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ABSTRACT   

 

VAZ, N., LEITÃO, P.C. AND DIAS, J.M., 2007. Channel-ocean exchange driven by tides and river flow: Espinheiro 
Channel (Portugal). Journal of Coastal Research, SI 50 (Proceedings of the 9th International Coastal 
Symposium), 1000 – 1004. Gold Coast, Australia, ISSN 0749.0208 

A 3D baroclinic model (Mohid) was used to perform hindcast simulations in a tidal channel – Espinheiro 
Channel (located within Ria de Aveiro, north coast of Portugal) – in order to study its hydrography. The 
simulations were conducted for four distinct periods where markedly different river discharge and tides occurred 
and the outputs are compared with synoptic thermohaline data. The model qualitatively reproduces along-
channel thermohaline distributions at three different vertical levels during low-to-medium river inflow, 
underestimating the salinity stratification under high river inflow (higher than 100 m3s-1). Once the numerical 
model is fully implemented, the hydrography of the channel was analysed in terms of two main forcing factors: 
river discharge and tide. Tidal currents and thermohaline data were analysed at the channel’s inlet and at a mid 
channel station during two tidal cycles. The stratification and water column stability were found to vary in these 
stations as a function of the estuarine Richardson number and the buoyancy frequency. Well mixed conditions 
were found at the lower and mid channel area when the river flow is weak (independently of the tidal regime), 
turning to highly stratified when the river flow is very high (during neap tide). The residual currents were also 
analysed revealing an ebb-dominated channel, with a more intense seaward current near the surface due to the 
freshwater inflow. 
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INTRODUCTION 
Espinheiro channel is a tidal channel located in the central area 

of Ria de Aveiro, a mesotidal coastal lagoon located in the north 
coast of Portugal. This channel is located in the very complex 
central area of the lagoon and it includes two distinct regions: the 
first extending from the mouth of the lagoon to about 1 km 
upstream station C (Figure 1) and the second is the Espinheiro 
channel itself, extending from that point to the east boundary of 
the channel (a few kilometres upstream). For simplicity, the study 
area from the mouth of the lagoon until the Vouga River will be 
hereinafter referred as Espinheiro channel. 

This channel connects the major source of freshwater of the 
lagoon (Vouga River), responsible for more than 2/3 of the 
freshwater input (DIAS et al., 1999), and the Atlantic Ocean and 
receives contributions from several other channels (see Figure 1). 
The main stem stretches for approximately 11 km long, having an 
average width of about 200 m and a mean depth along its 
longitudinal axis of about 10 m. The tides are mixed semidiurnal, 
being M2 the most important constituent, representing more than 
90% of the tidal energy (DIAS et al., 1999). The tidal forcing is 
important with a tidal range higher than 3 m during spring tides 
(DIAS et al., 1999). The channel's dynamics is mainly controlled 
by the interaction between tide and incoming river flow. It is also 
influenced by water exchanges with other channels. The channel's 
vertical structure is strongly dependent on the tidal strength and 
river inflow, turning from well-mixed to partially-stratified. For 

example, during the flood some regions may present salt wedge or 
partially stratified characteristics becoming well-mixed by the end 
of the ebb. Thus, the channel's behaviour adjusts dynamically to 
changes in the river flow and tidal mixing as revealed by 
MACCREADY (1999) in his theoretical study in an idealised 
channel. 

The competition between tidally induced vertical mixing and 
river generated buoyancy is the main factor affecting thermohaline 
structure and water exchange in a system like Espinheiro Channel. 

The lack of observational programs, which allow the 
characterisation of the vertical structure of the channel, turn 
necessary the implementation of numerical models to perform 
detailed physical studies. 

Ria de Aveiro has four main channels and due to their unique 
characteristics each one of them may be considered as an 
independent estuary connected to a common inlet. The hydrology 
of each channel is determined by different tidal prisms and 
freshwater inputs. The estimated tidal prism for the lagoon's mouth 
at extreme spring and extreme neap is according to DIAS (2001) 
136.7×106 and 34.9×106 m3, respectively. Near station C (~1 km 
upstream) it is about 40×106 at extreme spring and 15×106 m3 at 
extreme neap tide (DIAS, 2001). The total estimated freshwater 
input for the lagoon is very small (about 1.8×106 m3 during a 
complete tidal cycle) (MOREIRA et al., 1993) when compared to the 
tidal prism, both at the mouth and at the beginning of Espinheiro 
channel. The small ratio between the freshwater input and the tidal 
prisms indicate that the circulation is mainly induced by tides. 
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However, the combination of these two factors (tidal regime and 
freshwater inflow) highly influences the thermohaline horizontal 
patterns (VAZ et al., 2005).  

This work describes the implementation of Mohid in a 3D mode 
for the Espinheiro channel, providing a comparison of several 
short hindcast simulations to a set of time series and spatial 
thermohaline distributions of the Espinheiro channel. The general 
circulation within the channel is studied using different forcing 
conditions: spring and neap tides and low-to-high river inflow in 
order to study the hydrography of the channel, in terms of the 
major forcing factors: tide and river inflow. 

MODEL’S CONFIGURATION 
The Espinheiro Channel's predictive model is an 

implementation of Mohid - Water Modelling System. Mohid 
(MARTINS et al., 2001), 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. Mohid allow an integrated modelling approach of 
physical and biogeochemical processes. A complete description of 
the model’s physics can be found in several works by MARTINS et 
al. (2001), LEITÃO (2003) or THEIAS (2005). 

Mohid has been configured to be implemented in the Espinheiro 
Channel. Bathymetry in the channel is extracted from data 
obtained by the Hydrographic Institute of the Portuguese Navy in 
1987/1988. More recent bathymetric data, obtained from recent 
dredging operations in several channels (1998) and close to the 
lagoon's mouth (2002), were also used. Figure 1 shows the model 
bathymetry. An orthogonal curvilinear coordinate system was 
designed to follow the general orientation of the channel including 
its major tributaries and the near coastal ocean. The grid spacing is 
less than 100 m in the longitudinal and about 50 m in the cross-
channel direction. High resolution is used in order to properly 
resolve the physical features of the channel. The total number of 
grid points is 200×200 and in the vertical direction the model uses 
10 sigma layers. The domain was designed to resolve the channel's 
dynamic and not the dynamics of the near coastal ocean. 

Ria de Aveiro is a branched coastal lagoon where the tidal 
prism spreads toward the main channels. This originates a 
decreasing of the tidal prism through the channel affecting the 
dynamics of all study area. The arrow marked boundaries depicted 
in Figure 1 were included in the curvilinear grid in order to 
simulate the inflow/outflow of water between the Espinheiro 
Channel and the neighbourhood channels (not shown). Thus, in 

order to simulate this inflow/outflow, the model uses as boundary 
conditions water flow, salinity and water temperature time series 
computed using a two-dimensional (depth-integrated) application 
of the model for all the area of the lagoon (VAZ et al., 2005).  

The 2D application uses a variable spatial step cartesian grid 
with higher resolution in the central area of the lagoon (40×40 m), 
calculating time-varying discharge, salinity and water temperature 
time series at the arrow marked locations. The model was forced 
using tides (ocean open boundary) and the landward boundary was 
forced using river flow values typical for each run. At the oceanic 
and landward boundaries, the water temperature and salinity are 
considered fixed in each simulation, being imposed typical values 
for each period. At the surface, heat fluxes were imposed. The 
model uses the heat fluxes parameterisations described by CHAPRA 
(1997). Time step is 10 s and the horizontal eddy viscosity is 5 
m2s-1. The initial conditions for the hydrodynamic model are null 
free surface gradient and null velocity in all grid points. For the 
transport model the initial conditions are salinity and water 
temperature fields, obtained by interpolation of data collected in 
the study area. A value of 5 m2s-1 was adopted for both salt and 
heat diffusion coefficients. The two-dimensional application is 
fully described in VAZ et al. (2005). 

At the bottom, the 3D model uses shear friction stress imposed 
assuming a velocity logarithmic profile. The vertical eddy 
viscosity and diffusivity are computed using a turbulence model 
(GOTM, BURCHARD et al., 1999). Coefficients of horizontal 
viscosity and diffusivity are set to 2 m2s-1. Initial conditions for 
the hydrodynamic model are null free surface gradients and null 
velocity in all grid points. Initial conditions for the 3D transport 
model are constant values of salinity and water temperature 
(typical values for each run). At the ocean open boundary the 
model is forced by tide determined from 38 tidal constituents 
obtained after harmonic analysis (PAWLOWICZ et al., 2002) of data 
measured at a tidal gauge located close to the lagoon's mouth in 
2002. At the landward boundary freshwater inflow was imposed 
and at the arrow marked boundaries water inflow/outflow, salinity 
and temperature fluxes were also prescribed. On the offshore open 
boundary and at the river boundary constant values of salinity and 
water temperature were prescribed (SSea=36.5 and SRiver=0, water 
temperature varies from run to run). 

The hydrodynamic was spun up from rest over 2 days (~ 4 tidal 
cycles). This is considered a fair adjustment period for the 
hydrodynamic. The spin-up period is not included in the results 
and the initial state of a run refers to the end of the spin-up period. 

RESULTS 
The model results are evaluated using the Skill parameter 

(WILMOTT, 1981), a statistical method given by 
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where X is the variable being compared and X  is its time mean. 
This parameter describes the degree to which the observed 
deviation about the observed mean correspond to the modelled 
deviation about the observed mean. A skill of 1.0 means a perfect 
agreement between model results and observations (complete 
disagreement yields a skill of 0.). 
 
 

Sea level height 
The semidiurnal tidal constituent –M2– explains more than 90% 

of the sea level variability in Ria de Aveiro (DIAS et al., 1999), 

Figure 1. Bathymetry of the Espinheiro Channel with the 
discharge points (marked with arrows) and its major freshwater 
tributary. The location of the stations used in the model 
calibration is marked within the figure. 
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being the remaining variations caused by tidal interactions, lower 
frequency tidal constituents and other meteorological forcing. 
Thus, the tidal propagation in the channel is dominated by the 
semidiurnal tide and exhibits a spring neap variation. Figure 2 
shows a comparison between observed and modelled time series 
of sea level height for 2 stations in the Espinheiro Channel. The 
observed sea level height was obtained in a general survey of the 
Hydrographic Institute of the Portuguese Navy in 1987. 

In general, the sea level height results reveal a good qualitative 
agreement between model and observations. At station A, the skill 
is 0.93, a high value which show a good agreement near the mouth 
of the channel. As the tidal wave travels upstream the model skill 
remains high with a value of 0.87 at station D. 

Thermohaline longitudinal structure 
The simulations include two spring tide periods with low and 

high river inflow (26th September and 25th November, 2003) and 
two neaps also with high and low river inflow conditions (29th 
January and 25th July, 2004). The tidal amplitude during spring 
tide was 2.8 m and during neaps was 1.3 and 1.6 m. The river 
inflow imposed at the landward boundary was 2.06 (September, 
2003) and 72.74 m3s-1 (November, 2003) and for the neap 
simulations was 2.0 (July, 2004) and 143.16 m3s-1 (January, 
2004). 

The model results were compared with thermohaline 
observations collected during the flood period representing 
synoptic snapshots of the along channel salinity and water 
temperature distributions. In the scope of this paper only the 
salinity results for the dates displayed in the figure are shown. 

The model results represent well the longitudinal salinity 
distribution at the surface layer during both flood periods (figs. 3a 
and 3b), presenting a skill coefficient higher than 0.9 (perfect 
agreements yields a skill of 1.0). At the bottom layer the 
agreement is not so good, although it may be considered 
acceptable. The skill coefficient is higher than 0.7 during both 
periods. At this layer, the salinity distribution is underestimated by 
the model. At 8 km from the mouth, the disagreement between 
model data and observations become more visible (fig. 3c). At this 
point the channel’s depth and width decrease to almost 2 and 
60 m, respectively, corresponding to a region where the river 
discharge is dominant over tide. Model results converge rapidly to 
salinity values close to 0 (freshwater values). Although these 
discrepancies, the trends inferred from the observations are well 
represented by the model results. 

Time evolution of tidal currents and thermohaline  
Tidal currents and density (σt) time evolution were analysed, 

both at the channel's inlet and at a mid channel station (located at 
the channel's axis at the two cross-sections previously examined), 
during two tidal cycles under a tidal range of about 1.3 and 1.6 m 
(moderate tidal regime) and high (143.2 m3s-1) and low (2.0 m3s-1) 
river inflow conditions (29th January and 25th July, 2004 
respectively). 

During this high river runoff event, the σt structure at the lower 
(Figure 4a) and mid channel station (Figure 4b) is similar. 
However, at the lower channel station (near the channel's inlet), σt 
ranges from 20 near the surface at low water to 26 kgm-3 at high 
water. The pycnocline is visible at mid-depth after the low water 
hour. The isopycnals are slightly downward tilted during the ebb 
and flood periods presenting a constant value of 26 during the 
hours rounding high water. At the mid channel station, during the 
period from mid ebb tide to mid flood tide, the σt pattern reveals 
some stratification (revealed by the slightly tilted isolines). The 
pycnocline is visible during the low water at mid-depth. The σt 
patterns follow the tidal propagation increasing during the flood 
and decreasing during the ebb. The tidal velocity pattern is also 
similar at both stations, also following the tidal pattern: positive 
during flood tide and negative during ebb tide. At the lower 
channel station (Figure 4c), the isotachs are slightly downward 

 
Figure 2. Comparison between modelled and observed time series 
of sea level height at stations A and D. The simulation period is 
from 16th August to 16th September, 1987. 

 
Figure 3. Comparison between modelled (dots) and observed 
(solid line) longitudinal salinity data. (a, c) correspond to a river 
inflow of 73 m3s-1 and a spring tide and (b, d) correspond to a 
river inflow of 143 m3s-1 and a neap tide period. 

Figure 4. Time evolution of the isopycnals (σt) and tidal 
currents calculated at two stations under neap tide on 29th 
January, 2004. (a, c) near the channel’s inlet and (b, d) 1 km 
upstream station C. The river inflow is 143.16 m3s-1. L and H 
are referred as low and high water. 
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tilted, presenting more intense values near the surface (-1 ms-1) 
where the ebb currents are enhanced by the river discharge which 
transport less saline water through the channel until the shelf. The 
flood tidal currents present a maximum of 0.9 ms-1. At the mid 
channel station (Figure 4d), the ebb currents are similar to the ones 
near the channel's inlet (maximum of -1 ms-1), but the flood tidal 
currents are lower (maximum of 0.5 ms-1). At this location the 
river discharge effect is higher, filling the water column with 
brackish water (the exception is during high water), turning the 
flood currents lower. 

During the low river flow period of 25th July at the lower 
channel station (Figure 5a), the σt pattern reveals an apparent 
stratification. However, at this location, σt ranges from 25.6 near 
the surface to 26 kgm-3 near the bottom, revealing a well-mixed 
water column. At the mid channel station (Figure 5b), the water 
column reveals some stratification around low water with σt values 
ranging between 25 and 26 kgm-3. During the flood tide, the water 
column becomes well-mixed with σt values of ~26 kgm-3. The 
current velocity structure is similar at both stations (Figures 5c and 
5d). The isotachs are nearly vertical, following the tidal 
propagation pattern: negative during ebb tide turning positive 
during the flood tide. The ebb and flood maximums are lower at 
the mid channel station. Near the channel's inlet the tidal velocity 
ranges from -0.8 to 0.8 ms-1 during ebb and flood tide, 
respectively. At the mid channel station, the ebb currents present a 
maximum of -0.7 and the flood currents a maximum of 0.4 ms-1. 

ESTUARINE STRATIFICATION 
In order to evaluate the estuarine stratification in the Espinheiro 

Channel under different conditions of tidal ranges and river 
inflow, the Estuarine Richardson number, RiE, (FISCHER et al., 
1979) was calculated at a lower channel and at a mid channel 
station. This number expresses the ratio of the gain of potential 
energy due to the freshwater discharge to the mixing power of 
tidal currents, and it is defined as 

 ⎟
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where Qf  is the river inflow, b is the width of the section where 
the data were taken, Δρ is the density difference between sea and 

freshwater, ρ is the mean density and Urms is the root-mean-square 
tidal velocity. According to FISCHER et al. (1979), if RiE is greater 
than 0.8 the estuary is considered highly stratified, if it is smaller 
than 0.08 the estuary is considered well-mixed and finally, if 
0.08< RiE <0.8 the estuary is considered partially mixed. 
Moreover, the water column stability was analysed using the 
Brunt-Väisälä frequency (N) (or buoyancy frequency) (POND and 
PICKARD, 1983), calculated in the two locations previously 
referred. N is defined as  
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where ρ is the density, σt is the density at atmospheric pressure 
(1000 kgm-3) and z is the depth measured from the surface. The 
four simulations results and hydrographic conditions are presented 
in Table 1. 

According to the results presented in Table 1, when the river 
flow is weak, the Espinheiro Channel behaves as a well-mixed 
estuary at the lower channel area (independent of the tidal 
regime), turning to highly stratified when the river flow is very 
high and during neap tide. Even under high river inflow (25th 
November) but under spring tide conditions (tidal range of 2.8 m 
and higher tidal velocities), this channel area behaves as a well-
mixed estuary. At the mid channel area, the Espinheiro Channel 
turns from well-mixed to highly stratified depending on the river 
inflow. In fact, when the river inflow is weak this area is 
considered as a well-mixed estuary independently of the tidal 
regime. When the river inflow increases, this area turn from 
partially stratified under spring tide conditions to highly stratified 
under neap and high river inflow. The characteristics of the whole 
flow have been analysed using RiE. This information can be 
complemented by means of the Brunt-Väisälä frequency 
calculated in the two locations previously referred. 

In Figure 6 are depicted the Brunt-Väisälä values as a function 
of the layer's depth for both locations under high (Figure 6a) and 
low river inflow (Figure 6b). 

Both figures show high values of N near the surface layers and 
low values near the channel's bed, indicating a more stratified 
water column near the surface and more homogeneous near the 
bed for the two channel location analysed. The overall N is higher 
at the mid channel station due to the freshwater effect at this 
location. Figure 6b reveals lower values of N than Figure 6a both 
near the surface and near the bed. This is due to the almost 
negligible river inflow, which at this location turn the water 
column well-mixed. On both cases, the lower values of N were 
found at the lower channel station where the highest tidal 
velocities were found. In general, these model results do not 
illustrate the existence of a visible pycnocline, being more visible 

 
Figure 5. Time evolution of the isopycnals (σt) and tidal currents 
calculated at two stations under neap tide on 25th July, 2004. (a, 
c) near the channel’s inlet and (b, d) 1 km upstream station C. 
The river inflow is 2.0 m3s-1. L and H are referred as low and 
high water. 

Table 1: Estuarine Richardson number (RiE) and buoyancy 
frequency (N) as a function of tidal range and river inflow at the 
lower (LC) and mid channel station (MC). 

Date Tidal 
range 

River 
inflow Station RiE Nmax 

 [m] [m3s-1]   [min-1] 
26/09/2003 2.8 2.06 LC 0.001 0.56 

   MC 0.005 0.72 
25/11/2003 2.8 72.74 LC 0.050 0.93 

   MC 0.180 1.87 
29/01/2004 1.3 143.16 LC 0.950 1.71 

   MC 2.597 3.84 
25/07/2004 1.6 2.00 LC 0.010 0.69 

   MC 0.054 0.97 



 

Journal of Coastal Research, Special Issue 50, 2007 

1004 Vaz et al. 

a monotonic decrease of N toward the channel's bed. This fact 
may indicate an overestimated mixing of the water column. Only 
under a high river runoff event, a pycnocline is visible at a depth 
of ~2.5 (lower channel station) and ~1.04 m (mid channel station). 
In this case, the maximum Brunt-Väisälä frequency ranges from 
1.71 to 3.84 min-1 at the lower and mid channel stations, 
respectively. 

CONCLUSIONS 
A 3D baroclinic numerical model (Mohid) was used to perform 

hindcast simulations of the Espinheiro Channel covering short 
periods of time in order to assess the channel's vertical structure 
under different tidal and river inflow conditions. The first part of 
this study shows a comparison of model results and field 
measurements in order to check the model's accuracy in 
reproducing hydrodynamic and thermohaline measurements. 
Then, it was tried to study the hydrography of the channel in terms 
of its major forcings: tide and river inflow.  

The baroclinic model reproduces the observed temporal 
variability in sea level height and current velocity. For the sea 
level height, the Skill coefficient ranges from 0.93 at station A to 
0.87 at station D. In general, the baroclinic model reproduces the 
along-channel salinity distributions. Although the skill coefficient 
present higher values during high river runoff conditions, the 
model can also reproduce the thermohaline distributions under low 
river flow (September and July simulations). 

Espinheiro channel is an energetic tidal channel in which the 
water mass dynamics is essentially driven by tides and river 
runoff. It is well known that the river flow, which causes an inflow 
of buoyancy, tends to maintain stratification and that the tidal flow 
due to the friction causes mixing. So, within the channel at 
locations where tidal currents are low, the river flow can extend its 
influence producing stratification. This fact is illustrated by the 
results of the mid channel station. Near the channel's mouth, the 
tidal currents are high and activate turbulent mixing, generating 
well-mixed conditions, except during high river runoff events 
when this area is considered partially stratified. In this channel, the 

high tidal currents are able to homogenise the water column. Near 
the channel's mouth the water exchange is mainly due to the tide 
except under high river flow events when the freshwater extends 
its influence from the channel's head to its mouth. 

 

ACKNOWLEDGEMENTS 
The first author of this work has been supported by the 

University of Aveiro through a Ph.D. grant. 
 

LITERATURE CITED 
BURCHARD, H., BOLDING, K. and VILLARREAL, M.R., 1999. 

GOTM, a general ocean turbulence model: scientific 
documentation. Tech. Report, European Community, Ispra, 
Italy. 

CHAPRA, S.C., 1997. Surface water quality modelling. Civil 
Engineering Series. McGraw-Hill. 

DIAS, J.M., 2001. Contribution to the study of the Ria de Aveiro 
hydrodynamics. Aveiro, Portugal. University of Aveiro, Ph.D. 
thesis, 288p. 

DIAS, J.M., LOPES, J.F. and DEKEYSER, I., 1999. Hydrological 
characterisation of Ria de Aveiro, Portugal, in early summer. 
Oceanologica Acta, 22(5), 473-485. 

FISCHER, H.B., LIST, J.E., KOH, R.C.Y., IMBERGER, J. AND BROOKS, 
N.H., 1979. Mixing in Inland and Coastal Waters. New York, 
Academic Press. 

LEITÃO, P.C., 2003. Integração de Escalas e de Processos na 
Modelação do Ambiente Marinho. Lisboa, Portugal. 
Universidade Técnica de Lisboa, IST. 

MACCREADY, P., 1999. Estuarine adjustment to changes in river 
flow and tidal mixing. Journal of Physical Oceanography 29, 
708-726. 

MARTINS, F., LEITÃO, P., SILVA, A. and NEVES, R., 2001. 3D 
modelling in the Sado estuary using a new generic vertical 
discretisation approach. Oceanologica Acta 24(1), 1-12. 

MOREIRA, M.H., QUEIROGA, H., MACHADO, M.M. and CUNHA, 
M.R., 1993. Environmental gradients in a southern estuarine 
system: Ria de Aveiro, Portugal, implication for soft bottom 
fauna colonization. Neth. J. Aquat. Ecol 27(2-4), 465-482. 

PAWLOWICZ, R., BEARDSLEY, B. and LENTZ, S., 2002.Classical 
tidal harmonic analysis including error estimates in MATLAB 
using T_TIDE. Computers & Geosciences 28, 929-937. 

POND, S. and PICKARD, G.L., 1983. Introductory Dynamical 
Oceanography, 2nd Edition, Oxford, Pergamon Press, 329p. 

THEIAS, H., 2005. Numerical Modelling of non-Hydrostatic 
Processes in Estuarine and Coastal Regions. Lisbon, Portugal. 
Universidade Técnica de Lisboa, IST. Master’s thesis. 

VAZ, N., DIAS, J.M., LEITÃO, P. and MARTINS, I., 2005. Horizontal 
patterns of water temperature and salinity in na estuarine tidal 
channel: Ria de Aveiro. Ocean Dynamics 55, 416-429. doi: 
10.1007/s10236-005-0015-4. 

WILMOTT, C.J., 1981. On the validation of models. Phys. Geor. 2, 
184-194. 

 
 

Figure 6. Brunt-Väisälä frequency (N [min-1]) as a function of 
layer depth [m] on 29th January (left) and on 25th July, 2004 
(right). Black circles corresponds to the lower channel station and 
black diamonds to the mid channel station. 


