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ABSTRACT   

 

Vale, L. M. and Dias, J. M., 2011. The effect of tidal regime and river flow on the hydrodynamics and salinity 
structure of the Lima Estuary: Use of a numerical model to assist on estuary classification, SI 64 (Proceedings of 
the 11th International Coastal Symposium), 1604 – 1608. Szczecin, Poland, ISSN 0749-0208 
 
The purpose of this work is to characterize the hydrodynamics of the Lima estuary (Portugal), regarding its flow 
regime and salinity structure. The vertical structure was studied with field campaigns collecting data from 
vertical profiles at chosen spots of selected transects. A vertically integrated bi-dimensional hydrodynamic 
numerical model (SIMSYS2D) was set to run several simulations, namely tidal propagation upstream, horizontal 
structure of currents, comparison between currents for different stations and behaviour of hydrodynamics with 
varying river flow. The salt water input from the tide into the estuary was found to be varying between 3.7×106 
m3 for a neap tide with a tidal range of about 1.07 m and 12.6×106 m3 for a spring tide with a tidal range of about 
3.07 m. For a low river discharge (4 m3s-1) and a spring tide the estuary can be considered well mixed (0.007 
flow ratio). For a high river discharge (100 m3s-1) and a neap tide the estuary can’t still be classified as highly 
stratified although the values are above the partially mixed scenario (0.58 flow ratio). The average tide and the 
average river discharge (50 m3s-1) results in a flow ratio of 0.12, which although within the partially mixed 
classification, is close to the well mixed range. For maximum river discharge of 200 m3s-1 and neap tides 
conditions, the ratio falls within the highly stratified classification, with a ratio of 1.05, although it must be 
considered that these river flows are anthropogenic in its origin, being only experienced with high turbinated 
dam flow. 
 
ADDITIONAL INDEX WORDS: Tidal prism, Flow ratio, Numerical modelling. 

 
INTRODUCTION 

The general purpose of this work is to characterize and better 
understand the hydrodynamics of the lower reaches of the Lima 
estuary (Portugal), where there was a lack of adequate information 
regarding the flow regime and salinity structure, and assist on the 
estuary classification from the salinity point of view. 

Despite its economical importance, due to the presence of major 
industrial facilities (wind generator plant and shipyard) as well as 
commercial port, there are just a few comprehensive works 
relating to the Lima estuary. These are mainly studies regarding 
biological, chemical and environmental research. 

More recent studies about Lima estuary are within the 
environmental field, namely regarding the ‘Coral Bulker’ fuel oil 
spill after grounding at the port entrance and the spatial and 
temporal biomarker responses in Mytilus galloprovincialis 
(Moreira et al., 2004), the spatial subtidal macrobenthic 
distribution in relation to abiotic conditions in the Lima estuary 
(Sousa et al., 2005), the temporal and spatial distributions of larval 
fish assemblages in the Lima estuary (Ramos et al., 2006). 

The mathematical modelling of salt water intrusion in the Lima 
estuary (Pinho and Vieira, 2007), was performed based on a two-
dimensional hydrodynamic and mass transport model. The 
hydrodynamic model was implemented using the RMA2 software 

that is based on the finite element method. The mass transport 
model, RMA4 was applied to simulate depth-average advection-
diffusion processes in aquatic environments. These authors found 
that tidal heights and river discharges are the major causes 
affecting salinity intrusion, and that the upstream propagation of 
the salinity front under unfavourable conditions reaches a river 
section located at about 12 km upstream the river mouth. 

Two-dimensional models have been in use for more than 30 
years, with inherent developments based on a wide range of 
successful applications. Typically, two-dimensional depth-
integrated models represent lateral and longitudinal variations in 
velocity and constituents concentration for estuaries with non-
uniform cross-sections, branching channels and embayments. 

This kind of models is based on the assumption of the vertical 
homogeneity of the water column, thus enabling the introduction 
of important simplifications in the equations describing the 
dynamics of the coastal environments and a reduction of the 
number of the needed equations. 

Since a perfect vertically homogeneous environment seldom 
exists in estuaries, three-dimensional models do represent better 
the transport associated with baroclinic flows. However, these 
models are much more complex and unnecessary to solve most of 
the problems concerning estuarine zones, as long as the water 
depths, though varying, are shallow compared with their 
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horizontal dimensions. In fact, although there is a natural trend to 
an evolution towards three-dimensional flow field simulations, 
these are still within the domain of more specialist applications 
such as secondary flows. 

By comparison, two-dimensional models are now in full 
maturity stage allowing for its widespread use on a variety of 
applications, such as the study of the reduction of harbour 
sedimentation (2D RMAE Model) (Zimmermann et al., 2000), 
morphodynamic studies (MIKE 21 Model) (Lehfeldt et al., 2002), 
the study of coastal flooding (GCOM 2D) (McInnes et al., 2002) 
and the overall study of the hydrodynamics of several estuarine 
systems. 

In this work, a two-dimensional vertically integrated 
hydrodynamic model developed from the SIMSYS2D model 
(Leendertse and Gritton, 1971; Leendertse, 1987; Dias, 2001) is 
applied. This model has been successfully implemented for the 
study of Ria de Aveiro hydrodynamics (Sousa and Dias, 2007), 
has been coupled with salt and heat transport models (Dias and 
Lopes, 2006), used to study suspended particulate matter and 
residence time (Dias et al., 2007), has been coupled to a particle 
tracking model (Dias et al., 2001) and used to study transport and 
dispersal of marine toxic microalgae (Cerejo and Dias, 2007). It 
was also effectively employed for the study of the tidal 
characteristics of Maputo Bay, Mozambique (Canhanga and Dias, 
2005) and on the modelling of fish eggs dispersion at the Patos 
Lagoon, Brazil (Martins et al., 2007). 

Numerical modelling provides results more detailed than with 
analytical methods, and can be even more precise. As soon as the 
model is implemented and calibrated, it becomes relatively easy to 
obtain results for different conditions. Thus, for the present work, 
before the use of the model, several tasks were accomplished. A 
comprehensive study of the estuary was performed with assistance 
of existing literature. A thorough meteorological characterization 
of the study area as well as the Lima river discharge regime was 
the next step. Limited but consistent field data was collected in 
situ, namely sea surface elevation, temperature and salinity at 
diverse locations within the study area. This data assisted on the 
characterization of the tidal regime as well as the vertical structure 
of the estuary. Data obtained from moored currentmeters was also 
processed in order to study the estuary currents. A comprehensive 
tidal analysis was performed. After being successfully calibrated 
and validated, the model was used for diverse purposes such as 
tidal propagation studies, hydrodynamics overall characterization 

and establishing of the river flow/tidal prism ratio that, together 
with the study of the salinity structure of the water column, 
assisted on the estuary classification from the salinity point of 
view. 

 
METHODS 

 Estuary Characterization 
The Lima estuary is located on the Northwest coast of Portugal 

(41º40.5’N 008º50.3’W) (Figure 1a) lying on the mouth of the 
Lima River, at about 12 miles South from Minho River and 33 
miles North of Leixões port. The study area comprises about 4000 
km2 of wet estuary. The part of the estuary under study has a 
medium depth of about 5.0 meters and maximum depth of 8.0 
meters (inside breakwaters). It is a semidiurnal mesotidal estuary 
with a tidal range of about 2.5 m for the medium average tide and 
maximum and minimum tidal ranges of 3.7 m and 1.1 m, 
respectively (Vale, 2008).  

An in-depth analysis to the flow regime of the Lima River was 
performed as this was considered essential towards the proper 
estuary classification as well as being one of the boundary 
conditions of the numerical model.  

Field data was collected at several locations, at low water and at 
high water regarding the salinity vertical structure of the estuary. 
A MINI STD model SD204, equipped with permanent sensors for 
conductivity, temperature and pressure was used. The field 
campaign was performed the 18th July of 2007, during the late 
morning Low Water and the afternoon High Water with the 
instrument set for a one second sampling interval. Several 
transects were followed with equally spaced sampling points 
(Figure 1b). The resolution obtained allowed for the elaboration of 
salinity and temperature cross-sections using an interpolation 
Kriging technique for the graphical plot (Figure 2).  

Tidal currents were evaluated by processing data from RCM9 
MkII moored currentmeters at two different locations (February 
2004 and June 2007) (Figure 1b). 

The Hydrodynamic Model 
Taking into account the characteristics of the study area 

(partially mixed estuary) and the processes to be studied 
(tidal/long wave propagation) a vertically integrated bi-
dimensional hydrodynamic numerical model (SIMSYS2D) 

                      
Figure 1. a) Study area location; b). Model bathymetry showing sampling transects for salinity and temperature, currentmeter locations, 
tide gauge locations and cross section for tidal prism calculation. 
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(Leendertse and Gritton, 1971; Leendertse, 1987; Dias, 2001) was 
considered adequate. 

This model solves the vertically averaged equations of long 
wave motion discretized through the application of the finite 
difference method over a rectilinear grid using a space-staggered 
scheme. On this model, an Alternating Direction Implicit (ADI) 
method is used to solve these equations. 

The effects of freshwater river flow, tides, wind, rotation of the 
earth and bottom friction are simulated. It is applicable to bodies 
of water whose depths, though varying, are shallow compared 
with their horizontal dimensions (Leendertse, 1987). 

Thus, the second order partial differential equations for depth 
averaged fluid flow (shallow water equations) can be derived from 
the full three dimensional Navier-Stokes equations if the 
hydrostatic assumption (vertical acceleration and velocity are 
assumed to be small in simulating long waves) and the Boussinesq 
assumption (density differences are negligible) are made. After the 
simplifications and assumptions, the system consists in one 
equation for the mass continuity and two horizontal momentum 
equations that are vertically averaged by integrating from the 
bottom to the surface: 
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Where U is the depth integrated velocity component in the x 

(eastward) direction, V is the depth integrated velocity 
components in the y (northward) direction, ζ is the surface water 
elevation, h is the water depth, t is the time, f is the Coriolis 

parameter, g is the acceleration of gravity, ρ is the water density, 
Ah is the cinematic constant turbulent horizontal viscosity, τs is the 
magnitude of the wind stress acting on the water surface and τb is 
the magnitude of the shear stress on the bottom. 

In order to implement this model to Lima estuary the first step 
was the development of a rectangular computational grid with 
dimensions ∆x=∆y=40 m, resulting in 160 cells in the x direction 
and 100 cells in the y direction (Figure 1b). In this task was used 
the Kriging method to interpolate hydrographic surveys data with 
112385 sounding points measured in 2002 and 2003. It were 
adopted values of 20 s and 20 m2s-1for the time step and for Ah, 
respectively. 

The model was qualitatively calibrated using sea surface 
elevations for three stations within the study area (Figure 1b) and 
a quantitative assessment was performed using RMS and Skill 
methods. The Skill values ranged between 0.992 and 0.998, while 
RMS varyed between 0.053 and 0.147 m (6 and 4% of the local 
tidal range, respectively). Harmonic analysis was also completed 
for both observed and modelled results. The differences show a 
good agreement in amplitude and phase. For the M2 constituent, 
by far the most important, amplitude difference is 0.016 m while 
phase diverges 0.50°. All the results show an excellent agreement 
between observed and modelled results.  

The model was then validated using a different set of sea 
surface elevation (SSE) time series as well as with available 
current data for two stations (Figure 1b) and two different time 
periods. The RMS and Skill values for SSE were 0.056 m (1.75% 
of the local tidal range) and 0.998, respectively. The RMS for the 
current components ranged between 6.8 and 26.7% of the local 
intensity. After the good results of the validation procedures the 
model was considered able to satisfactorily simulate the 
hydrodynamic processes occurring within Lima estuary, given the 
scope of this work.  

The model was then set to run several simulations, namely tidal 
propagation upstream, study area horizontal structure of currents, 
comparison and quantification of currents for different stations, 
behaviour of the hydrodynamics with varying river flow and the 
computation of the river flow/tidal input ratio. The simulations 
were performed varying the tidal regime at the West open 
boundary from extreme neap tides to extreme spring tides and also 
adjusting the river flows for 4 m3s-1, 50 m3s-1, 100 m3s-1 and 200 
m3s-1 at the East boundary. 

Special emphasis was putted on determining the tidal prism 
under different tidal forcing. Within the scope of this work, and 
since the purpose was to establish the river flow/tidal input ratio, 
the tidal prism is defined as the volume of sea water entering the 
estuary during a flood tide. 

Depth averaged velocities were computed for every single cell, 
for every 3 minutes period, as well as the sea surface elevations, 
for the flood periods, for the cross sectional area considered 
(Figure 1b). For the neap flood tide the period between 16h45m 
and 22h36m of the 19th March 2005 was used, for the average tide 
the 2nd of March 2005 between 00h45m and 06h39m and for the 
spring tide the period between 09h51m and 15h42m of the 11th 
March 2005 was used.  

RESULTS 

Estuary Vertical Structure 
The analysis of the flow regime of the Lima showed that the 

river discharge is highly variable with flows ranging between 4 
m3s-1 and about 200 m3s-1, depending on the season and, more 
important, on the Touvedo and Alto Lindoso power generating 
dams, located upstream. 

 
Figure 2. Salinity sections at Low Water: a) Transect 1; b) 
Transect 2. 
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The estuarine vertical structure was studied from the field data 
vertical profiles at chosen spots of 4 selected transects (July 2007). 
Salinity and temperature processed data for the 4 transects showed 
that the estuary classification, from the salinity point of view, 
varies with the varying river flow and with the tidal spring-neaps 
cycle, ranging between a well mixed water column to a slight 
stratified condition, with a partially mixed condition most of the 
time (Figure 2). From the plotted cross-sectional structures as well 
as the vertical profiles obtained it is clear that vertically well 
mixed conditions only occur close to high water, with the flooding 
tide acting as the driving agent for turbulence mixing. Also, taking 
into account that sampling took place in the dry season, the river 
flow shows a bigger influence than was firstly anticipated. In fact 
a slight stratification occurs on the upper layer of the water 
column with salinity ranging between ~20 and ~30 on the first 
three meters.  

The current meter data analysis revealed that the current 
magnitude is primarily dependent on the tidal neap-spring cycle 
and on the locations within the estuary. At certain areas, current 
speed can be twice the speed of other area at the same time. 
Maximum recorded currents were attained at a spring ebbing tide 
with 1.04 ms-1. 

Study Area Hydrodynamics 
 The numerical model provided raw data that after being 

carefully processed, through a graphical interface, allowed for an 
overall view of the hydrodynamic processes taking place within 
the study area. Graphical plots of currents for different tide 
conditions, namely neap tides, average tides and spring tides were 
drawn. The selected periods are from March 2005 and the model 
was run for a 50 m3s-1 river flow and 6 minutes temporal 
resolution. 

From the obtained plots (Figure 3) it is evident that the estuary 
hydrodynamics is greatly influenced by the tidal regime, with 
large differences in the current velocity between neap tides and 
spring tides condition, as it was anticipated. Also relevant to note 
the stronger current along the main navigation channel and the 
maximum values observed close to the transition from the port 
area to the upper estuary, where a constriction in the layout 
occurs, enhanced by the presence of the bridge pillars. 

 Since the salinity field data collected was limited and restricted 
to a certain period of river flow and tidal regime, the 
hydrodynamic model was used to compute the tidal prism at the 
mouth of the estuary (Figure 1b) and then the results were 
compared to diverse river flows in order to ascertain the inherent 
ratio. The salt water input from the tide into the estuary was found 

to be varying between 3.7×106 m3 for a neap tide with a tidal range 
of about 1.07 m and 12.6×106 m3 for a spring tide with a tidal 
range of about 3.07 m. An average flood volume of 8.9×106 m3 
was found for a tidal range of about 2.20 m, i.e., an average tide. 

ANALYSIS AND DISCUSSION 
Fresh water flow from a river into an estuary varies from short-

term responses to local storms and demands on energy production 
from dams, to long-term seasonal wet and dry cycles. In some 
estuaries the volume of freshwater is sufficient to maintain a 
density difference over large distances before being completely 
mixed into seawater (Martin and McCutcheon, 1999). The main 
factors contributing to changes of the river flow being discharged 
into Lima estuary are the direct rainfall on the water surface, the 
runoff of rainfall over the surrounding drainage basins and the 
hydroelectric plants of Alto Lindoso and Touvedo, located on the 
River Lima, close to the Spanish border. This use of water for 
hydropower production, modifying the river normal flow regime, 
is extremely important since increased freshwater inflow can 
change the character of an estuary from well-mixed to partially 
mixed or stratified. Decreased inflow can have the opposite effect 
with a concomitant increased upstream intrusion of seawater 
(Martin and McCutcheon, 1999). 

The vertically mixed estuary in its pure form is rarely found in 
nature, although many can approach the vertically mixed state 
when the ratio fresh water input/tidal volume is low at spring tides 
or during periods of very low river flow. 

Since stratification is dependent on the river flow and tidal 
mixing capacity, the estuary classification will be changing 
according to the prevailing circumstances such as low river runoff, 
high turbinated dam flows, neap tides or spring tides conditions. 
In this case the estuary may be considered vertically well mixed or 
partially mixed, depending on the circumstances. These changes in 
the salinity vertical structure of the estuary can occur even at 
relatively short time scales as it quite clear from the collected 
salinity data.  

Given that the river flow is continuously shifting, thus affecting 
the ability to establish its contribution to the stratification, only the 
extreme values of river discharge and tide input to the estuary 
were considered for model computations. It is important to note 
that the obtained classifications are merely stages on a continuous 
sequence that will be dominated by the river flow which causes an 
inflow of buoyancy that tends to maintain stratification, and the 
tidal flow, which, because of the friction, causes mixing (Dyer, 
1997). 

Simmons (1955), cited by Dyer (1997), found that when the 
flow ratio (the ratio of river flow per tidal cycle to the tidal prism) 
is 1.0 or greater, the estuary is highly stratified. When the flow 
ratio is about 0.25 the estuary is partially mixed and when it is less 
than 0.1 it is well mixed. 

The model obtained values (Table 1) show, as it would be 
expected, a range of diverse classifications, dependent on the river 
discharge and tidal regime. Thus, considering the extreme 
situations, for a low river discharge (4 m3s-1) and a spring tide the 
estuary can be considered well mixed (0.007 flow ratio). For a 
high river discharge (100 m3s-1) and a neap tide the estuary can’t 

 
Figure 3. Graphical plot showing model results for tidal currents 
3 hours after HW on a spring tide and with 50 m3s-1 of river flow. 

Table 1:  Summary of river flow/tide input ratios. 
river flow 4 m3s-1 50 m3s-1 100 m3s-1 200 m3s-1 

neap 0.023 0.291 0.582 1.048 

average 0.010 0.122 0.243 0.438 

spring 0.007 0.086 0.171 0.308 
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still be classified as highly stratified although the values are above 
the partially mixed scenario (0.58 flow ratio). The average tide 
and the average river discharge (50 m3s-1) results in a flow ratio of 
0.12, which although within the partially mixed classification, is 
close to the well mixed range. For maximum river discharge of 
200 m3s-1 and neap tides conditions, the flow ratio falls within the 
highly stratified classification (1.05), although it must be 
considered that these river flows are anthropogenic in its origin, 
being only experienced with high turbinated dam flow. 

CONCLUSIONS 
An in-depth analysis to the flow regime of the Lima River was 

performed showing that the river discharge is highly variable, with 
flows ranging between 4 m3s-1 and about 200 m3s-1, depending on 
the station of the year and, more important, on the Touvedo and 
Alto Lindoso power generating dams. 

The estuary vertical structure was studied with field campaigns 
collecting data from vertical profiles at chosen spots of selected 
transects. Salinity and temperature data results for the 4 transects 
revealed that the estuary classification, from the salinity point of 
view, varies with the varying river flow and with the tidal spring-
neaps cycle, ranging between a well mixed water column to a 
slight stratified condition, with a partially mixed condition most of 
the time. 

The current magnitude was found primarily dependent on the 
tidal neap-spring cycle and on the locations within the estuary. At 
certain areas, current speed can be twice the speed of other area at 
the same time. Maximum recorded currents were attained at a 
spring ebbing tide with 1.04 ms-1. 

A depth integrated 2D hydrodynamic model SIMSYS2D was 
successfully implemented and qualitatively calibrated using sea 
surface elevations for three stations within the study area and a 
quantitative assessment was performed using RMAE, RMS and 
Skill methods. The model was also validated using a different set 
of sea surface elevation time series as well as with available 
current data for two stations and two different time periods. The 
model was considered able to satisfactorily simulate the 
hydrodynamic processes occurring within the Lima estuary. 

The horizontal structure of currents plots give an extremely 
valuable insight of the overall behaviour of the estuarine 
hydrodynamics, allowing for an easy recognition of critical zones. 

The river flow/tidal prism ratio was computed in order to assist 
in the estuary classification, from the salinity structure point of 
view. Calculations were made for neap, average and spring tides 
as well as for the previously mentioned river flows. The results 
indicate a salt water input into the estuary on a flooding tide 
ranging between 3.7×106 m3 for a neap tide and 12.6×106 m3 for a 
spring tide. The results were compared with the river input for the 
same period and show that the estuary entails a wide range of 
classification, being well mixed for spring tides and low river 
flows, partially mixed on most of the time and slightly stratified 
when high river discharge and neap tide occur. 
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