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ABSTRACT 

Oil spills can generate multiple effects in different time scales on the marine ecosystem. The numerical modeling of 
these processes is an important tool with low computational cost which provides a powerful appliance to environmental 
agencies regarding the risk management. In this way, the objective of this work is to evaluate the influence of a number 
of physical forcing acting over a hypothetical oil spill along the Southern Brazilian Shelf. The numerical simulation was 
carried out using the ECOS model (Easy Coupling Oil System), an oil spill model developed at the Universidade Fed-
eral do Rio Grande—FURG, coupled with the tridimensional hydrodynamic model TELEMAC3D (EDF, France). The 
hydrodynamic model provides the current velocity, salinity and temperature fields used by the oil spill model to evalu-
ate the behavior and the fate of the spilled oil. The results suggest that the local wind influence is the main forcing 
driven the fate of the spilled oil, and this forcing responds for more than 60% of the oil slick variability. The direction 
and intensity of the costal currents control between 20% and 40% of the oil variability, and the currents are important 
controlling the behavior and the tridimensional transportation of the oil. On the other hand, the turbulent diffusion is 
important for the horizontal drift of the oil. The weathering results indicate 40% of evaporation and 80% of emulsifica-
tion, and the combination of these processes leads an increasing of the oil density around, 53.4 kg/m³ after 5 days of 
simulation. 
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1. Introduction 

The outpouring of oil and derivatives on the marine eco-
system is an important subject to be considered by the 
modern society, since the oil is composed by toxic sub-
stances that exposed on the environment can create 
chronic effects [1]. In this way, the efficient recovering 
of the affected region can take dozens to hundreds years, 
or even be irreversible, affecting the society in different 
ways. According to [2], half of the world oil production 
is transported by the oceans, meaning 31.5 billion gallons. 
The oil entrance on the marine environment varies from 
1.7 to 8.8 million tons/year, where the marine transporta- 
tion is responsible for 23.5% of this total, while much 
concerns in regular ship operations, and a small part 
(about 10%) represent the accidental spills [3]. Accord- 
ing to [4], the routine operations in harbors, accidents in 
transport terminal networks and urban effluents have 
been the major oil sources for the ocean. 

The Southern Brazilian Shelf (Figures 1(a) and (b)) 
presents high susceptibility for eventual accidents re- 
garding the oil spill, since nowadays there is an intense  

oil transportation in this region due to the Rio Grande 
Harbor, the Transpetro Waterway Terminal (Petrobras) 
and the Riograndense Oil Refinery S/A. The major part 
of the transportation activities identified in this region 
occurs on the estuarine environment of the Patos Lagoon 
and near the adjacent coastal region. In 2003 year almost 
3000 ships were moved and in during 2008 year more 
than 60,000 tons of oil was transported in the Rio Grande 
Harbor (www.portoriogrande.com.br). 

The oil spill in estuaries is worrying because these are 
ecological and economically important environments. 
The estuaries retain a large amount of the spilled oil, in- 
creasing the contamination effects. Therefore, the estuar- 
ies are the environments that present the major sensibility 
degree according with the scales used in the oil sensitiv- 
ity maps. 

According to the Brazilian legislation, the numerical 
simulations of spilled oil must define the area of indirect 
influence of this activity, in which all the environment 
diagnostic is based. In this sense, the diagnostic defines 
and simulates scenarios allowing the development of    
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Figure 1. Study region. (a) The numerical domain; and (b) The zoom in the region of the oil spill; (c) The color bar indicates 
the bathymetric variability and the position of the oil spill is represented by the black cross. 
 
strategies for an oil spill accident in the ocean into the 
emergency plane of the companies. Therefore, the objec-
tive of this paper is to investigate the effects of different 
physical forcing controlling the behavior and the fate of 
an oil spill near the Patos Lagoon entrance. 

2. Hydrodynamic Model 

The numerical model TELEMAC3D (EDF—Laboratoire 
National d’ Hydraulique et Environnement of the Com-
pany Eletrecité de France) has been used for tridimen-
sional hydrodynamic simulations. This model solves the 
Navier-Stokes equations using finite element techniques 
for spatial discretization. It considers the free surface 
variation for incompressible fluids and considers the 
Boussinesq approximation in order to solve the momen-
tum equations [5]. A detailed discussion regarding the 
TELEMAC3D, the calibration and validation tests for 

hydrodynamics and morphodynamics along the Southern 
Brazilian Shelf can be found in [6-9]. 

3. The ECOS Model 

The ECOS (Easy Coupling Oil Model) has been devel-
oped through techniques of modular programming be-
tween object-oriented paradigm, which allows a better 
structuring and control of the libraries related to the sub-
programs and functions. This type of organization allows 
the compilation of each module apart, saving computa-
tional time, so that the reutilization of the functions is 
facilitated. The model uses a coupling interface, which 
contains all the necessary information to be shared by the 
oil and hydrodynamic model. The processes of what the 
oil is subject when arrives at the environment, such as 
spreading, turbulent diffusion, evaporation, dispersion 
and emulsification are implemented. 
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4. Mathematical Description of the Oil 
Transport and Weathering 

This section quickly describes the mathematical formula-
tions used by some actual oil models and those used by 
the ECOS model developed at FURG. This model treats 
the oil like discrete particles using Lagrangian approxi-
mation to evaluate the tracer (particles) proprieties during 
time. 

The tracer trajectory is evaluated considering the oil 
like a large number of particles which moves independ-
ently in water. The tracer velocities are interpolated from 
the current velocity in each node of the hydrodynamic 
numerical domain (Figure 1(b) and Figure 2). 

The final tracer position depends on four different 
factors: 1) Current velocity; 2) Wind velocity; 3) Spread- 
ing effect; and 4) Turbulent diffusion. In this work, the 
effects associated with the slick drift are described in the 
following sections. Figure 3 shows all the processes act-
ing in an oil spill at the marine environment. 

4.1. Advection 

In this work, all the effects which are independent from 
the physical-chemical effects are considered like advec-
tive forcing. In these classes are evaluated the drifting 
driven by the current and winds, and also the vertical 
transport due to the buoyancy associated with the differ-
ence of density between the oil and the water. The zonal 
(U), meridional (V) and vertical (W) components of the 
velocity are calculated by the Equations (1)-(3), respect- 

tively. Where cK and wK are the coefficients of influ-
ence of the currents and winds. 

   i c c w wU K U K U               (1) 

   i c c w wV K V K V                (2) 

 i c c iW K W w                   (3) 

The particle buoyancy law (Equation (4)) is based on a 
modified stokes law for the oil according to [11,12]. In 

 

 

Figure 2. Advective forces in a prismatic element. Triple 
arrows indicate the wind contribution and the single arrows 
indicate the current contribution. The trajectory of each 
particle is an algebraic interpolation of these components. 

 

 

Figure 3. Oil weathering processes in marine environments [10]. 
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this formulation iw  is the vertical particle velocity. 
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where: g is the gravity acceleration, ρo is the oil density 
at the initial time to, ρw is the average salt water density 
and νw is the water viscosity. 

Maximum and minimum droplets sizes are evaluated 
through [13] formulations (Equations (5) and (6)). Thus, 
the mean droplet size is an arithmetic mean of the maxi-
mum and minimum droplets size (Equation (7)). 
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This formulation uses wave energy (σ) and wave pe-
riod (ω), at this moment the model uses constants aver-
aged values for this parameters. 

4.2. Diffusion 

All the processes that depend on the oil physical-chemical 
characteristics are considered as diffusion processes. This 
class fits spreading and turbulent diffusion, and both pro- 
cesses are function of the tensions in the oil-water inter-
face. In this way, these processes are represented through 
“random-walk” techniques. 

4.2.1. Spreading 
The spreading is a horizontal expansion effect due to the 
different superficial tensions between the water and the 
oil. This represents a force balance between gravity ac-
celeration, inertia, viscous and superficial tensions. This 
process is very important during initial moments after 
spill. 

The algorithm used to evaluate the oil spreading de-
termines the random velocities Ud and Vd uniform distri-
bution in the range [−Ur + Ur] and [−Vr + Vr] (along x 
and y directions, respectively) proportional to the diffu-
sion coefficients, which are calculated assuming that the 
Lagrangian tracers spread according with the solution 
proposed by [14]. The relationship between the diffusion 
coefficients Dx and Dy and the interval of the flotation 
velocity [−Ur + Ur] and [−Vr + Vr] are adopted according 
to [14]. The diffusion coefficients Dx and Dy are calcu-
lated according to Equation (8): 
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The intervals of flotation [−Ur + Ur] and [−Vr + Vr] are 
calculated according to Equations (9) and (10). 
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The random velocities Usi and Vsi are, therefore, deter-
mined by the formulation proposed by [15] in Equations 
(11) and (12). 

 1 2cos 2πsi rU R R U
           

 (11) 

 1 2sin 2πsi rV R R V              (12) 

where R1 and R2 are random numbers generated from a 
normal distribution between 0 and 1. 

4.2.2. Turbulent Diffusion 
The horizontal turbulent diffusion is evaluated through a 
modified mixing length turbulence model for the oil spills. 
Maximum distance that a particle can go from actual (t) 
position is calculated in Equation (13), equivalent to a 
traditional mixing length model. Equations (14) and (15) 
estimate the particle velocities based in a “random walk” 
method. 

1 12 xS R D t                  (13) 

 2cos 2πdiU R                 (14) 

 2sin 2πdiV R                  (15) 

4.3. Particle Path 

Finally, after the definition of all forces acting in a particle, 
the positions can be integrated in time, by an Euler for-
ward method. Equations (16)-(18) evaluate each particle 
position during time.  

 t t t t t t
i i i si dix x t U U U                (16) 

 t t t t t t
i i i si diy y t V V V                 (17) 

 t t t t t
i i i iz z t W w                    (18) 

4.4. Evaporation 

Evaporation is considered one of the most important 
processes in an oil spill, once it controls the mass balance 
and can cause about 75% of lost mass according to [16]. 
Evaporation processes are linked to the wind velocity and 
the spill area. The evaporation rates are determined ac-
cording to [17] by Equation (19). 
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4.5. Emulsification 

The creation of a mousse, mainly characteristic of this 
process, occurs due to the incorporation of water in oil 
slick through the polar components of the oil. Equation 
(20) represents the water incorporation in oil according to 
[18]. 

 2
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wv wv

w
wv

F F
K W

t F

 
   

 
        (20) 

4.6. Oil Density 

This process is very important in the oil spill modeling, 
once the buoyancy of the oil particles is determined. It 
causes the sinking of the oil if the water density is lower 
than the oil density. In a quickly view, during the evapo-
ration process occurs mass lost, while during the emulsi-
fication process occurs mass gain of the oil slick. Therefore, 
the balance of these processes defines the final oil density. 
Equation (21) evaluates the oil density according to [19]. 
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       (21) 

5. Coupling between the Models 

The ECOS model has been directly coupled to the 
TELEMAC3D source code (see [20]). In TELEMAC3D, 
the hydrodynamics and the winds are used by the La-
grangian module for the oil model to evaluate the tracer 
positions at each time step. The salinity, temperature, and 
the density of the water, from TELEMAC3D, are trans-
ferred by the weathering module, which evaluates the oil 
evaporation, emulsification and density. Figure 4 shows 
the coupling between these models. 

Boundary Conditions 

Time series of oceanographic data are used as boundary 
conditions. The boundary conditions currently imple-
mented include time series of river discharge, water levels, 
salinity, temperature, current and wind velocity. The river 
discharge was obtained by ANA (Agência Nacional de 
Águas) website. Salinity, temperature, current velocity 
and water levels were obtained by the global predict 
model OCCAM (Ocean Circulation and Climate Ad-
vanced Model). Wind and air temperature data were pro-
vided for the NOAA page (National Oceanic & Atmos-
pheric Administration). 

6. Initial Conditions and Oil Properties 

Nowadays, the oil model considers an accidental punctual 
spill (see Figure 1(b)), with a circular form which can be 
estimated by [21] formulations. Once the initial gravita-
tional-inertial phase is extremely quick, the spilled initial  

 

Figure 4. Information flux between the TELEMAC3D and 
the ECOS model. 
 

1

6
5

4
2

0 2
2

π

w o

o

gV
k

A
k

 



  
  
    

  
 

           (22) 

In this work, the initial conditions of the oil model are: 
 

Amount of spilled oil 2000 m³ 

Salty water density 1025 kg/m³ 

Fresh water density 1000 kg/m³ 

Oil initial density 980 kg/m³ 

Kinematic water viscosity 0.893 106 m²·s 

Tracer volume 0.05 m³ 

Δt 90 s 

Kw 0.3 

Kc 1 

 
area is defined at the end of this phase with the beginning 
of the gravitational-viscous phase in Equation (22). 

7. Results and Discussion 

In order to accomplish the objectives, two simulations 
were carried out. The first simulation (simulation 1) in-
cludes all the physical forcing the oil slick dynamics. On 
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the other hand, the second simulation (simulation 2) was 
carried out without consideration of the local wind in-
fluence acting over the oil slick. The results regarding 
only the hydrodynamic processes are not analyzed in this 
work, because an extensive description of hydrodynamic 
processes along the Southern Brazilian Shelf can be found 
in: [20,22] and [6-9]. 

7.1. Simulation 1 

Results for the temporal evolution of the tracers are pre- 
sented in Figure 5 (Salinity is represented by the grayish 
scale). After the spill occurs a quickly initial horizontal 
expansion due to the spreading effect and the horizontal 
turbulence. The local wind over the oil slick controls the 
behavior and the final fate of those tracers but past 30 
hours of simulation the oil slick reaches the coastline. 

Through the analysis of the wind direction in Figure 6, 

it becomes clear that south quadrant winds are dominant 
in the first 20 hours of simulation followed afterwards by 
north quadrant winds in the last hours. The south quad-
rant winds are downwelling favorable along the Southern 
Brazilian Shelf and this effect is observed on the oil slick 
behavior during the spreading towards the coastline. The 
behavior observed by the oil slick is very similar to the 
Patos Lagoon coastal plume studied by [6-9]. 

7.2. Simulation 2 

Results without the local wind influence acting over the 
oil slick are presented in Figure 7. The initial steps of the 
simulation are quite similar to the simulation considering 
all forcing together, with dominance of the diffusive 
processes. However the oil slick never reaches the coast- 
line during 5 days of simulation, because the influence of 
the local wind effect is not considered. 

 

  
(a)                                                         (b) 

  
(c)                                                         (d) 

Figure 5. Evolution of the oil trajectory following intervals of 10 hours. Initial instant (a), after 10 hours (b), after 20 hours (c) 
and after 30 hours (d) of simulation. 
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(a) 

 
(b) 

Figure 6. Time series of the intensity and direction of winds during the whole period. The first 30 hours after the oil spill (a) 
and 120 hours during the oil spill simulation (b). 
 

The oil slick behavior and its further destination are 
strongly influenced by the coastal wind driven circulation 
pattern with the alongshore drifting to the south region 
due to northeastern winds. This behavior is consistent 
with results obtained by [6-9] among others, for the 
coastal circulation near the Patos Lagoon entrance. 

7.3. Analysis of the Physical Forcing 

In order to quantify the contribution of the local wind 
effect as determinant factor controlling the oil slick be- 
havior, a time series analysis is presented. Figure 8 shows 
the non dimensional contribution of all the physical 
forcing acting on the oil slick during the period of simu- 
lation (120 hours). The non dimensional contribution is 
obtained through the ratio between each component (wind, 
currents, turbulence and spreading) and all the contribu- 
tions controlling the oil slick behavior. The results suggest 
that the wind effects appear as the most important con- 
tribution, responding for more than 60% of variability 
during almost all the time, except in the first hours when 
the currents dominate the spreading of the spilled oil. 

The second major contribution, controlling from 20% 
to 40% of variability, is provided by the coastal currents 
which drives the oil initially on the direction of the su- 
perficial currents, except by the particles that suffer 
process of sinking according with the following tridi- 
mensional circulation pattern developed. The turbulent 
forces act in a secondary way responding for less than 

20% of variability generating a horizontal disintegration 
of the oil slick during all the period of simulation. The 
spreading component decreases very fast, being active on 
the first hours of simulation. However, this component 
dominates the initial disintegration of the slick. 

During the first 2 hours of simulation, the currents 
dominate the spreading of the oil spill because of the time 
response associated with the local wind influence acting 
over the oil slick. In addition, during periods of changing 
in wind direction (about 10 hours of simulation), the 
costal currents turn to dominate the behavior of the oil 
slick. 

The direct correlation between the displacement of the 
oil slick and the local wind influence is observed and the 
most important cycles occur from 12 to 16 hours, fol- 
lowing the short time variability of the winds over the 
study region. The spectral content and the correlation 
between these time series (Figure 9(a)) were investi- 
gated using cross-wavelet analysis. This method locates 
power variations within the discrete time series over a 
range of scales and provides the local power spectrum. 

The analysis of the local power spectrum (Figure 9(b)) 
corroborated that the physical processes between 12 and 
16 hours were the main mechanisms controlling the oil 
slick behaviour along the inner continental shelf. Ac- 
cording with the wavelet analysis, the events control- 
ling the fate of the oil slick present a well-defined pattern 
associated to the sea breeze occurring throughout the 
whole period.    
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(a)                                                         (b) 

   
(c)                                                         (d) 

Figure 7. Evolution of the oil trajectory following intervals of 10 hours. Initial instant (a), after 10 hours (b), after 20 hours (c) 
and after 30 hours (d) of simulation. 
 

 

Figure 8. Non-dimensional contribution of the physical forcing during the simulated period. 
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(a) 

 
(b) 

Figure 9. Time series of the physical contributions and wind intensity: (a) The local power spectrum through the 
cross-wavelet analysis using the Morlet wavelet; (b) Thick contour lines enclose regions of greater than 95% confidence for a 
red-noise process with a lag-1 coefficient of 0.2. Cross-hatched regions indicate the cone of influence where edge effects be-
come important. 
 
7.4. Weathering Properties 

On the analysis of the tracer trajectory there is not 
enough information to explain the oil spill behavior. 
Therefore, it is necessary to consider the analysis of the 
scalar properties, such as evaporation and emulsification 
that act directly on the oil density. 

Figure 10 shows the temporal evolution of the scalar 
properties calculated by the oil model. It is possible to 
observe that a great amount of the oil evaporates (around 
40%) and emulsifies (around 70%) during the first 48 
hours of simulation. The combination of the emulsifica- 
tion and evaporation effects cause some increase in the 
oil density. 

The behavior of the emulsification is corroborated by 
the experiments proposed by [23] that analyzing emul- 
sions series showed that the curve follows an exponential 
pattern with a quick incorporation of water during the 
first 24 hours. The evaporation behavior is consistent 
with the results observed in [11] and by the model 
ADIOS2 [24]. 

The increase of the oil density makes it reach a density 
very close to the salt water, which causes a balance of 
phases enhancing the importance of the effects controlled 
by the tridimensional circulation causing processes such 
as vertical dissolution and sedimentation of the spilled 
oil. 

8. Final Considerations 

The principal conclusions obtained in this study are: 
 Wind acting over the oil slick is the most important 

forcing controlling its behavior and further destina- 
tion. This forcing mechanism responds for more than 
60% of the oil variability during almost all the time. 

 The winds from the Southern (Northern) quadrant 
induce the movement of the oil slick directly to the 
coast (offshore). 

 Intensity and direction of the coastal currents control 
between 20% and 40% of the oil variability during 
the simulated period. This forcing is important for the 
vertical distribution of the oil along the water column. 
The diffusive forcing represents less than 20% of the 
variability and it has secondary effect acting mainly 
on the horizontal dispersion of the oil slick. 

 During 120 hours of simulation about 40% of the oil 
evaporates and 80% of the oil emulsifies. The com- 
bination of these effects generates an increase of 53.4 
kg/m3 on the density, showing the magnitude of the 
mixture and the aging processes. 

 Simulation without the consideration of the winds on 
the oil slick is slacking realistic because the oil slick 
does not reach the coast any moment even by the in- 
fluence of favorable winds. Besides, after 48 hours of 
simulation, the aging processes are dominant and, in 
some way, it commits the results obtained by the 
spreading of the oil slick after this period. 
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(a) 

 
(b) 

Figure 10. Time series for the scalar properties of the oil. Emulsification and evaporation (a) and density (b) time series. 
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