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ABSTRACT   

 

Vale, L. M. and Dias, J. M., 2011. Coupling of a Lagrangian particle tracking module to a numerical 
hydrodynamic model: Simulation of pollution events inside an estuarine port area, SI 64 (Proceedings of the 11th 
International Coastal Symposium), 1609 – 1613. Szczecin, Poland, ISSN 0749-0208 
 
The purpose of this work is to simulate the emission of pollutants in areas of the port located in the Lima estuary 
(Portugal), identifying areas of higher risk for pollution occurrences. A vertically integrated bi-dimensional 
hydrodynamic numerical model (SIMSYS2D) was implemented. The model was calibrated qualitatively by 
directly comparing simulated and observed sea surface elevation for several stations and time series. A 
quantitative assessment was completed, using RMAE, RMS and Skill methods for the longer time series and 
RMS and Skill for the shorter ones. A RMAE of 0.012 m and a RMS varying between 0.053 m and 0.147 m 
were obtained. The RMS value of 0.147 m corresponds to about 4% of the maximum tidal range for the 
considered time series and 6% of the mean local tidal range. The calculated values of Skill were within 0.992 and 
0.998 range.  The model was validated using an independent set of sea surface elevation data and u and v current 
components with similar results. The model was coupled to a particle tracking Lagrangian module for the 
analysis of dispersion of water masses (represented as passive particles) from continuous emission spots 
localized at critical locations to simulate pollution events. The obtained results show the influence of tidal 
currents on the path followed and that a pollution incidence would have a more severe consequence if happening 
at the oil terminal. 
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INTRODUCTION 

The main objective of this work is to present the procedures 
followed on the coupling of a Lagrangian particle tracking module 
to a two-dimensional hydrodynamic numerical model, namely the 
calibration and validation, for the simulation of pollution events 
occurring at the Lima estuary (Portugal). 

Lagrangian modelling constitutes an appropriate tool for the 
study of dispersion processes in coastal waters, estuaries and 
lagoons. It allows the analysis of dispersion of water masses, 
represented as passive particles, and estimation of residence times 
at a low computational cost compared to Eulerian models (Dias, 
2001). The main advantage of a fully Lagrangian formulation over 
Eulerian transport models is its higher accuracy in describing 
localized emission spots thus becoming well suited to problems in 
which high concentration gradients are involved, given that 
numerical diffusion is not introduced. 

Lagragian models are therefore very useful predictive tools for 
the assessment of contaminated areas after accidental releases of 
pollution, for studying the transport of estuarine dependent 
planktonic species, for the calculation of residence times and 
overall study of transport properties. 

This has led to a wide employment of these models on the study 
of passive particles transport in coastal areas, with different 
purposes such as analysing pollution dispersion in A Coruña and 

Vigo Rias (Gomez-Gesteira et al., 1999), to study the transport 
and fate of contaminant plumes and ocean-estuary exchange 
processes in a well-mixed Gulf of Maine estuary (Proehl et al., 
2004) or to simulate sediment transport in the Mersey Estuary 
(UK) (Lane, 2005).   

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 and coupled to a particle tracking Lagrangian module 
developed by Dias (2001).  

This Lagragian module has been previously successfully 
applied to research several processes in Ria de Aveiro lagoon, as 
the transport of particles (Dias et al., 2001), the tidal transport and 
dispersal of marine toxic microalgae (Cerejo and Dias, 2006) and 
the residence time for suspended particulate matter. It was also 
applied to perform a numerical modelling study of fish eggs 
dispersion at the Patos lagoon estuary (Martins et al., 2007). 

For the present work, before the use of the Lagrangian particle 
tracking module, several tasks were accomplished, with special 
emphasis on the hydrodynamic model implementation, calibration 
and validation for the Lima estuary. The model was then applied 
in order to simulate pollution events inside the Viana do Castelo 
port, located at the estuarine area, under several tidal and river 
runoff conditions. 
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STUDY AREA 
The port of Viana do Castelo is located in the Lima estuary on 

the Northwest coast of Portugal (41º40.5’N 008º50.3’W) (Figure 
1a). It is a small port under international standards, although 
representing one of the most important infra-structures at a 
regional level. The main harbour facilities are located on the left 
margin, including the commercial harbour. The harbour marina 
and the shipyard are located in the right margin of the estuary.  

 The part of the estuary under study has a highest depth of 8.0 
meters inside the breakwaters and an average depth of about 5.0 
meters. Lima is a mesotidal estuary and the tides, which are 
semidiurnal, are the main forcing action driving its 
hydrodynamics. The tidal range varies from 1.1m on neap tides to 
3.7 m on spring tides, with about 2.5 m for the medium average 
tide (Vale, 2008). The river inflow can vary between 4 m3s-1 and 
more than 200 m3s-1, with average values of 50 m3s-1, depending 
on the season and, more important, on the Touvedo and Alto 
Lindoso power generating dams (Vale, 2008). This freshwater 
input to the estuary affects its vertical structure and, although 
considered a partially mixed estuary, the river flow/tidal prism 
ratio is highly variable, mainly due to fortnightly tidal modulation. 

METHODS 

Numerical Bathymetry 
In order to implement the Lagrangian transport model to Lima 

estuary the first step was the development of a hydrodynamic 
model to force the passive particles advection. In this process the 
first task was to build a rectangular computational grid 
representing the Lima estuary morphology. Hydrographic surveys 
data from 2002 and 2003 with an excellent resolution were 
available inside the estuary. To build the initial model grid for this 
area a Fortran code (Dias, 2001) was used which defines the 
required water depth at all the grid points (previously defined to 
be spaced 40 m by 40 m), based on an algorithm which principle 
is to guarantee conservation of water volume at each cell, thus 
assuring the same value in the numerical and real bathymetry. The 
determination of the water volume at each cell was accomplished 
using a Monte Carlo cubature method (Dias, 2001). For the outer 
estuary area data was collected from nautical charts with a lower 

resolution. It was then necessary to use an interpolation method to 
produce the required grid. The Kriging method (Cressie, 1990) 
was chosen due to its inherent reliability for producing bathymetry 
from irregularly spaced data. In this work, Kriging was used to 
deliver an interpolated 40 m by 40 m grid by estimating the values 
of the points at the grid nodes. The final model grid resulted in 
160 cells in the x-direction (eastward) and 100 cells in the y-
direction (northward), corresponding to 6400 m and 4000 m 
respectively (Figure 1b). 

Hydrodynamic Model 
Considering that Lima is a partially mixed estuary and that 

tidal/long wave processes drive its hydrodynamics a 2DH model 
(SIMSYS2D) (Leendertse and Gritton, 1971; Leendertse, 1987; 
Dias, 2001) was adopted and coupled with the Lagrangian 
module. 

The SIMSYS2D model solves the second order partial 
differential equations for the depth-average fluid flow derived 
from the full three-dimensional Navier-Stokes equations. This 
results in a system consisting of an 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 and τb is 
the magnitude of the shear stress on the bottom.  

The bottom stress is assumed proportional to the square of the 

                     
Figure 1. a) Study area location; b). Model bathymetry showing stations used for calibration and validation, namely currentmeters and 
tide gauge locations. 
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where 1
00 ),( +n

i yxX  represents the new location of a particle that 

is advected from its previous position n
i yxX ),( 00  by the velocity 

),( iii vuu =  in a time interval t∆ , and jiK  represents the Runge-

Kutta coefficients. 
The implicit assumption in the coupling of the Lagrangian 

module is that particles distribution is dictated primarily by 
passive advection within the 2D flow field (Dias et al., 2003), 
although in reality particles may move in response to additional 
processes such as diffusion, dissolution or aggregation and 
deposition. 

In order to simulate the continuous emission of pollutants in 
certain areas of Viana do Castelo port, four stations (W, X, Y and 
Z) were defined considering the probability of a pollution event 
(Figures 3a and 3b). Station X is located inside the harbour 
marina, where a gasoline pump supplies the recreational craft. 
Station W is the oil terminal of the commercial harbour, where 
tankers regularly discharge. Station Y is located at the shipyard 
basin, at the berth where repairs and tests to ships are performed. 
Station Z is adjacent to the West breakwater, where the probability 
of a ship running aground with subsequent leakage is higher than 
the rest of the domain. 

The chosen conditions were an average tide and a steady river 

flow of 50 m3s-1, with the emissions starting at HW and LW and a 
one day spin up period allowed on the hydrodynamic model. 

 RESULTS AND DISCUSSION 

Model Calibration and Validation 
Before being considered adequate for the intended purpose, the 

hydrodynamic model must be calibrated and validated. Ideally, 
models should be created based on a profound knowledge of all 
the field data of the system to be reproduced, allowing for an 
accurate parameterization of all the values during model 
implementation. This is hardly ever achieved due to lack of proper 
number of field observations, shortness of available time series or 
large number of parameters to be considered. The approximations 
and parameterizations used for the synthesis of the model will 
inevitably lead to discrepancies and deviations of the model 
results from nature (Sousa and Dias, 2007). This is why model 
calibration and validation becomes essential, by assuring a certain 
degree of fit between model results and field observations.  

According to the results obtained from the calibration process, 
the model reproduction may be considered very good, for the 
referred stations, with a RMAE of 0.012 m for station B and a 
RMS varying between 0.053 m and 0.147 m. The former value is 
qualified as “excellent” within the ranges proposed by Walstra 
(<0.2), while the latter can be considered a reasonable/good value, 
intrinsic to the uncertainties of the tidal gauge records. In fact the 
RMS value of 0.147 m corresponds to about 4% of the maximum 
tidal range for the considered time series and 6% of the mean local 
tidal range. The calculated values of Skill ranging between 0.992 
and 0.998 are deemed to be very good since a perfect agreement 
would entail a Skill of 1.  

The obtained validation values for station B corroborate the 
good results, with RMAE value of 0.008, which falls into the 
excellent qualification, according to Walstra parameters, the RMS 
value of 0.056 which corresponds to 1.75 % of the maximum tidal 
range for the considered period and a Skill value of 0.998, when 
1.0 corresponds to the perfect match. 

For stations K and D the obtained RMS values ranged from 
0.051 to 0.231 for the u component and between 0.087 and 0.198 
for the v component. These results when compared to the 
maximum amplitude of the current can be regarded as satisfactory, 
considering that the comparison is between depth integrated 

         
Figure 3. a) Continuous emission of particles after 3h of release at HW; b).  Continuous emission of particles after 3h of release at LW. 
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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): 

1/6H
C

n
=                                                              (6) 

The system of Eqs. (1)–(3) was discretized using a finite 
difference method over a rectilinear grid using a space-staggered 
scheme. The resulting equations are solved by the ADI method 
(Alternating Direction Implicit). 

Values of 1026 kg/m3 and 9.81 m/s2 were established for the 
water density and gravitational acceleration respectively, while 20 
s was the computational time step chosen and 20 m2s-1 for the 
horizontal viscosity coefficient. On the first test runs it was found 
that horizontal viscosity had a minor influence on the model 
behavior. 

Model Calibration 
Although there are no standard procedures for model 

calibration, typically, the calibration is accomplished by 
qualitative comparison of short time series of water level or 
velocity produced by the numerical model with field data for the 
same location and period of time (Cheng et al., 1991). 

A qualitative calibration was performed by adjusting the model 
and directly comparing simulated and observed sea surface 
elevation for stations B, H and I (Figure 1b). For station B, a 31 
days sea surface elevation time series was considered (March 
2005) and for stations H and I a complete tidal cycle was analyzed 
(26th and 27th June 2007). 

In order to achieve the best possible fit between model results 
and observed sea level records, the Manning’s coefficient n was 
varied as a function of water depth, as a supplement to the 
Manning-Chézy formulation. 

The model was forced with a one month sea surface elevation 
time series with values for each minute for the 30 days of June 
2007 as the ocean boundary condition and a steady river flow of 
50 m3s-1 at the East open boundary. Several simulations were 
performed adjusting the values of the bottom friction coefficients 
for a best fit between model results and observed values. Since the 
time period was different for stations H/I and B, it was necessary 
to run the model in parallel for both conditions until the best 
results were achieved for all three stations, resulting in the 
Manning’s n values ranging between 0.015 and 0.020.  

The quantitative agreement between model and observations 
was evaluated through the determination of Relative Mean 
Absolute Error (RMAE), Root Mean Square (RMS) and predictive 
Skill, although for stations H and I the use of RMAE was not 
considered adequate because of the averaging process of the STD 
readings obtained from the samplings (Table 1).  

 

Model Validation 
One of the principles to be met in the validation procedure is 

that the data must be independent from the set used for calibration. 
During this work a different set of sea surface elevation time 
series was made available, and although pertaining to one of the 
stations used for calibration (station B), a different period was 
considered for validation. The other field data available for 
validation relates to the February 2004 campaign by the IH 
(Instituto Hidrográfico), when two currentmeters were deployed in 
neap tides (15th and 16th) and spring tides conditions (19th and 
20th), mooring the devices at the port entrance (station K) and 
marina entrance (station D) for about 26 hours (Figure 1b). For the 
validation procedure, u (West-East) and v (South-North) current 
components were also used, both from the currentmeter and the 
model output (Figure 2). 

In addition to the visualization of the plots and in order to have 
an overall understanding of the scale of the differences between 
modelled depth integrated currents and observed spot measured 
currents, a complete RMS evaluation was performed for both 
stations, for neap and spring tides conditions (Table 2).  

Lagrangian Module 
Once the hydrodynamic model is fully operational it can 

provide the basis for the coupling with other models such as water 
quality and transport of particles. 

The Lagrangian particle tracking model used throughout all 
simulations was developed by Dias (2001) and was coupled to the 
previously calibrated and validated hydrodynamic model for the 
study of the dispersion of particles released at specific stations, 
chosen by its relevance. The two-dimensional trajectories of the 
simulated particles are computed solving the following equation at 
each time step: 
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Figure 2.  Observed and modelled u current component for 
station D during neap tides 

Table 2. Validation quantitative results (stations K and D) 

station tide RMS 
% 

amplitude 
comp u 0.056 26.7 K neaps 
comp v 0.106 15.4 
comp u 0.051 13.3 

K spring 
comp v 0.198 15.2 
comp u 0.062 6.8 

D neaps 
comp v 0.087 12.7 
comp u 0.231 15.7 

D spring 
comp v 0.146 16.4 

Table 1. Calibration quantitative results 
Station RMAE (m) RMS (m) SKILL 

B 0.012 0.147 0.992 
H - 0.055 0.997 
I - 0.053 0.998 
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i yxX  represents the new location of a particle that 

is advected from its previous position n
i yxX ),( 00  by the velocity 

),( iii vuu =  in a time interval t∆ , and jiK  represents the Runge-

Kutta coefficients. 
The implicit assumption in the coupling of the Lagrangian 

module is that particles distribution is dictated primarily by 
passive advection within the 2D flow field (Dias et al., 2003), 
although in reality particles may move in response to additional 
processes such as diffusion, dissolution or aggregation and 
deposition. 

In order to simulate the continuous emission of pollutants in 
certain areas of Viana do Castelo port, four stations (W, X, Y and 
Z) were defined considering the probability of a pollution event 
(Figures 3a and 3b). Station X is located inside the harbour 
marina, where a gasoline pump supplies the recreational craft. 
Station W is the oil terminal of the commercial harbour, where 
tankers regularly discharge. Station Y is located at the shipyard 
basin, at the berth where repairs and tests to ships are performed. 
Station Z is adjacent to the West breakwater, where the probability 
of a ship running aground with subsequent leakage is higher than 
the rest of the domain. 

The chosen conditions were an average tide and a steady river 

flow of 50 m3s-1, with the emissions starting at HW and LW and a 
one day spin up period allowed on the hydrodynamic model. 

 RESULTS AND DISCUSSION 

Model Calibration and Validation 
Before being considered adequate for the intended purpose, the 

hydrodynamic model must be calibrated and validated. Ideally, 
models should be created based on a profound knowledge of all 
the field data of the system to be reproduced, allowing for an 
accurate parameterization of all the values during model 
implementation. This is hardly ever achieved due to lack of proper 
number of field observations, shortness of available time series or 
large number of parameters to be considered. The approximations 
and parameterizations used for the synthesis of the model will 
inevitably lead to discrepancies and deviations of the model 
results from nature (Sousa and Dias, 2007). This is why model 
calibration and validation becomes essential, by assuring a certain 
degree of fit between model results and field observations.  

According to the results obtained from the calibration process, 
the model reproduction may be considered very good, for the 
referred stations, with a RMAE of 0.012 m for station B and a 
RMS varying between 0.053 m and 0.147 m. The former value is 
qualified as “excellent” within the ranges proposed by Walstra 
(<0.2), while the latter can be considered a reasonable/good value, 
intrinsic to the uncertainties of the tidal gauge records. In fact the 
RMS value of 0.147 m corresponds to about 4% of the maximum 
tidal range for the considered time series and 6% of the mean local 
tidal range. The calculated values of Skill ranging between 0.992 
and 0.998 are deemed to be very good since a perfect agreement 
would entail a Skill of 1.  

The obtained validation values for station B corroborate the 
good results, with RMAE value of 0.008, which falls into the 
excellent qualification, according to Walstra parameters, the RMS 
value of 0.056 which corresponds to 1.75 % of the maximum tidal 
range for the considered period and a Skill value of 0.998, when 
1.0 corresponds to the perfect match. 

For stations K and D the obtained RMS values ranged from 
0.051 to 0.231 for the u component and between 0.087 and 0.198 
for the v component. These results when compared to the 
maximum amplitude of the current can be regarded as satisfactory, 
considering that the comparison is between depth integrated 

         
Figure 3. a) Continuous emission of particles after 3h of release at HW; b).  Continuous emission of particles after 3h of release at LW. 
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current over an area with the size of the numerical cell and spot 
measured current at a single point. In fact, removing the extreme 
values of 26.7% and 6.8% of the current amplitude, all other 
results are within the 12.7% / 16.4% range. 

Lagrangian Transport of Particles 
After the calibration and validation procedures the model 

reproduction of the system was considered satisfactory and 
adequate to simulate the hydrodynamic processes occurring within 
Viana do Castelo port area, and therefore able to force the 
Lagrangian transport module.  

The graphical plots (Figure 3a) represent the results of the 
Lagragian simulations, showing the areas affected by the 
continuous emission of particles in the critical areas previously 
defined. From its analysis is quite clear the influence of the tidal 
currents on the path followed. Since station W is positioned closer 
to the channel axis, the emitted particles are flushed downstream 
up to the port entrance. A few hours after the emission started 
there are particles from station W close to station Z. The particles 
emitted by station Y remained inside the basin as the currents here 
are very weak. At station Z the particles are sent outside the port 
and remain against the breakwater. The emission of particles from 
the station X will affect the entire marina as well as the North 
margin of the channel, downstream of the marina. 

The model was then re-run with all the parameters remaining 
the same, except for the time of the start of the emissions which 
was changed to the time of LW, the beginning of the flood tide. 

The graphical comparison of the affected areas for the scenario 
when the emission starts at LW (Figure 3b) shows again the 
preponderance of the emissions occurring on station W whose 
particles sweeps all the commercial harbour area up to the 
beginning of the upper reaches of the estuary. A common feature 
to the scenario where the emission starts at HW is that the South 
margin is not affected in spite of the emission starting there. 
Station X keeps the emission in the marina area until 2 hours after 
the release and then the particles spread through the North margin. 
The particles emitted by the station located at the shipyard berth 
(station Y) are kept within the yard basin and the station located at 
the port entrance is heavily affected by the tidal stream, with the 
particles being pushed North, inside the port, while the tide is 
flooding, until they reach the breakwater. 

 
CONCLUSIONS 

The SIMSYS2D depth integrated 2D hydrodynamic model 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. After the good results of 
the validation procedures the model was considered able to 
accurately simulate the hydrodynamic processes occurring within 
the Lima estuary. 

A Lagrangian particle tracking model was also successfully 
coupled to the hydrodynamic model, allowing the tracking of the 
path of individual particles released at certain stations within the 
domain as well the simulation of continuous spot emissions and 
related affected areas. The obtained results show the influence of 
tidal currents on the path followed and that a pollution incidence 
would have a more severe consequence if happening at the oil 
terminal. 

It was found that once the hydrodynamic model is fully 
operational it is worth exploring all its potentialities. Care should 
be taken on the analysis of the coherence of the results and for this 
an in-depth knowledge of the study are by the modeller is 
extremely valuable.  
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