (Portugal) (Dias et al., 2000; Dias et al., 
2003; Dias and Lopes, 2006a,b; Sousa and Dias, 2007), Lima 
Estuary (Portugal) (Vale, 2008), Patos Lagoon (Brazil) (Martins et 
al., 2007) and Maputo Bay (Mozambique) (Canhanga and Dias, 
2005). Considering these studies, the present model application 
aims to contribute to the analysis of the tidal dynamics of Tagus 
estuary and to investigate its relation with the topography and 
coastline geometry.  

METHODOLOGY 
The model applied in this study was previously implemented 

and calibrated by Carvalho and Dias (2008) for Tagus estuary. 
The numerical bathymetry used (Figure 1) was developed from 
depth sounding values using the Krigging method. It was 
generated a rectangular computational grid with the dimensions 
∆x=∆y=200 m, resulting in 227 cells in the x direction and 202 
cells in the y direction. Several sensibility studies were performed 
in order to choose the optimum time step and viscosity coefficient 
to use, and from its analysis were adopted values of 2 minutes and 
15 m2s-1 for the time step and for Ah, respectively. 

 The calibration consisted in comparing sea surface elevation 
observations and predictions for thirteen stations distributed 
within the estuary (Figure 1). The tuning between predictions and 
observations was performed by bottom roughness adjustment. The 

 
Figure 1. Geographic location of Tagus estuary and the 
numerical bathymetry with the locations of the stations used in 
the numerical model calibration (Carvalho and Dias, 2008). 
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where U and V are the depth integrated velocity components in the 
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surface water elevation above the local datum, H  is total water 
depth (= h + ζ, where h is the water depth relative to the local 
datum), t is the time, f is the Coriolis parameter, g is the 
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Figure 1. Geographic location of Tagus estuary and the 
numerical bathymetry with the locations of the stations used in 
the numerical model calibration (Carvalho and Dias, 2008). 
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final model predictions accuracy was quantified through 
computation of root mean square errors and skill between sea 
surface elevation (SSE) time series for the thirteen stations, as 
well as by comparison between harmonic constants determined for 
the observed and predicted time series. The RMS values were 
found between 0% and 15% of the local tidal amplitude for all 
stations, and the skill values were comprised between 0.974 and 1. 
For Cascais and Paço de Arcos the skill is exactly equal to 1, and 
the lower values were found for Seixal, Póvoa de Stª Iria, Ponta da 
Erva and Alcochete, which are located in salt marshes area. The 
harmonic analysis results comparison shows that the amplitude 
and phase of the tidal constituents can be considered well 
represented by the model for the entire estuary. 

For the present study, the parameters defined during the 
calibration of the model were kept. A time series of sea surface 
elevation (SSE) predicted using the Neptuno site 
(http://neptuno.fis.ua.pt/tidal/main.php?lang=pt) for Cascais was 
applied as oceanic open boundary condition to force the model for 
the period from October 8 to November 13 (2009). Hourly 
temporal predictions of the horizontal fields of SEE and of the 
horizontal velocity components throughout the computational 
domain were obtained through model application. Harmonic 
analysis of these results was carried out for each grid element time 
series to identify the main constituents of the tide as well as the 
tidal ellipses along the entire estuary. The harmonic analysis was 
performed applying t_tide Matlab subroutines (Pawlowicz et al., 
2002). From the results were drawn maps of tidal amplitude and 
phase for each constituent, as well as tidal ellipses.  

Harmonic analysis results reveal that the amplitude of O1 

constituent represents approximately only 6% of the M2 amplitude 

and K1 amplitude represents less than 8%. The tidal amplitude is 
mostly defined by the semi-diurnal constituents M2 and S2. 
Therefore, the most important semi-diurnal constituents is M2 and, 
in turn, the most important diurnal constituents is K1. Thus, 
according with the goal of this work, the amplitude, phase and the 
tidal ellipses of these two constituents is analyzed (Figures 2 and 
3). According to their reduced importance to the overall tidal 
description the constituents with lesser amplitude than O1 will be 
neglected on the tide analysis of this study.  

RESULTS AND DISCUSSION 
As the tidal wave propagates into shallower waters inside 

systems like estuaries, it becomes distorted due to the effect of 
several physical processes, like bottom friction and momentum 
advection (Pugh, 1987). Besides the lateral 
convergence/divergence effect on tidal amplitude 
increase/decrease, the margin geometry, jointly with the bottom 
topography, were found by other authors, such as Neves (2010), as 
the principal constrain of the tidal currents direction. The estuarine 
shape and dimensions may also induce local tidal resonance, 
contributing to change the tidal patterns. Likewise, in present 
work, model results show that the tidal dynamics of this system is 
extremely dependent on the estuarine topography and coastline 
features. 

In general, it was observed that the variations in tidal 
constituents amplitude occur where changes in the morphology 
and depth of estuary are larger, what happens in the transition 
zone between the main channel and the lower bay and in the upper 

bay area.  

 
Figure 2.  M2 and K1 tidal constituents amplitudes (upper) and phase (lower) in Tagus estuary. 
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As shown in Figure 2, the amplitude of the K1 constituent is one 
order of magnitude lower than the amplitude of the M2 constituent 
in the whole system.  

The amplitude of M2 increases progressively along the estuary 
until north of Cabo Ruivo (middle bay), them slightly decreases 
until Póvoa de Sta. Iria, and increases again until Vila Franca de 
Xira (upper estuary).  It ranges from 0.97 m at the mouth of the 
estuary to about 1.11 m near Vila Franca de Xira. The tidal 
amplification found until the middle bay may be explained 
considering a resonance mode with a period close to twelve hours 
described by Oliveira (1993), which enhances the M2 constituent 
in Tagus estuary. From Cabo Ruivo to Póvoa de Sta. Iria the 
shallow depths of the upper bay induce higher dissipation of tidal 
energy by bottom stress, reducing the tidal amplitude. Upstream 
Póvoa de Sta. Iria the channel convergence increases the tidal 
amplitude. In some narrow and shallow channels as Seixal and 
Ponta de Erva the M2 amplitude decreases to 0.50 m as a result of 
the large bottom friction influence. While M2 amplitude increases 
within the system, K1 amplitudes decrease gradually due to the 
bottom friction effects: reaches 0.076 m at the main channel 
entrance and 0.073 m at the upper estuary. In the channels 
mentioned above (Seixal and Ponta de Erva), the amplitude of K1 
drops to 0.050 m. The amplitudes computed for the northeast of 
the bay should not be considered reliable, since these areas consist 
of tidal flats that wet/dry along the tidal cycle.  

 The phase results also revealed differences in the tidal 
propagation along the two main areas of the estuary, the upper and 
lower estuary. There is a lower phase delay as the tidal wave 
moves toward the inshore zone of the system along the deepest 
lower estuary. Actually, is in the bay (upper estuary) that the delay 
becomes significant due to the estuary topography characterized 
by lower depths that induce a small tidal propagation velocity. In 
the shallow areas the M2 velocity is strongly attenuated. Near the 
estuary mouth, M2 phase is about 73º and in Vila Franca de Xira is 
approximately 125º, corresponding to a phase delay of about 1 
hour and 48 minutes (52º). Concerning K1 phase lag, this 
constituent has a delay of two hours between the estuary mouth 
and its head. The phase difference is around 30º: at the mouth, the 
phase is approximately 70° and near Vila Franca de Xira is 100º.  

 The determination of tide ellipses for the main tidal 
constituents allows the assessment of the tidal currents patterns 
(Canhanga and Dias, 2005) (Figure 3). In Tagus estuary, the 
currents attain maximum values at the mouth of the system, about 
0.8 for the M2 and 0.035 m/s for K1. For all these constituents is 
observed that the current velocity decreases from the lower to the 
upper estuary. The lower current values were found in the bay, 

near to the land boundaries. As shown in Figure 3, the ellipses 
orientation reveals the importance of the bottom topography and 
of the bay geometry on the tidal fluxes, with the main flux being 
through the deeper and narrow zones. In fact, the results of tidal 
ellipses revealed preferential flow channels at the bay with higher 
speeds reached in two deepest areas of the bay. In the upper zone 
of the bay, the current loses intensity and the values decrease, 
approaching the 0.3 m/s in the case of M2 and about 0.020 m/s for 
the K1 constituent.  

 
CONCLUSIONS 

A two dimensional numerical model has been used to examine 
the tidal dynamics of Tagus estuary. The tidal dynamics 
characterization of this system has been successfully resolved 
through the application of the SIMSYS2D model. 

 Results of amplitude have given evidence that the tides are 
dominated by the major semi-diurnal constituents M2 and S2 in 
Tagus estuary and therefore, the tide is semi-diurnal. Harmonic 
analysis also revealed that the most significant diurnal constituent 
was K1. Consequently, the determination of tidal amplitude, phase 
and ellipses for the M2 and K1 constituents allows the assessment 
of the tidal currents patterns. It was observed that in this estuary 
the currents attain maximum values at the mouth of the system 
and the lower current intensity values were found in the bay, near 
to the land boundaries. The propagation delay becomes more 
important in the upper estuary, where lower depths are found. The 
ellipses orientation reveals the importance of the bottom 
topography and of the bay geometry on the tidal fluxes, with the 
main flux being through the deeper zones 

In conclusion, model results show that the tidal dynamics of 
Tagus estuary is extremely dependent on the estuarine topography 
and coastline geometry, resulting essentially from a balance 
between convergence/divergence and bottom friction effects. An 
amplification of the M2 constituent was also found until de middle 
bay due to an estuarine resonance mode with a period close to 
twelve hours. 
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Figure 3.  Tidal ellipses distribution of tidal constituents M2 (left) and K1 (right) in Tagus estuary. 
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shallow depths of the upper bay induce higher dissipation of tidal 
energy by bottom stress, reducing the tidal amplitude. Upstream 
Póvoa de Sta. Iria the channel convergence increases the tidal 
amplitude. In some narrow and shallow channels as Seixal and 
Ponta de Erva the M2 amplitude decreases to 0.50 m as a result of 
the large bottom friction influence. While M2 amplitude increases 
within the system, K1 amplitudes decrease gradually due to the 
bottom friction effects: reaches 0.076 m at the main channel 
entrance and 0.073 m at the upper estuary. In the channels 
mentioned above (Seixal and Ponta de Erva), the amplitude of K1 
drops to 0.050 m. The amplitudes computed for the northeast of 
the bay should not be considered reliable, since these areas consist 
of tidal flats that wet/dry along the tidal cycle.  

 The phase results also revealed differences in the tidal 
propagation along the two main areas of the estuary, the upper and 
lower estuary. There is a lower phase delay as the tidal wave 
moves toward the inshore zone of the system along the deepest 
lower estuary. Actually, is in the bay (upper estuary) that the delay 
becomes significant due to the estuary topography characterized 
by lower depths that induce a small tidal propagation velocity. In 
the shallow areas the M2 velocity is strongly attenuated. Near the 
estuary mouth, M2 phase is about 73º and in Vila Franca de Xira is 
approximately 125º, corresponding to a phase delay of about 1 
hour and 48 minutes (52º). Concerning K1 phase lag, this 
constituent has a delay of two hours between the estuary mouth 
and its head. The phase difference is around 30º: at the mouth, the 
phase is approximately 70° and near Vila Franca de Xira is 100º.  

 The determination of tide ellipses for the main tidal 
constituents allows the assessment of the tidal currents patterns 
(Canhanga and Dias, 2005) (Figure 3). In Tagus estuary, the 
currents attain maximum values at the mouth of the system, about 
0.8 for the M2 and 0.035 m/s for K1. For all these constituents is 
observed that the current velocity decreases from the lower to the 
upper estuary. The lower current values were found in the bay, 

near to the land boundaries. As shown in Figure 3, the ellipses 
orientation reveals the importance of the bottom topography and 
of the bay geometry on the tidal fluxes, with the main flux being 
through the deeper and narrow zones. In fact, the results of tidal 
ellipses revealed preferential flow channels at the bay with higher 
speeds reached in two deepest areas of the bay. In the upper zone 
of the bay, the current loses intensity and the values decrease, 
approaching the 0.3 m/s in the case of M2 and about 0.020 m/s for 
the K1 constituent.  

 
CONCLUSIONS 

A two dimensional numerical model has been used to examine 
the tidal dynamics of Tagus estuary. The tidal dynamics 
characterization of this system has been successfully resolved 
through the application of the SIMSYS2D model. 

 Results of amplitude have given evidence that the tides are 
dominated by the major semi-diurnal constituents M2 and S2 in 
Tagus estuary and therefore, the tide is semi-diurnal. Harmonic 
analysis also revealed that the most significant diurnal constituent 
was K1. Consequently, the determination of tidal amplitude, phase 
and ellipses for the M2 and K1 constituents allows the assessment 
of the tidal currents patterns. It was observed that in this estuary 
the currents attain maximum values at the mouth of the system 
and the lower current intensity values were found in the bay, near 
to the land boundaries. The propagation delay becomes more 
important in the upper estuary, where lower depths are found. The 
ellipses orientation reveals the importance of the bottom 
topography and of the bay geometry on the tidal fluxes, with the 
main flux being through the deeper zones 

In conclusion, model results show that the tidal dynamics of 
Tagus estuary is extremely dependent on the estuarine topography 
and coastline geometry, resulting essentially from a balance 
between convergence/divergence and bottom friction effects. An 
amplification of the M2 constituent was also found until de middle 
bay due to an estuarine resonance mode with a period close to 
twelve hours. 
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