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ABSTRACT   

 

Mendes, R., Vaz, A., and Dias, J. M., 2011. Numerical modeling changes induced by the low lying areas 
adjacent to Ria de Aveiro. Journal of Coastal Research, SI 64 (Proceedings of the 11th International Coastal 
Symposium), 1125 – 1129. Szczecin, Poland, ISSN 0749-0208 
 
The Ria de Aveiro lagoon is one of the largest shallow water estuarine systems in Portugal. It is characterized by 
a large number of narrow channels and intertidal areas. Despite several previous hydrodynamic studies about this 
system, their surrounding low lying lands were never included in the numerical bathymetries developed. The 
objective of this work is to evaluate if the inclusion of the low lying coastal adjacent flooded areas in the models’ 
numerical bathymetry induce changes in model predicted hydrodynamics for the Ria de Aveiro. The baroclinic 
finite volume numerical model, Mohid, was implemented to the Ria de Aveiro in a 2D mode. Two numerical 
bathymetries were developed, with and without the low lying adjacent lands. The model calibration was 
performed through the bottom roughness tuning in order to compare the predicted and observed SSE time series 
for several stations into the lagoon. The validation tests show that the model can accurately reproduce an 
independent observed data set. To evaluate the hydrodynamic changes the model predictions for both 
bathymetries were analyzed and compared. It was performed harmonic analysis to sea level height and current 
velocity predictions. In addition, ellipse parameters were calculated to the M2 and S2 harmonic constituents at 
several stations along the lagoon. The results show that the mean velocity intensity is slightly higher (<0.1 ms-1) 
when including the low lying lands and that differences found for the Ria de Aveiro general circulation are 
almost negligible. However, some consistent patterns were found that suggest the inclusion of these areas for 
more accurate studies for particular investigations within the lagoon. 
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INTRODUCTION 

In terms of hydrodynamics and hydrographic features, the Ria 
de Aveiro lagoon is   very dynamic. Over the last years, its 
hydrodynamics has been studied using several model 
implementations. Dias et al. (2000) studied the tidal propagation 
inside the lagoon, pointing out that the amplitude decreases at the 
upstream locations, while the phase lag in the high and low water 
increases. A numerical modeling estimation of the spread of a 
possible oil spills in the Ria de Aveiro lagoon was studied by 
Mendes et al. (2009). If the spill location was near the lagoon 
mouth, the oil spreading could reach almost all main channels 
during a spring tide. More recently, Vaz et al. (2005; 2007) 
implemented the Mohid-2D in order to evaluate the role of the 
major forcings (tides and river inflow) in the hydrodynamics and 
hydrographic features of the central area of the Ria de Aveiro. 
Picado et al. (2010) investigated the possible tidal changes 
induced by local geomorphologic modifications such as the total 
degradation of the abandoned salt pans within the Ria de Aveiro 
lagoon. The results show that these modifications in the salt pans, 
corresponding to an increase of the 5.6% in the flooded area, 
increase 5-6% the tidal currents.  

However, the large areas of low lying lands that surround this 
lagoon were not included in the numerical grids developed for the 
previous hydrodynamic modeling applications. With the mean sea 
level rise and with the increasing number of extreme weather 

events occurring due to the climate changes (IPCC, 2007), it is 
expected that this low lying lands may be frequently flooded in the 
near future. Therefore, the inclusion of such areas in the numerical 
grid is an actual and challenging task. 

The main purpose of this work is to evaluate the hydrodynamic 
changes in the numerical model results due to the inclusion of the 
low lying coastal adjacent flooded areas of Ria de Aveiro in the 
models’ numerical bathymetry. The changes in some 
hydrodynamic variables (sea level and velocity fields) are 
explored forcing a 2D hydrodynamic model only with tides at the 
ocean open boundary, and using two different numerical 
bathymetries. The first one comprises data from 2 m above local 
datum (grid 1) and the other was built including data from 7 m 
above the local datum in order to include the low lying lands (grid 
2). 

STUDY AREA 
The Ria de Aveiro lagoon (Figure 1) is a shallow mesotidal 

system located on the northern coast of Portugal (40°38’ N, 8°45’ 
W). It is separated from the Atlantic Ocean by a sand dune barrier. 
The lagoon presents an irregular geometry, and it has a single 
connection with the Atlantic Ocean through an artificial channel 
(Barra de Aveiro), opened in the beginning of the 19th century 
(Dias, 2001). It reaches a maximum width of 8.5 km and extends 
for over 45 km. This lagoon presents a significant variable area 
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due to the existence of large intertidal areas. In spring tides it 
reaches a maximum area of 83 km2 at high tide, which reduces to 
a minimum of 66 km2 at low tide. A prior hydrological 
characterization revealed that Ria de Aveiro can be considered 
vertical homogeneous during dry seasons (Dias et al., 1999). 

METHODS 
In this work the Mohid model (www.mohid.com) was 

implemented for the Ria de Aveiro in a 2D mode. Mohid is a 
baroclinic finite volume model, designed for coastal and estuarine 
shallow water applications, like Ria de Aveiro, where flow over 
complex topography, flooding and drying of intertidal areas, 
changing stratification or mixing conditions are all important. A 
complete description of the model’s physics can be found in 
several works by Martins et al. (2001), Leitão et al. (2005) or Vaz 
et al. (2005, 2007).  

Model Implementation 
Two different numerical bathymetries were created for this 

study in order to evaluate the possible low lying coastal adjacent 
flooding importance on the numerical model results. The first one 
comprises data until 2 meters above the local datum (grid 1 – 
Figure 1B), and the other until 7 m above the local datum (grid 2 - 
Figure 1C), in order to include the adjacent low lying lands. The 
numerical bathymetries have 387 and 219 cells in y and x 
directions, respectively, with 100×100 meters cells. They were 

build with data obtained from a general survey carried out in 
1987/88 by the Hydrographic Institute of Portuguese Navy (IH) in 
Ria de Aveiro updated with topography data from an available 
Digital Terrain Model for the adjacent low lying lands. The depth 
database was updated using field data from several Ria de Aveiro 
partial recent surveys performed by the Harbor Administration 
(APA) at the inlet channels and by the Hydrographic Regional 
Administration (ARH) at S.Jacinto channel.  
The hydrodynamic model was forced only with tides (at the 
oceanic boundary) – using thirty six harmonic constituents in 
order to perform the hydrodynamic simulations. The initial 
conditions were null free surface gradients and null velocity in all 
grid points. At the bottom boundary, a null normal velocity was 
imposed and a free slip condition was assumed. 

Model Calibration and Validation 
The model was calibrated for Ria de Aveiro through the 

adjustment of the bottom stress comparing predicted and measured 
time series of sea surface elevation for several stations distributed 
along the main channels of the lagoon. 

In a first approach the model’s predictions skill was assessed 
through a qualitative comparison of the temporal evolution of sea 
surface elevation (SSE) data measured in 2003 at several locations 
throughout Ria de Aveiro. The model’s accuracy was evaluated 
through the determination of the Root Mean Square Error (RMSE) 
and the Skill parameter (Warner et al., 2005), and also through the 

 
Figure 1. A) Ria de Aveiro lagoon location; B) Numerical bathymetry with data from 2 m above local datum with reference to the 
location of the stations used in this work (grid 1); C) Numerical bathymetry with data from 7 m above local datum (grid 2). 



1127

 

Journal of Coastal Research, Special Issue 64, 2011 

Mendes et al. 

comparison between amplitude and phase of the main tidal 
constituents determined from harmonic analysis.  

The validation procedure was performed using two independent 
data sets, which includes observations of current velocities and 
SSE values (1997 data). 

Hydrodynamic Changes 
To evaluate the importance of hydrodynamic changes induced 

by the inclusion of the adjacent low lying lands several 
simulations were performed for both grids developed. In order to 
found the highest differences between the two simulations, the 
periods simulated comprises the lower neap-tide and the higher 
spring tide that occurred in 2007 (neptuno.fis.ua.pt). The period 
under analysis was August 2007.  

Harmonic analysis (Pawlowicz et al., 2002) was performed to 
sea level height and current velocity model outputs (for both grids 
used). Tidal ellipse parameters were determined from current 
velocity outputs for both numerical bathymetries (with and 
without low lying lands). Xu (2000) defined four parameters to 
the ellipses: the Semi-Major Axis of ellipses (SEMA) corresponds 
to the maximum current velocity value at each station; the angle 
between SEMA and the northern semi-major axis is the 
preferential flow direction (inclination (INC)); and the eccentricity 
(ECC) is the ration of semi-minor to semi-major ellipses axis and 
evaluates the direction time variability. 

RESULTS AND DISCUSSION 

Calibration and Validation 
The numerical model calibration and validation were performed 

for the numerical grid 2, which includes the low-lying lands of Ria 
de Aveiro (Figure 1C). The simulations for grid 1 (with no low 
lying lands) use exactly the same forcing and bottom roughness 
values found to optimize the adjustment for grid 2, in order to 
carry out an accurate and real comparison between the results.  

It is known that the depth of the water column strongly 
influences the propagation of the tidal wave. The calibration was 
performed by tunning the bottom friction coefficient for the entire 
lagoon. The influence of the bottom friction is introduced into the 
calculations by allowing Manning’s coefficient values to vary as a 
function of water depth. In this study the best overall adjustment 
between model results and field observations was achieved 
through the use of Manning’s coefficients ranging between 0.022 
and 0.045. These were based on the values found by Vaz et al. 
(2007) in a previous Mohid implementation for Ria de Aveiro.  

 The RMSE between model predictions and measurements for 
most of the stations analyzed is low, presenting a disagreement 
that is lower than 5% of local tidal amplitude. In general, the 
errors increase with the distance between the station and the 
lagoon mouth. The Skill values are higher than 0.95 (in all 
monitoring stations), which represents an excellent agreement 
between computed results and observations. Figure 2A shows the 
adjustment between predicted and observed SSE values in the 
station A (Figure 1B). In this case the predicted and measured 
deviation corresponds to a RMS error of ~2%, which can 
represent the general accuracy found for the model calibration 
procedure in the Ria de Aveiro. In this work it was also performed 
harmonic analysis (Pawlowicz et al., 2002) of predicted and 
measured SSE in order to separately quantify the amplitude and 
phase lags of the major tidal constituents for the all monitoring 
stations. For the M2 constituent (the major tidal constituent in the 
Ria de Aveiro (Dias et al. 1999)), the results show that the mean 
amplitude difference is about 8 cm. The mean phase difference is 

about 8º, corresponding to a difference of about 16 minutes in the 
arrival of the tidal wave. Despite these differences, the results 
reveal a good agreement between the computed and measured 
values.  

The model was validated by comparing model predictions and 
measurements of SSE and current velocity (1997 data). The RMS 
error of the SSE values ranges from 3 to 16% of the local tidal 
amplitude. The discrepancies were found are larger in the Mira 
and north of the São Jacinto channels. These differences can be 
explained by the use of older bathymetric data for the areas close 
to the station in analysis in these channels. In the other stations the 
agreement between measurements and predictions is rather good. 

For the current velocity assessment, they were found larger 
differences than for the SSE validation. In this case the RMS 
errors are larger, ranging between 12% and 50% of the local 
velocity intensity in all stations. The stations with major errors are 
located at the end of the Ílhavo channel, which is characterized by 
narrow areas that are not well resolved by the numerical grid used 
in the simulations (100 m cells). The results near the lagoon 
mouth and located at the main channels (Espinheiro, South of São 
Jacinto, North of Mira and Ílhavo channels) show lower RMS 
errors (<20%), revealing a good reproduction of the observed data 
set. The comparison between predicted and measured velocities 
for station B (Figure 1B) is depicted in Figure 2B, showing that 
the velocity phase was well reproduced by the model. However, 
the velocity amplitude reveals some inconsistencies at this station 
In general, were found similar patterns for the other stations 
analyzed. 

According to these results, it may be considered that model 
reproduces accurately the SSE and current velocity data. 
Therefore it may be concluded that the hydrodynamic model is 
validated. 

Hydrodynamic Changes 
The difference between current velocities computed using grid 1 

and 2 is depicted in Figure 3.  
For the harmonic analysis only the most important semi-diurnal 

constituents were explored, M2 and S2, which represent ~ 90% of 
the tidal energy in Ria de Aveiro lagoon [Dias et al., 1999]. Figure 
4 present the difference between the amplitudes and phases 
determined using both grids. 

 

Figure 2. A) Comparison between predicted and measured SSE 
values for the calibration procedure. B) Comparison between 
predicted and measured time series of along flow direction for the 
validation procedure. (● grey: data; black solid line: model) 
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To complement the velocity analysis, the ellipse parameters 
were computed at all stations according to methodology developed 
by Xu (2000) (Table 1). 

The velocity presents small differences for both grids (Figure 
3). The maximum speed during the simulation period 2.62 ms-1 for 
the numerical grid 1, while for the numerical grid 2 the maximum 
was 2.71 ms-1. Close to the low lying lands the velocity is 
typically lower than 1 m.s-1. Figure 3 also indicates that for the 
grid 2 simulation, the mean velocity found for the Ria de Aveiro 
lagoon is larger. Near the mouth of the lagoon the mean velocity 
intensity increases ~ 0.02 ms-1. This deviation intensifies in the 
central areas and in the northern S. Jacinto channel. The maximum 
velocity difference in those areas is 0.10 ms-1.  

Concerning the tidal ellipses parameters, the SEMA present 
values significantly higher for the second grid (with the low-lying 
lands inclusion). As example, for station A, the SEMA differences 
for the M2 and S2 constituents are 0.02 ms-1 and 0.01 ms-1, 
respectively. These results are consistent with the differences 
found for the velocity values. There is also a phase delay between 
simulations using both grids (related with the time of occurrence 
of the maximum current at each station). As example, for the M2 
and the S2 constituents at station H, this delay is ~ 5 minutes. The 
ECC in all stations is near zero, which represents a current 
polarization in one direction.  

Picado et al. (2010) have found a similar pattern in their study, 
showing that the tidal currents in Ria de Aveiro enlarge as the 
lagoon flooded area increase. Although were found minor 
differences, in certain areas of the lagoon their consequences may 
induce important modifications. For instance, when modeling the 
sediment transport, they may change the accretion/erosion trends. 
Therefore, this study emphasizes the need to properly consider the 
lagoon flooding areas when accurate numerical studies are 
pretended.   
In Figure 4A) the relative differences for the M2 amplitude (for 
both grids) are shown almost negligible (<5% of the local 
amplitude) Moreover, the phase difference (Figure 4B)) never 
exceeds 5° (~10 minutes) over the entire lagoon. For the S2 
constituent, the relative amplitude differences are slightly larger 
when compared with the M2 constituent, but never exceeding 7% 

 

Figure 3.  Difference between velocity intensity determined with 
grid 1 (data from 2 m above local datum) and grid 2 (data from 7 
m above local datum).  

 

Figure 4. A) Relative difference of M2 amplitude between grid 1 (data from 2 m above local datum) and grid 2 (data from 7 m above local 
datum). B) Phase difference of M2 between grid 1 and grid 2; C) Relative difference of S2 amplitude between grid 1 and grid 2; D) Phase 
difference of S2 between grid 1 and grid 2.   
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of the local amplitude. The S2 phase differences reach values of 
around 10º (20 minutes). The major deviations for the two 
harmonic constituents, either in amplitude and phase, were found 
for the areas with a large concentration of narrow channels, which 
include adjacent low lying land areas. It is also clear that there is a 
differences increase from the lagoon mouth to the upstream areas.  

CONCLUSIONS 
They were found minor differences for the Ria de Aveiro 
numerically predicted general circulation when including the low 
lying coastal adjacent flooded areas, comparing to the case when 
they are not taken into account in the numerical bathymetry.  
However, this study reveals that:   
- the velocity differences patterns and SEMA results are 

consistent with the changes reported by Picado et al. (2009), 
and referred in the Introduction; 

- for the M2 and S2 tidal constituents the phase differences  
between both cases studies can be significant at localized 
areas, more precisely, near the low lying land adjacent zones 
(i.e. central lagoon area);   

- the inclusion of the low lying lands in the numerical 
bathymetry could be important for  future numerical 
modeling studies, depending on the subject to investigate 
and the areas to analyze; 

- it is expected that the differences presented will be larger in 
the numerical studies of extreme scenarios of sea level rise 
or storm surges. In these cases it is recommendable the 
inclusion of the low lying lands in the numerical bathymetry. 
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Table 1: Ellipse parameters (Semi-Major axis (m/s); INClination (º); ECCentricity; PHAse (º) 

 Station A (GRID1) A (GRID2) B (1) B (2) H (1) H (2) M (1) M (2) N (1) N (2) 

SEMA 1.18 1.20 0.43 0.43 0.63 0.66 1.02 0.99 0.17 0.15 

INC 10.28 10.28 90.17 90.19 53.33 52.21 45.40 45.65 16.19 12.72 

ECC -0.01 -0.01 0.00 0.00 -0.01 -0.01 0.01 0.02 -0.01 0.10 
M2 

PHA 35.03 36.55 200.92 201.45 77.73 80.32 49.02 49.64 52.95 53.54 

SEMA 0.47 0.48 0.17 0.18 0.24 0.25 1.02 0.38 0.06 0.06 

INC 10.36 10.35 90.50 90.49 53.14 51.54 44.76 45.11 15.75 11.34 

ECC -0.01 -0.01 0.02 0.02 -0.01 0.00 0.02 0.03 0.00 0.10 
S2 

PHA 85.37 86.98 254.85 255.53 135.66 138.23 104.04 105.69 108.45 110.04 




