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a b s t r a c t

Three rapid-response Lagrangian particle-tracking dispersion models have been developed for southern
Spain coastal waters. The three domains cover the Gulf of Cádiz (Atlantic Ocean), the Alborán Sea (Med-
iterranean), and the Strait of Gibraltar with higher spatial resolution. The models are based on different
hydrodynamic submodels, which are run in advance. Tides are calculated using a 2D barotropic model in
the three cases. Models used to obtain the residual circulation depend on the physical oceanography of
each region. Thus, two-layer models are applied to Gibraltar Strait and Alborán Sea and a 3D baroclinic
model is used in the Gulf of Cádiz. Results from these models have been compared with observations
to validate them and are then used by the particle-tracking models to calculate dispersion. Chemical,
radioactive and oil spills may be simulated, incorporating specific processes for each kind of pollutant.
Several application examples are provided.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Recently, there has been an increasing interest in the develop-
ment of pollutant dispersion models for the marine environment
to be used for decision making purposes after contaminant spills.
In particular, particle-tracking methods are well suited for prob-
lems in which high contamination gradients are involved, since
they minimize the effects of numerical diffusion. Also, they can
be used to rapidly assess contaminant dispersion if the hydrody-
namics are simulated previously off-line. Particle-tracking models
have been used to simulate the dispersion of passive tracers
(Harms et al., 2000; Gomez-Gesteira et al., 1999), radionuclides
(Schonfeld, 1995; Periáñez and Elliott, 2002; Kobayashi et al.,
2007), chemicals (Havens et al., 2009) and oil spills (Proctor
et al., 1994; Korotenko et al., 2004) in several coastal water
environments.

The Prestige tanker oil spill, occurred in November 2002 off the
northwest Spanish coast, highlighted the limitations of the Spanish
operational oceanography capability to respond to an emergency
situation of this nature. Consequently, some efforts have been
undertaken since then. Carracedo et al. (2006) have developed an
operational oceanography system for the northwest of Spain,
which was applied to hindcast oil trajectories after the Prestige
spill. Similar systems have also been developed for the northern
Spanish coast (Cantabric Sea) by Sotillo et al. (2008) and for the
All rights reserved.
east coast (Mediterranean Sea) by Jordi et al. (2006). All these mod-
els are based upon particle-tracking methods.

The Strait of Gibraltar (GS) connects the Gulf of Cádiz (GoC), in
the Atlantic Ocean, with the Alborán Sea (AS), in the western
Mediterranean. This is an intense traffic zone for oil tankers, allow-
ing to access to Southern Europe, North Africa, the Middle East and
the Black Sea. Indeed, there is a traffic over 70,000 merchant ves-
sels per year, 30% of them declaring hazardous cargos between
the Atlantic and the Mediterranean. Traffic of oil tankers is about
5000 vessels per year (Nav42, 1998). Transit of nuclear submarines
and of vessels transporting radioactive waste must also be
considered.

The objective of this paper consists of describing a set of models
which predict oil and chemical spill trajectories in southern Spain
coastal waters. These models are essential to adequately manage
response after an emergency situation in coastal waters. Only some
initial developments have been carried out until now for these
waters. Thus, Periáñez (2007) and Periáñez and Pascual-Granged
(2008) have described particle-tracking models for the AS and
GS, respectively, but they could only be applied in the case of a pol-
lutant spill occurring at the sea surface. Now, fully 3D dispersion
models, which may simulate a pollutant release occurring at any
depth, have been developed for three spatial domains: GoC, AS
and a higher resolution model of GS. These spatial domains are
shown in Fig. 1. The models are based upon hydrodynamic models
which run off-line and provide tidal and residual circulations in
each domain. These are stored in files which will be read by the
dispersion code to obtain water current at any time and position.

http://dx.doi.org/10.1016/j.marpolbul.2010.05.016
mailto:rperianez@us.es
http://dx.doi.org/10.1016/j.marpolbul.2010.05.016
http://www.sciencedirect.com/science/journal/0025326X
http://www.elsevier.com/locate/marpolbul
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Fig. 1. (a) Model domains for the GoC, AS and GS (rectangular boxes). (b) Detailed
view of the GS domain. Locations mentioned in the paper are also indicated.
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Dispersion is solved using a particle-tracking method. Thus, the
spill is simulated by a number of particles, each of them equivalent
to a number of units (for instance kg moles or Bq), whose paths are
followed in time. Specific processes for each contaminant are in-
cluded in the model using stochastic techniques (radioactive de-
cay, oil evaporation and biodegradation). A Monte Carlo random-
walk method is used to calculate turbulent diffusion. Contaminant
concentrations may be obtained at the desired time from the den-
sity of particles per water volume unit.

The hydrodynamic models are described in the following sec-
tion. Next, the particle-tracking dispersion model is presented. Fi-
nally, hydrodynamic model results and some application examples
of the dispersion models are discussed.
2. Hydrodynamic models

The water current at any position is obtained through the addi-
tion of the instantaneous barotropic tidal current plus a residual
(mean or long-term) circulation. In the three domains, tides are
computed using a 2D-depth-averaged model, which is a reasonable
approach (Dyke, 2001; Yanagi, 1999) already used successfully in
the Strait of Gibraltar (Periáñez and Pascual-Granged, 2008). Tidal
equations are standard and may be seen, for instance, in Periáñez
(2005). The solution of these equations provides water currents
at each point in the model domain and for each time step. Currents
are treated through standard tidal analysis (Pugh, 1987) and tidal
constants are stored in files which will be read by the dispersion
models. The two main tidal constituents, M2 and S2, are considered.
Thus, the hydrodynamic equations are solved for each constituent
and tidal analysis is also carried out for each constituent sepa-
rately. Tidal constants allow a very fast calculation of the tidal cur-
rent at any time and point in the domain.

From an operative point of view, circulation in GS and the AS
may be simplified to a two-layer system with water flowing in
opposite directions: an upper layer of Atlantic Water flowing to
the east, and a more dense bottom layer flowing to the west (Ech-
evarría et al., 2002). This approach has already been used to study
water exchanges between the Atlantic and the Mediterranean by
means of numerical models (Izquierdo et al., 2001). Consequently,
a two-layer model has been adopted to calculate the residual circu-
lation in domains of the AS and GS. Equations may be seen in the
above mentioned reference, for instance.

Complex mixing processes between several water masses occur
in the GoC (Criado-Aldeanueva et al., 2006), thus a full 3D primi-
tive-equation baroclinic hydrodynamic model is used for this
domain. It is based upon the hydrostatic and Bousssinesq approx-
imations on a b plane. The model includes equations for salinity
and temperature evolution and water density is calculated from
them using a standard state equation. A one-equation turbulence
model has been used to calculate the vertical eddy viscosity. De-
tails on the 3D equations may be seen, for instance, in Kowalick
and Murty (1993). A summary of the main characteristics of hydro-
dynamic models may be seen in Table 1. Equations are also sum-
marized in Appendix A.

Residual circulations in the GoC, GS and AS are again stored in
files which are appropriately read by the dispersion codes. It must
be pointed out that the three grids are running independently,
without any dynamic interaction between them.
3. Particle-tracking dispersion model

Essentially, a pollutant discharge is simulated by a number of
discrete, passive, particles, each one equivalent to a number of
units. The three-dimensional path followed by each particle is
computed, turbulent diffusion being modelled as a three-dimen-
sional random walk process. The density of particles per water vol-
ume unit is finally computed to obtain contaminant concentrations
over the domain at the desired time and depth. Both instantaneous
and continuous releases of particles can be simulated. Specific pro-
cesses for different pollutants are included as commented below.

Advection is computed solving the following equation for each
particle:

dr
dt
¼ q ð1Þ

where r is the position vector of the particle and q is the current
vector (due to wind, tide and residual circulation) at the particle po-
sition and depth, solved in components u and v .

The maximum size of the horizontal step given by the particle
due to turbulence, Dh, is:

Dh ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12KhDt

p
ð2Þ

in the direction h ¼ 2pRAN, where RAN is a random number be-
tween 0 and 1. This equation gives the maximum size of the step.
In practice, it is multiplied by RAN to obtain the real size at a given



Table 1
Summary of hydrodynamic model characteristics.

2D models Two-layer
models

3D model

Domain GoC, AS, GS AS, GS GoC
Objective Tides Mean

circulation
Mean circulation

Spatial
resolution

2 mina (AS, GoC) 2 mina (AS) 2 mina

1 km (GS) 1 km (GS)
Features Barotropic depth-

averaged M2, S2

constituents tidal
analysis

2 water
layers with
constant
density

Hydrostatic, Boussinesq
baroclinic equations for
T and S 1-equation
turbulence model

Forcing Tide amplitude
and phase along
open boundaries

Water
exchanges
through
Gibraltar
Strait

Water exchanges
through Gibraltar Strait
and T , S from
climatology

Forcing data
source

Schwiderski
(1980a,b)

Preller
(1986)

Preller (1986)

Tsimplis et al.
(1995)

WOA05 climatologyb

Additional
boundary
condition
where
required

Radiationc Radiationc Radiationc

a In both longitude and latitude.
b World Ocean Atlas 2005, National Ocean and Atmosphere Administration,

available on-line. Seasonal values have been used.
c See Mellor (2004).
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time and for a given particle. Similarly, the maximum size of the
vertical step is:

Dv ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2KvDt

p
ð3Þ

given either towards the sea surface or the sea bottom. Kh and Kv

are the horizontal and vertical diffusion coefficients, respectively,
and Dt is time step.

The effect of wind is included as usual in rapid-response parti-
cle-tracking models. Thus, it is assumed that the water surface
moves in the direction of wind at a speed equal to 3% of the wind
speed 10 m above the sea surface. This current decreases logarith-
mically to zero at a depth usually taken as 20 m. Changing wind
fields may be specified as in Periáñez and Pascual-Granged
(2008). It may be noted that wind is not included in the hydrody-
namic calculations, but only in dispersion. This is the standard ap-
proach in rapid-response models, which require current fields
computed in advance so that computation time is not drastically
increased.

Radioactive decay, in order to simulate radioactive spills, is de-
scribed using a stochastic method (Periáñez, 2005). Some specific
processes for oil have to be included. In addition to advection
and three-dimensional diffusion, droplets have a size distribution
so that larger ones tend to remain in the water surface and move
in the direction of wind. Smaller droplets mix downwards because
of turbulence and shear diffusion results in a patch elongated in
the current direction. The model also includes the effects of surface
evaporation of oil and decomposition within the water column (for
instance because of biodegradation). These processes are also sim-
ulated using a stochastic method (details may be seen in Periáñez
and Pascual-Granged, 2008) through the specification of e-folding
times. If during a computation an oil droplet reaches the coastline,
it is considered beached. Thus, the droplet stays in the coast with-
out moving any more. Equations describing all these processes are
presented in Appendix B. This formulation has been carefully
tested comparing model results with observations during the Ara-
bian Gulf oil spill. Additionally, the particle-tracking method has
been compared, in the case of radioactive spills, with a finite differ-
ence formulation (Periáñez and Elliott, 2002). Very good agree-
ment between both techniques was obtained.

Values for the diffusion coefficients have to be provided. The
horizontal diffusion coefficient depends on the horizontal grid
spacing. Following Dick and Schonfeld (1996):

Kh ¼ 0:2055� 10�3Dx1:15 ð4Þ

The present grid resolutions give Kh ¼ 0:58 m2=s for GS and
Kh ¼ 2:0 m2=s for GoC and AS domains. In the case of the vertical
diffusion coefficient, a typical value of 0:001 m2=s is used (Elliott
et al., 2001; Schonfeld, 1995; Dick and Schonfeld, 1996; Elliott,
1999).

Date and time of the discharge (and duration in the case of con-
tinuous releases) must be specified since the fate of the release will
depend on the tidal state when it took place. Thus, the appropriate
phase of each tidal constituent at t ¼ 0 must be specified. The val-
ues used correspond to the origin of time being January 1, 2003 at
0:15 h Greenwich time.

Input data required by the dispersion model is summarized in
Table 2. The meaning of the residual current modulator is ex-
plained below (see Section 4.2).

The model output consists of twelve snapshots at constant
intervals during the simulation, to show the evolution of the radio-
nuclide patch over time. These snapshots can be drawn in a 3D
form, or as projections on the xy, xz and yz planes. Pollutant con-
centration maps at any depth are obtained from the density of par-
ticles per water volume unit.

It should be commented that the 3D particle-tracking disper-
sion model is the same in the three domains. The only difference
is due to the residual currents provided by the hydrodynamic mod-
els. Thus, these currents already have a 3D structure in the GoC,
while depth averaged currents for each water layer are given for
AS and GS. In these cases, the 3D current required by the parti-
cle-tracking model is constructed from the mean current in each
layer using a standard current profile (Riddle, 1998), usually ap-
plied in this kind of models. The same method is used to construct
a vertical profile for the tidal current calculated by the depth-aver-
aged barotropic tidal model in each domain.
4. Results and discussion

4.1. Hydrodynamics

4.1.1. Tides
Results of the 2D barotropic tidal model in each domain have

been validated through comparisons of calculated tidal amplitudes
and phases with measurements in the sea. Such comparisons are
presented in Tables 3–5 for the GoC, GS and AS, respectively.

It may be seen that, generally, there is a good agreement be-
tween both set of data. The amplitude of the tide is about 1 m over
all the GoC, decreasing near the Strait of Gibraltar. Associated cur-
rents are weak, with amplitudes below 0.10 m/s over most of the
GoC. Indeed at the RAP (Red de Aguas Profundas, Spanish Institute
of Oceanography) buoy position (see Fig. 1a), the M2 barotropic ti-
dal current is less than 0.03 m/s (Garcı́a-Lafuente et al., 2006). The
computed current at this position is 0.034 m/s. The current ampli-
tude increases as approaching the Strait entrance, where currents
about 0.8 m/s are produced. A similar behaviour is observed for
the S2 tide.

In GS there is an amplitude reduction in a factor 2, approxi-
mately, along the Strait in both tides, and essentially constant
amplitudes across the Strait. A comparison between computed
and barotropic current amplitudes and phases deduced from
measurements (Mañanes et al., 1998) in the Strait can be seen in



Table 2
Information required by the model to be introduced by user.

Release point coordinates
Select instantaneous/continuous release option
Wind data file
Release date (day, month, year)
Release time, UTC, (h, min)
Residual current modulator
Simulation time (days)
Magnitude of the release in the corresponding unitsa

Contaminant decay constant (radioactive)

Oil spill additional information
Oil density
Droplet minimum and maximum sizes
e-Folding times (evaporation and decomposition)

a In case of a continuous release, release rate is assumed to be constant along the
duration of the accident.

Table 3
Established, index obs, (NOAA, 1982) and computed, index comp, amplitudes (A, cm)
and phases (g, deg) of tidal elevations at several locations indicated in Fig. 1 (GoC
domain).

Station M2 S2

Aobs gobs Acomp gcomp Aobs gobs Acomp gcomp

Faro 92 94 99 68 32 125 36 91
Chipiona 102 54 104 62 41 82 38 85
Rota 105 52 103 62 37 78 38 85
Cadiz 100 87 99 61 37 110 36 83
Ayamonte 100 59 101 65 32 88 36 89
Huelva 102 56 105 65 38 82 38 88
Casablanca 99 56 92 53 35 81 36 77
Rabat 88 59 98 57 35 83 36 78

Table 4
Observed (Candela et al., 1990) and computed amplitudes (A, cm) and phases (g, deg)
of tidal elevations at some locations indicated in Fig. 1b (GS domain).

Station M2 S2

Aobs gobs Acomp gcomp Aobs gobs Acomp gcomp

Pta Gracia 64.9 49 71.9 59 22.3 74 24.9 82
D 60.1 52 57.5 53 22.5 74 21.4 79
C 54.0 62 54.1 54 21.1 83 20.0 82
A 52.3 48 57.5 54 18.5 73 20.9 79
E 57.1 67 59.8 60 20.6 92 21.4 87
B 78.5 56 78.5 64 29.0 82 27.0 89
Pta Kankoush 51.8 69 51.3 54 20.1 90 19.1 83
Tarifa 41.5 57 42.9 46 14.2 85 16.6 73
F 44.4 48 39.8 45 16.1 74 15.4 72
Pta Cires 36.4 47 37.8 52 14.1 74 14.0 79
Algeciras 31.0 48 29.1 47 11.1 74 11.0 72
Pta Carnero 31.1 48 29.1 46 11.5 71 11.0 71
Ceuta 29.7 50 29.6 52 11.4 76 10.9 74

Table 5
Observed (Tsimplis et al., 1995; Manzella and Elliott, 1991) and computed amplitudes
(A, cm) and phases (g, deg) of tidal elevations at several locations indicated in Fig. 1
(AS domain).

Station M2 S2

Aobs gobs Acomp gcomp Aobs gobs Acomp gcomp

Tarifa 42 57 41 45 14 85 16 79
Ceuta 30 50 32 52 11 76 12 86
Málaga 17 59 18 42 7 72 8 77
Alhucemas 18 58 18 56 7 80 7 89
Almería 9 51 9 49 4 78 4 77
Gibraltar 30 46 29 41 11 72 12 77

Table 6
Observed (Mañanes et al., 1998) and computed amplitudes (q, m/s) and phases (g,
deg) of M2 and S2 barotropic tidal velocities at three locations in Fig. 1b (GS domain).

Station M2 S2

qobs gobs qcomp gcomp qobs gobs qcomp gcomp

C 0.91 147 0.94 126 0.31 171 0.37 177
H 0.25 160 0.31 115 0.12 178 0.13 154
G 0.65 157 0.62 129 0.23 182 0.25 172

Table 7
Computed and measured (Garcı́a-Lafuente and Cayo-Lucana, 1994) current ellipse
parameters for the M2 tide at points indicated with numbers in Fig. 1a (AS domain). M
and m are the magnitudes of the major and minor semiaxes, respectively, and dir is
the direction of the major semiaxis measured anticlockwise from east.

Station Measured values Computed values

M (m/s) dir (deg) m (m/s) M (m/s) dir (deg) m (m/s)

1 0.09 54 0.02 0.14 57 0.01
2 0.06 4 0.005 0.05 7 0.001
3 0.04 45 0.02 0.02 67 0.01
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Table 6. The agreement in currents is not as good as in the case of
tidal elevations, specially for the M2 tide. However, the difficulty in
appropriately defining the barotropic current has already been
commented by Tejedor et al. (1999) when they compared
barotropic currents predicted by their model with those derived
from observations in the Strait.

There is a further, although slower, tide amplitude reduction in
AS, reaching only some 0.10 m at the eastern boundary for the M2

tide. Corange lines are, like in GS, oriented in a south-north direc-
tion. A comparison of computed M2 current ellipse parameters
with those deduced from measurements (García-Lafuente and
Cayo-Lucana, 1994) is presented in Table 7. In general, there is a
good agreement between both set of data.
4.1.2. Mean flows
The residual surface circulation in the northern GoC is charac-

terized by a current directed to the SE (Criado-Aldeanueva et al.,
2006) along the Spanish coast. This circulation is a rather constant
pattern along the year. Part of the flow enters the Strait of Gibraltar
and part is deflected to the south. The residual circulation com-
puted with the baroclinic model at the sea surface is presented
in Fig. 2. The current is effectively directed to the SE over the Span-
ish continental shelf and part of this flow enters the Strait of
Gibraltar. Maximum currents are of the order of 0.3 m/s, in agree-
ment with Garcı́a-Lafuente et al. (2006). The anticyclonic eddy at
the east of Faro (see Fig. 1a) has been described by Machín et al.
(2006). Also, the cyclonic eddy in front of the Strait of Gibraltar ap-
pears clearly in the model of Peliz et al. (2007), who attributed it to
the strong convergence occurring in this area.

Below the surface, the Mediterranean waters flow into the
Atlantic and mainly direct to the NW (Serra et al., 2005). As an
example, the computed circulation 590 m below the surface is pre-
sented in Fig. 3. Only the northern part of the GoC is shown to
appreciate details more clearly. These currents are in agreement
with the geostrophic velocities below 400 m, referenced to
300 m, provided by Criado-Aldeanueva et al. (2006) and with the
calculations by Peliz et al. (2007). Water velocity is higher close
to the Strait and then slows to about 0.1 m/s, in agreement with
Ambar and Howe (1979).

The calculated geostrophic flows for the upper and lower layers
in AS, for the mean water exchanges through the Strait of Gibraltar,
are presented in Fig. 4. In the upper layer, the jet of Atlantic water
entering through the Strait of Gibraltar flows towards the east
along the Spanish coast and partially curves to the south before
reaching Alborán Island. Part of this flow continues to the east
between Cape Tres Forcas and Alborán Island and the remaining
rotates towards the west. A gyre of anticyclonic circulation is thus
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completed. It is known as the Western Alborán Gyre, which is an
almost constant feature of AS surface circulation (Werner et al.,
1988). Surface water velocity in the Strait reaches 0.53 m/s, in
agreement with the current speeds of the order of 0.6 m/s reported
from measurements (Perkins et al., 1990) and models (Sannino
et al., 2004). In the jet, along the Spanish coast, maximum surface
velocities are of the order of 0.4 m/s. Measurements of Perkins
et al. (1990) in this area range between 0.1 and 0.53 m/s and the
model of Werner et al. (1988) produces maximum currents in
the north of the gyre of 0.25 m/s. Vargas-Yáñez et al. (2002) have
measured eastward geostrophic velocities in the passage between
Cape tres Forcas and Alborán Island (see Fig. 1a). They are 11� 5,
5� 3 and 1� 3 cm/s at depths of 74, 117 and 178 m, respectively
(all depths correspond to the surface layer). Computed current at
the same point for the surface layer is 3.8 cm/s.

A westward circulation is obtained for the bottom layer. In the
western Strait of Gibraltar computed velocities are of the order of
0.20 m/s, in good agreement with the 0.15 m/s obtained by
Béranguer et al. (2005). Maximum outflow current calculated in
the Strait is 0.36 m/s; Sannino et al. (2002) obtained a figure of
0.35 m/s. In the Alborán Sea, water velocities are reduced to some
0.1 m/s in the southern area and less in the northern part of the ba-
sin. This circulation pattern for the deep layer is in good agreement
with the earlier calculations of Preller (1986), that also show that
most of the deep water flows along the south coast with speed be-
low 0.15 m/s, and with measurements in Gascard and Richez
(1985), who give velocities in the southern shelf, near the Strait,
of 0.1 m/s. Bryden and Stommel (1982) have also found, from
CTD transects, that the westward deep flow occurs along the
Moroccan continental slope. These authors have measured a mean
(using a 341-day record) outflow velocity of 4:6� 0:6 cm/s in a
point located at about �4:6� longitude and over the 500 m isobath
in the Moroccan continental slope. They do not give the exact posi-
tion of the current meter mooring, but the model predicts (for such
longitude and a depth of 535 m) a westward current equal to
3.6 cm/s.

Finally, the mean circulation in the two layers of GS may be
seen in Fig. 5. Currents are directed along GS axis. The magnitude
of the mean surface currents increases as going to the east. The u
component (approximately along-strait) of the mean surface cur-
rent magnitude along the axis of the Strait is presented in Fig. 6
together with the earlier calculations of Sannino et al. (2004).
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Perkins et al. (1990) have also measured currents of the order of
0.6 m/s in surface water of GS. It may be seen that both models give
very similar residual currents along the Strait. In the deep layer
currents are, obviously, directed to the Atlantic Ocean. Calculated
maximum outflow currents are obtained over Camarinal Sill (at
approximately the center of GS and at �5:75� latitude), resulting
0.67 m/s. Measurements in this area have given 0.60 m/s (Bryden
et al., 1994) and 0.65 m/s (Tsimplis and Bryden, 2000). Computed
maximum outflow currents are higher than with the AS two-layer
model (see above) and are also closer to actual values. This must be
attributed to the higher spatial resolution in the GS domain.

Thus, it seems that hydrodynamic models are providing a real-
istic view of tidal and mean circulations in southern Spain coastal
waters, and particle-tracking dispersion models will use these
computed currents to assess pollutant transport.

4.2. Dispersion

It must be commented that the mean currents in the domains,
which are obtained for the mean water exchanges through GS,
are also affected by other factors as for instance atmospheric pres-
sure differences between the Atlantic and the western Mediterra-
nean, and thus presents some variability. Consequently, a factor
that acts as a modulator of the residual current amplitude has been
introduced. If 1 is used, the residual current for the mean water
exchanges through GS is used in the calculations. These mean
currents may be amplified or reduced by specifying values for
the modulator larger or smaller than 1, respectively.

It is worth commenting that it is difficult to provide a value for
this modulator: let us imagine that an accident occurs just now.
How do we run the model? In other words: Which is the water in-
flow through the Strait just now? Presently it is not possible to
have an answer. Thus, it is recommended to carry out calculations
under the most probable conditions in a first guess (using the
mean current, with a modulator equal to 1). Additional simulations
may then be carried out using other current modulators to increase
and reduce water velocities. This method will, at least, allow to
estimate if there is any chance that a given sensible point (a coastal
town for instance) is affected by contamination in a given time. Gi-
ven the short running times of the models (a few seconds per day
of simulation on a Pentium 4 PC in the case of an instantaneous re-
lease), this is not a problem. This procedure has already been sug-
gested for a spill model recently developed for the Alborán Sea
(Periáñez, 2007) as well as by Sotillo et al. (2008). In all examples
presented below, the modulator is set to 1. Also, in the case of a
real accident a rapid-response system should give information on
the expected situation a few hours-days after the spill. The three
grids run independently, as was commented before. Thus, the grid
used to make calculations will depend on the location of the spill. If
it occurs in the surface of the Strait of Gibraltar, for instance, the GS
grid may be used to see the detailed movement of the patch inside
the Strait and, simultaneously, the AS grid provides information on
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how it enters the Alborán Sea, as a result of the mean circulation,
after a few days.

Ideally, results from the dispersion models should be compared
with observations after real accidents in the different domains.
However, there are no data to carry out this work. Thus, we could
only simulate some hypothetical accidents simply to show that re-
sults are logical and consistent. Nevertheless, if must be mentioned
that calculated currents in the GoC and AS have been successfully
used to simulate, respectively, heavy metal and fallout radionuclide
dispersion in these domains (Periáñez, 2008, 2009). This is provid-
ing some additional confidence in hydrodynamic model results and,
consequently, also in results of the Lagrangian dispersion model.

The first numerical experiment consisted of a chemical spill
occurring in front of the Bay of Cádiz (GoC), coordinates
ð�6:54�;36:62�Þ. The spill was an instantaneous release at the sur-
face on January 1, 2008 at 0:00 h (this date and time were taken
just as an example) and with no wind. Snapshots showing the po-
sition of particles 2, 5 and 10 days after the accident may be seen in
Fig. 7. These snapshots are projections of the three-dimensional
particle positions on the xy plane. The contamination patch is
transported towards the Strait of Gibraltar by the residual current,
although some is directed to the west by the gyre existing in front
of the Strait (Fig. 2). A significant fraction of the spill has entered
the Mediterranean through the Strait after 12 days.

A second experiment consisted of a release from a sunken nu-
clear submarine in front of Gibraltar (coordinates �5:27�;36:10�).
The release is assumed to be instantaneous (total amount
1:0� 1012 Bq) and to occur just over the seabed (water depth
500 m at this point). The accidental release takes place at the same
date and time as before and again no wind is considered. Some
examples of results are presented in Fig. 8. Two maps showing
radionuclide concentrations 12 days after the accident in the sur-
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face and bottom water layers are presented in Fig. 8a and b, respec-
tively. In the bottom water layer the current is directed to the west
and, consequently, most of the radionuclides move in this direc-
tion. Nevertheless, some of them cross the pycnocline (the inter-
face separating both water layers) and reach the surface water
layer, which moves to the east (see Fig. 4). Thus, a fraction of the
release is transported to the east along the Spanish coast. Later this
radionuclide patch is deflected to the south by the Western Albo-
ran Gyre. A projection of particle positions 12 days after the acci-
dent on the xz plane is presented in Fig. 8c. The pycnocline depth
in the AS is in the range of approximately 170 to 220 m. It acts
as a natural barrier for mixing and, indeed, only a small fraction
of the release crosses it, as it may be seen comparing the color
scales in Fig. 8. Water depths in the Strait of Gibraltar decrease very
fast from about �5:5� towards the west. Most of the patch is
trapped in this abrupt slope (see Fig. 8c). Also, it is in this region
of abrupt topography where mixing through the pycnocline mainly
occurs. Experiments in other parts of the AS, concerning releases at
the same depth, have not shown any significant mixing through
the interface.

Finally, an oil spill has been simulated in GS. This example also
provides an illustration of a continuous release. Date and time of
the accident is again the same as before. This time, however, a
5 m/s east wind, which is typical in this area, has been considered.
An oil spill is supposed to occur at the arrow position (coordinates
�5:74�;36:02�), on the sea surface, during 48 h. Oil is heavy fuel
with density 1010 kg=m3, which is the same released during the
Prestige crisis (Carracedo et al., 2006). Droplet size is in the range
60—600 lm and e-folding times are 25 and 250 h for evaporation
and decomposition, respectively. These are typical values (Proctor
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et al., 1994; Korotenko et al., 2004). Results of the experiment may
be seen in Fig. 9, where particle positions at different times are
shown. It may be seen that a plume, typical of continuous releases,
is formed. Oil moves to the east because of the surface residual cur-
rents in GS, but the effect of tidal oscillations may be appreciated in
the curved shapes adopted by the plume. It can also be seen that
the Spanish coast starts to be contaminated by oil some 24 h after
the beginning of the accident. After 48 h, the contaminated coast
extends almost from Tarifa to Pta Carnero (see Fig. 1b). Winds from
the east tend to enhance transverse mixing in the Strait, as they op-
pose the residual circulation. On the contrary, during calm or west
wind episodes contaminants are more rapidly flushed off the Strait,
as other numerical experiments have pointed out.

5. Conclusions

Rapid-response particle-tracking dispersion models, which are
appropriate tools to support the decision-making process after an
emergency situation, have been developed for southern Spain
coastal waters. Three domains covering Atlantic, Mediterranean
waters and the Strait of Gibraltar (at higher spatial resolution) have
been included. Dispersion models may be applied to chemical,
radioactive and oil spills.

Water circulation is obtained from appropriate hydrodynamic
models, which are run off-line (in advance) and validated through
comparisons with observations in the regions. Tides are calculated
using a 2D barotropic model in the three domains. Models used to
obtain the residual circulation depend on the physical oceanogra-
phy of each region. Thus, two-layer models are applied to Gibraltar
Strait and Alborán Sea and a 3D baroclinic model is used in the Gulf
of Cádiz. Tides (actually tidal constants obtained after a standard
tidal analysis procedure) and residual currents are stored in files
which are later read by the dispersion models. Specific processes
for oil and radioactive spills are included, being simulated using
stochastic methods.

Although results of these dispersion models could not be com-
pared with observations, several examples concerning hypotheti-
cal accidents in each domain have been presented and discussed,
indicating that results are consistent and meaningful. These
numerical experiments, moreover, are useful to improve our
knowledge about processes occurring in the environment. For in-
stance, it has been found that mixing of contaminants through
the pycnocline in the Alborán Sea essentially occurs in the area
of abrupt topography change of the Strait of Gibraltar.
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Appendix A. Hydrodynamic models

A.1. 2D barotropic model

The 2D-depth-averaged model used to compute tides is based
on the following equations:
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where u and v are the depth averaged water velocities along the x
and y axis, h is the depth of water below the mean sea level, f is the
displacement of the water surface above the mean sea level mea-
sured upwards, H ¼ hþ f is the total water depth, X is the Coriolis
parameter (X ¼ 2w sin b, where w is the Earth rotational angular
velocity and b is latitude), g is acceleration due to gravity, qw is
water density and A is the horizontal eddy viscosity. su and sv are
friction stresses that have been written in terms of a quadratic law:

su ¼ kqwu
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ v2

p
sv ¼ kqwv

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ v2

p ð8Þ

where k is the bed friction coefficient.

A.2. 3D baroclinic model

The full 3D hydrodynamic equations including the terms corre-
sponding to density gradients are written in the hydrostatic and
Boussinesq approximations as:
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where qw is water density, q0 is a reference density, and K and A are
the vertical and horizontal eddy viscosities, respectively.

The vertical component of the water velocity, w, is obtained
from the continuity equation:

@u
@x
þ @v
@y
þ @w
@z
¼ 0 ð12Þ

The water density is derived from a equation of state relating
density to salinity and temperature:

qw ¼ q0½1� aðT � T0Þ þ bðS� S0Þ� ð13Þ

where S is salinity, T is temperature, a ¼ 2:41� 10�4 and b ¼ 7:45�
10�4. The reference salinity is taken as q0 ¼ 999:7 kg=m3 at S0 ¼ 0
and T0 ¼ 10 �C.

Water salinity is determined from an advection-diffusion
equation:
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and a similar equation is used for temperature:
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Vertical eddy viscosity is determined from a 1-equation turbu-
lence model. The equation for the turbulent kinetic energy E is:
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The first term in the right side of the equation represents gen-
eration of turbulence by the vertical shear, the second term is dif-
fusion of turbulence and the last term is loss of turbulence by
bouyancy (conversion of kinetic energy into potential energy). e
represents dissipation of turbulence, that is written as:

e ¼ C1E3=2‘ ð17Þ

where ‘ is a mixing length and C1 a numeric coefficient. The vertical
viscosity is finally written as a function of energy as:

K ¼ C0‘E
1=2 þ kt ð18Þ

where C0 is a numeric coefficient and kt is a background value of
viscosity, that is the minimum possible value that it may have.
The values of the numeric constants appearing above are:
b0 ¼ 0:73, C0 ¼ C1=4, C1 ¼ C3

0 and C ¼ 0:046. The background viscos-
ity is fixed as kt ¼ 10�4 m2=s.

The mixing length is derived from an algebraic expression:

‘ ¼ 1
1=‘1 þ 1=‘2

ð19Þ

with

‘1 ¼ jðzþ z0 þ hÞeb1
zþh

h ð20Þ
‘2 ¼ jðzs � zÞ ð21Þ

where j ¼ 0:4 is the von Karman’s constant, b1 ¼ �2:0 and zs and z0

are the roughness lengths of the sea surface and bottom,
respectively.

A.3. Two-layer model

Two water layers with different densities are flowing in oppo-
site directions in the Alborán Sea. The equations describing this
flow are the following (in the vector formulation of Izquierdo
et al., 2001):
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with indexes 1 and 2 for the upper and lower layers, respectively. In
these equations Hi is the thickness of the water layer, qi is water
density in each layer, A is a horizontal friction coefficient and g0 is
the reduced gravity:

g0 ¼ g
q2 � q1

q2
ð26Þ

f1 is the elevation of the sea surface with respect to the mean level
and f2 is the depth of the interface between layers. Finally ~s1 and ~s2

are friction stresses between water layers and between the lower
layer and the seabed, respectively. They are formulated in terms
of a quadratic law as usual:
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~s1 ¼ c1q1j~u1 � ~u2jð~u1 � ~u2Þ
~s2 ¼ c2q2j~u2j~u2

ð27Þ

where c1 and c2 are the interfacial and bottom friction coefficients.
No significant differences in model results were observed between a
f -plane and a b-plane approach, thus the first was used.

Appendix B. Dispersion processes

Radioactive decay can be treated using a stochastic method if it
is assumed that the probability p of removal of a particle at each
time step is:

p ¼ 1� e�kDt ð28Þ

where k is the radioactive decay constant. In practice, a random
number is generated for each particle at each time step. If
RAN 6 p then the particle is removed from the computation. Obvi-
ously, in the case of a stable chemical pollutant k ¼ 0.

In the case of oil spills the buoyancy force depends on the den-
sity and size of droplets. The vertical velocity, w, can be described
as (Proctor et al., 1994; Korotenko et al., 2004):

w ¼ gd2ð1� q0=qwÞ
18m

ð29Þ

for small droplets with diameter d 6 dc (laminar motion). In this
equation qw and q0 are the densities of water and oil, respectively,
and m is the water kinematic viscosity. For large droplets with d > dc

(turbulent motion) the vertical velocity is:

w ¼ 8
3

gdð1� q0=qwÞ
� �1=2

ð30Þ

The critical diameter, dc , is given by the expression

dc ¼
9:52m2=3

g1=3ð1� q0=qwÞ
1=3 ð31Þ

that is deduced matching the Reynolds numbers at which the tran-
sition from laminar to turbulent flow occurs.

The diameter of each oil droplet in the simulation is assigned
randomly between a minimum and maximum diameter,
dmin � dmax.

The effects of oil evaporation and decomposition are treated in a
similar way as radioactive decay using e-folding times (Proctor
et al., 1994). Thus, the probability of removal of particle in a time
step is given by Eq. (28). The decay constant is related to the e-fold-
ing time by k ¼ 1=Te. Different e-folding times are used for evapo-
ration, Tev , and decomposition, Tde. Additionally, only particles
within a depth zev ¼ 0:25 m below the surface can be evaporated,
whereas droplets at any depth can experience decomposition. If
during a computation an oil droplet reaches the coastline, it is con-
sidered beached. Thus, the droplet stays in the coast without mov-
ing any more. In the case of a chemical or radioactive spill particles
are simply reflected at the coastline. Particles which leave the
model domain through an open boundary are removed from the
computation.
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