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a b s t r a c t

The dispersion of pollutants in the Alboran Sea and the Gulf of Cadiz has been studied using numerical

models. Two types of dispersion models have been developed: finite difference and particle-tracking

Hydrodynamic models have been tested through comparisons of computed tides and currents with

measurements in the regions. Finite difference dispersion models include water–sediment interactions

and are applied to simulate the dispersion of heavy metals and fallout radionuclides in the Gulf of Cadiz

and Alboran Sea, respectively. Comparisons of computed metal and radionuclide concentrations, in bed

sediments and the water column, with measurements provide an extra validation of the hydro-

dynamics. Particle-tracking rapid-response models are described for each region and some applications

cases are presented. These models allow an extremely fast assessment of the consequences of an

accidental or deliberate release of pollutants at any depth in the water column. Also, they may provide

useful information, through numerical experiments, about oceanographic processes occurring in the

area, for instance mixing processes.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The Gulf of Cadiz (GoC) and the Alboran Sea (AS) connect the
Atlantic Ocean and the Mediterranean Sea through the Strait of
Gibraltar (see Fig. 1). The GoC is responsible for 5–10% of fish and
shell-fish catches of Spain and Portugal holding important living
resources of commercial and ecological interest (Beckers et al.,
2007). Similarly, the AS is one of the most productive areas in the
Mediterranean (Masqué et al., 2003). Consequently, it is relevant
to study and understand the geochemistry and dispersion pat-
terns of pollutants in the GoC and AS systems, since this will help
assessing the potential influence of contaminants on ecosystem
functioning.

The objective of this work consists of describing pollutant
dispersion models developed for the AS and GoC. Dispersion
models are based upon appropriate hydrodynamic models which
provide water circulation in each system. The hydrodynamic
descriptions are validated through the comparison of measured
and computed tides and currents. Further validation is obtained
by applying the computed hydrodynamic to simulate the disper-
sion of fallout radionuclides (137Cs and 239,240Pu) in the AS and of
heavy metals (Zn and Cu) in the GoC. These metals are introduced
by three rivers (Guadiana, Odiel-Tinto and Guadalquivir) draining
ll rights reserved.
a large mining area (the Iberian Pyrite Belt) in the southern Iberian
Peninsula (Sainz and Ruiz, 2006). These radionuclides and metals
have been considered since there are enough experimental data on
their environmental concentrations which can be used to test the
models. Computed metal and radionuclide concentrations in the
water column and in bed sediments have been compared with
measurements carried out in both domains. Consequently, these
dispersion models include water–sediment interactions, which are
described in a dynamic way through kinetic transfer coefficients.
Finally, 3D rapid-response Lagrangian models for the AS and GoC are
constructed over the same hydrodynamics as the finite difference
models. These models allow an extremely fast assessment of the
consequences of an accidental or deliberate release of pollutants in
the water column. This is a relevant issue since, for instance, there is
an intense traffic of nuclear submarines and oil tankers through the
Strait of Gibraltar.

Thus, two types of dispersion models have been developed:
finite-difference models including water–sediment interactions
and Lagrangian (or particle-tracking) models for dissolved pollu-
tants and oil spills. The first type is useful to provide an insight of
the main environmental and transport processes in the GoC and
AS and may be applied, for instance, to predict the effects of planned
routine releases in the systems. The second type is a predictive tool
which may be used to support the decision-making process after an
emergency.

In any case, a detailed knowledge of the hydrodynamics of
each system is required. A brief description of the hydrodynamic
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models is given in the following section. Next, finite-difference
dispersion models are presented. Finally, the Lagrangian models
are described and some application examples provided.
2. Hydrodynamic models

2.1. Model descriptions

The water current at any position is obtained through the
addition of the instantaneous barotropic tidal current plus a residual
(mean or long-term) circulation. Both in the GoC and the AS, tides
are computed using a 2D depth-averaged model, which is a reason-
able 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
(2005a). The solution of these equations provides the 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
Fig. 1. Map of the GoC and AS showing all locations mentioned in the text. The

domains of both models are indicated by the rectangular boxes. The mouths of the

Guadiana, Odiel-Tinto and Guadalquivir rivers, in the GoC, are located in Ayamonte,

Huelva and Chipiona, respectively.

Table 1
Summary of hydrodynamic model characteristics.

2D model 2

Domain GoC, AS A

Objective Tides M

Spatial resolution 2 mina 2

Features Barotropic depth-averaged. M2, S2

constituents, tidal analysis

2

Forcing Tide amplitude and phase along open

boundaries

W

G

Forcing data source Schwiderski (1980a, 1980b) and Tsimplis

et al. (1995)

Pr

Additional boundary condition

where required

Radiationc R

a In both longitude and latitude.
b World Ocean Atlas 2005, National Ocean and Atmosphere Administration, availa
c See Mellor (2004).
constants are stored in files that will be read by the transport
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 separately.
Tidal constants allow a very fast calculation of the tidal current at
any time and point in the domain. Diurnal constituents are not
included since most of the variance of current velocities is given by
the M2 signal alone, S2 being the second important constituent.
Therefore they can be used to characterize a very significant fraction
of tides in the areas (Mañanes et al., 1998).

From an operative point of view, circulation in the Strait of
Gibraltar and the AS may be simplified to a 2-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 (Echevarrı́a et al., 2002). This approach has already
been used to study the water exchanges between the Atlantic and
the Mediterranean by means of numerical models (Izquierdo et al.,
2001; Heburn and La Violette, 1990). Consequently, a 2-layer model
has been adopted to calculate the residual circulation in the AS.
Equations may be seen in the above mentioned references.

Complex mixing processes between several water masses
occur in the GoC (Criado-Aldeanueva et al., 2006), thus a full 3D
primitive-equation baroclinic hydrodynamic model is used. It is
based upon the hydrostatic and Boussinesq approximations 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 1-equation turbulence model has been
used to calculate the vertical eddy viscosity. Details on the 3D
equations may be seen, for instance, in Kowalick and Murty
(1993). A summary of the main characteristics of hydrodynamic
models may be seen in Table 1.

Residual circulations in the GoC and AS are again stored in files
which are appropriately read by the dispersion codes. A summary
of equations involved in the different hydrodynamic models may
be seen in Appendix A.
2.2. Results

Equations in all models are solved using finite difference schemes
with appropriate boundary conditions (Table 1). Domains of the GoC
and AS models are shown as rectangular boxes in Fig. 1. Spatial
resolution of the grid is 2 min in longitude and latitude for both
domains, and time step in each model is selected carefully to satisfy
all stability conditions. Seabed topography has been obtained from
the NOAA (US National Ocean and Atmosphere Administration)
-Layer model 3D model

S GoC

ean circulation Mean circulation

mina 2 mina

water layers with constant density Hydrostatic, Boussinesq baroclinic

equations for T and S. 1-equation

turbulence model

ater exchanges through

ibraltar Strait

Water exchanges through Gibraltar

Strait and T, S from climatology

eller (1986) Preller (1986), WOA05 climatologyb

adiationc Radiationc

ble on-line. Seasonal values have been used.
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GEODAS database, available on-line. In the case of the 3D model of
the GoC, 50 vertical levels are used.

A detailed comparison of results of the tidal model with
measurements in the AS is given in Periáñez (2006) and will not
be repeated here. In the case of the GoC, a comparison of
computed and measured tide amplitudes and phases at several
locations is presented in Table 2. The amplitude of the tide is
about 1 m over all the GoC, decreasing near the Strait of Gibraltar.
Associated currents 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. 1), the M2

barotropic tidal 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 amplitude increases on approaching the Strait entrance,
where currents about 0.8 m/s are observed.
Table 2
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.

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
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Fig. 2. Computed residual currents in the upper (up) and lower (down) water

layers of the AS. Only one of each four computed vectors is shown for clarity.
The residual circulation in the AS, in both water layers, is
shown in Fig. 2. A large anticyclonic eddy, known as WAG
(Western Alboran Gyre), is observed. This is an almost permanent
feature of surface circulation in the AS (Perkins et al., 1990). A
detailed description, together with comparisons of model results
with measurements, is given in Periáñez (2008).

The residual surface circulation in the northern GoC is character-
ized by a current directed to the SE (Criado-Aldeanueva et al., 2006)
along the Spanish coast. This circulation is a rather constant pattern
during most of the year. Part of the flow enters the Strait of Gibraltar
and part is deflected to the south. The summer residual circulation
computed with the baroclinic model at the sea surface is presented
in Fig. 3 as an example. The current is effectively directed to the
SE over the Spanish continental shelf and part of this flow enters
the Strait of Gibraltar. Maximum currents are of the order of 0.3 m/s
in agreement with Garcı́a-Lafuente et al. (2006). The anticyclonic
eddy at the east of Faro (see Fig. 1) has been described by Machı́n
et al. (2006). Also, the cyclonic eddy in front of the Strait of
Gibraltar also appears clearly in the models of Beckers et al. (2007)
and Peliz et al. (2007).

Below the surface, the Mediterranean waters flow into the
Atlantic and mainly to the NW (Ambar and Howe, 1979). As an
example, the computed circulation 590 m below the surface is
presented in Fig. 4. Only the northern part of the GoC is shown to
appreciate details more clearly. This current field is in agreement
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Fig. 3. Computed surface residual currents in the GoC. Only one of each four

vectors is drawn.
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with Criado-Aldeanueva et al. (2006). Water velocity is higher
close to the Strait and then slows to about 0.1 m/s in agreement
with Ambar and Howe (1979).

Temperature and salinity profiles in the water column, calculated
by the model using summer climatology data for forcing, have been
compared with those obtained from observations carried out under
the TOROS project (Elbaz-Poulichet et al., 2001) in summer 1997.
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Fig. 4. Computed residual currents 590 m below the surface in the northern GoC.

Only one of each four vectors is drawn.
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Fig. 5. Computed (lines) and measured (points) salinity a
Examples for four points shown in Fig. 1 may be seen in Fig. 5. There
is an acceptable agreement between model results and experimen-
tally obtained vertical profiles of T and S.
3. Finite difference dispersion models

3.1. Description

Finite-difference dispersion models consist of an advection–diffu-
sion equation with added terms, which describe pollutant exchanges
between the liquid and solid (suspended matter and bed sediment)
phases. These adsorption/release reactions are described by means of
kinetic transfer coefficients (Periáñez, 2005a). A sediment transport
model is also required to obtain suspended matter concentrations
and sedimentation rates. Sediment transport is described by an
advection–diffusion equation to which some terms are added. These
are external sources of particles, terms describing particle deposition
on the seabed and erosion from the bed to the water column, and
vertical settling. The formulation of these processes is based upon
standard formulae (Periáñez, 2005b; Lumborg and Windelin, 2003;
Cancino and Neves, 1999). Suspended sediment equations in a 3D
formulation are summarized in Appendix B.

The descriptions of sediment and pollutant transport have been
adapted to a 2-layered sea and applied to the Alboran Sea (Periáñez,
2008). Non-conservative pollutants are those which do not remain
dissolved in the water column but have a certain affinity to be fixed
to particles. If the contaminant is introduced in the surface water
layer, it will be fixed to settling suspended particles and their
deposition on the seabed will contaminate the bottom sediment.
Of course there are also advection/diffusion processes in both water
layers, diffusion of dissolved contaminants and of suspended matter
particles through the pycnocline and direct adsorption of pollutants
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nd temperature profiles in points indicated in Fig. 1.



Fig. 6. Processes affecting the dispersion of non-conservative pollutants in a

2-layer sea. Black circles are suspended sediment particles and the red ones are

contaminant particles. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 7. Computed 137Cs concentrations in unfiltered water (Bq/m3) in the upper

and lower water layers (up and down, respectively) of the AS.
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on the seabed. The exchanges between the dissolved and solid
phases may be described in terms of kinetic transfer coefficients.
Thus, assuming that adsorption/release reactions are governed by a
single reversible reaction, a coefficient k1 governs the transfer from
the liquid to the solid phase and a coefficient k2 governs the inverse
process. Also, the migration of pollutants to the deep sediment must
be included since simulations over several years are carried out.
Thus, pollutants deposited on the sediment surface will be buried by
particle deposition and will migrate below the mixed sediment layer
that directly interacts with the dissolved phase. A summary of all
the processes involved (in a 2-layer approach) may be seen in Fig. 6.

Transport equations in a 3D form, including kinetic processes,
may be seen in Periáñez (2004). Processes are the same as described
above and presented in Fig. 6. Main equations are summarized in
Appendix C in the case of a 2-layer sea. They are easily converted
into a 3D form.

3.2. Results

Finite difference dispersion models have been applied to simu-
late the transport of heavy metals in the GoC and of fallout
radionuclides in the AS, as has been commented before.

Computed 137Cs and 239,240Pu concentrations, introduced from
fallout, in the water column at different depths and in bed
sediments have been compared with observations in the AS.
Computed radionuclide fluxes through the Strait of Gibraltar have
been compared with previous estimates as well. All these results
have already been published (Periáñez, 2008) and are not repeated
here. However, as an example, the computed 137Cs concentrations
corresponding to unfiltered water for both water layers are pre-
sented in Fig. 7. The distribution in the upper layer shows higher
concentrations in the area occupied by the WAG. This is due to the
fact that some water is trapped in the gyre and thus its radionuclide
concentration increases as a result of the atmospheric input. Never-
theless, simulations are made under steady flow conditions, thus this
pattern will be destroyed by episodes of migration and disappear-
ance of the WAG and winds. However, it is worth commenting that
the pattern of higher radionuclide concentrations (for 210Pb, intro-
duced by atmospheric deposition as well) in the centre of the oceanic
gyres (in both the Pacific and North Atlantic) has already been
detected (Ivanovich and Harmon, 1992, page 384). Consequently, the
radionuclide enhancement in the WAG is a real process, although
overestimated because of the simulation conditions (steady residual
flow). 137Cs distribution is rather uniform in the deep water layer.

Three-dimensional transport equations have been used to
simulate Cu and Zn dispersion in the GoC. Published models
describing trace metal dispersion in the GoC consider metals as
passive tracers neglecting the role of sediments and suspended
matter (Elbaz-Poulichet et al., 2001; Beckers et al., 2007). The first
authors use a model to estimate the dilution of a conservative
tracer released by the Odiel-Tinto rivers. Beckers et al. (2007)
apply a numerical model to reproduce observed metal (again
considering metals as passive tracers) concentrations in surface
waters of the northern GoC.

Metal concentrations in the dissolved phase have been defined
at the three main sources: Guadalquivir, Guadiana and Odiel-
Tinto estuaries. Values are given in Beckers et al. (2007). Kinetic
rates for each metal are deduced from the corresponding equili-
brium kd (IAEA, 2004) following the method described in detail in
Periáñez (2005a).

The concentrations of several metals have been measured in
the fine sediment fraction ðo63 mmÞ along the Spanish coast
from the Guadiana to the Guadalquivir mouths (Sainz and Ruiz,
2006; Morillo et al., 2004) and also at some points closer to the
Strait of Gibraltar (Riba et al., 2002). Samples were collected at an
approximate distance of 500 m from the shoreline. A comparison
of measured (points) and computed (lines) metal concentrations
along the northern coast of the model domain can be seen in Fig. 8.
In general, there is a good agreement between the measured and
calculated concentrations. Metal concentrations are very low west-
ward from the Guadiana River. There is an increase in concentra-
tions here since, as has already been mentioned, the three rivers
drain the Iberian Pyrite Belt. Maximum concentrations exist in the
mouth of the Odiel-Tinto rivers. Although river flows are much
smaller than those of the Guadiana and Guadalquivir, the Odiel-
Tinto rivers are considerably more contaminated (Gonzalez et al.,
2007) and, indeed, they have been recognized as the main source of
metals along the coast (Morillo et al., 2004).

A map of computed dissolved Zn concentrations at the surface
for summer 1997 is presented in Fig. 9 together with a contour
plot obtained from empirical data (Achterberg et al., 1999), which
shows essentially the same banded structure. It may be clearly
seen that the impacts from river outflow are restricted to a
narrow band along the shore. Samples were not collected in the
coastal area from Cadiz to the Strait, thus the impact is apparently
restricted (in the case of observations) in Fig. 9 to the zone located
to the north of Cadiz. The highest concentrations are obtained in
the mouth of the Odiel-Tinto rivers, obviously as in the case of
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bed sediments. The plume of dissolved metals, however, reaches
the Strait of Gibraltar. Indeed, it has already been found (Elbaz-
Poulichet et al., 2001) that coastal waters transport dissolved
metals from the Odiel-Tinto rivers to a distance of more than
200 km. Moreover, it has been found that these rivers constitute a
source of natural radionuclides into the Mediterranean through
the Strait of Gibraltar (Gascó et al., 2002).

Once it seems that the model is giving a realistic representation
of reactive transport in the GoC, a numerical experiment has been
carried out to assess the effect of the outflow of Mediterranean
Water on the Pu contamination of bed sediments in the GoC. The
model is started from clean water, suspended matter and bed
sediments. Pu concentration in water is specified, as a boundary
condition, in the Mediterranean Water entering the GoC through the
Strait of Gibraltar. Such Pu concentration is obtained from the
output of the AS model (Periáñez, 2008): 0.012 Bq/m3. The model
is integrated until a steady situation is achieved. The computed Pu
distribution in bed sediments is presented in Fig. 10. This results
could not be compared with measurements. However, the path
followed by the Mediterranean Water is clearly marked on the bed
sediment as a tongue of enhanced Pu concentrations directed to the
noth-west. Its shape is in agreement with the computations in Serra
et al. (2005), Fig. 4b in their paper, for salinity.
4. Particle-tracking rapid-response models

4.1. Description

Particle-tracking dispersion models for dissolved contaminants
and oil spills have already been described for the Strait of Gibraltar
(Periáñez and Pascual-Granged, 2008) and the AS (Periáñez, 2006).
However, due to the hydrodynamic models used to obtain the water
circulation in such cases (a 2D model for the Strait of Gibraltar and a
reduced-gravity model in the case of the AS) only pollutant releases



−8 −7.5 −7 −6.5 −6
33

33.5

34

34.5

35

35.5

36

36.5

37

37.5

Longitude

La
tit

ud
e

→

day 2
day 5
day 10

Fig. 11. Position of particles 2, 5 and 10 days after an instantaneous surface

chemical spill occurring at the arrow position.
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occurring at the sea surface could be simulated. Now, particle-
tracking models have been improved and releases at any depth may
be considered. This is particularly interesting, for instance, to
simulate a radioactive spill from a sinking nuclear submarine.

The adsorption of pollutants by suspended and bottom sedi-
ments can also be simulated with a particle-tracking model
(Periáñez and Elliott, 2002). However, these processes are neglected
in the present study since suspended matter concentrations are
very low in most of the GoC (Palanques et al., 1986-1987) and AS
(León-Vintró et al., 1999).

Essentially, a pollutant discharge is simulated by a number of
discrete, passive, particles, each one equivalent to a number of
units (for instance kg). The path followed by each particle is
computed, turbulent diffusion being modelled as a 3D random
walk process. The density of particles per water volume unit is
finally computed to obtain pollutant concentrations over the
domain at the desired time and depth. Both instantaneous and
continuous releases of particles can be simulated.

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
position 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
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12ADt
p

ð2Þ

in the direction y¼ 2pRAN, where RAN is a random number
between 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 time and for a given particle. Similarly, the maximum size
of the vertical step is

Dv ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
2KDt
p

ð3Þ

given either towards the sea surface or the sea bottom. A and K

are the horizontal and vertical diffusion coefficients, respectively,
as denoted in Appendix, and Dt is time step.

The horizontal diffusion coefficient depends on the horizontal
grid spacing (Dick and Schonfeld, 1996). The present grid resolu-
tion gives A¼2.0 m2/s. In the case of the vertical diffusion
coefficient, a typical value of 0.001 m2/s is used (Elliott et al.,
2001; Dick and Schonfeld, 1996). Diffusion through the pycno-
cline in the AS 2-layer domain was fixed as 1.0�10�5 m2/s
(Periáñez, 2008).

The effect of wind is included as usual in particle-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 logarithmically to
zero at a depth usually taken as 20 m. Changing wind fields may
be specified as in Periáñez and Pascual-Granged (2008).

Date and time of the discharge (and duration in the case of
continuous 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 t¼0 must be
specified. The values used correspond to the origin of time being
January 1, 2003 at 0:15 h Greenwich time.

More details about the practical aspects of the computation
may be seen elsewhere (Periáñez, 2005a; Periáñez and Pascual-
Granged, 2008). A summary of equations describing specific
processes for radioactive and oil spills is given in Appendix D.

The model output consists of 12 snapshots at constant intervals
during the simulation to show the evolution of the contamination
patch over time. These snapshots can be drawn in a 3D form, or as
projections on the xy, xz and yz planes. Pollutant concentration maps
at any depth are obtained from the density of particles per water
volume unit.

4.2. Results

Fortunately, accidents suitable for testing the particle-tracking
models have not occurred in the region. Thus, some examples of
results concerning hypothetical accidents are presented. Never-
theless, the dispersion of metals (in the GoC) and of fallout
radionuclides (in the AS) has been satisfactorily simulated with
the currents provided by the corresponding hydrodynamic mod-
els. Consequently, there is some confidence on particle-tracking
model results since we must also take into account that this
technique does not introduce numerical dispersion and is more
suitable than finite differences to simulate situations when high
contamination gradients are involved (Periáñez and Elliott, 2002).

Mean currents in AS and GoC are affected by factors as for
instance atmospheric pressure differences between the Atlantic
and the western Mediterranean, and thus presents some varia-
bility. Consequently, a factor which acts as a modulator of the
residual current amplitude has been introduced. If 1 is used, the
residual current for the mean conditions is used in the calcula-
tions. 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? 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
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method will, at least, allow to estimate if there is any chance that
a given sensitive point (a coastal town for instance) is affected by
contamination. Given the short running times of the model
(approximately 1.5 s per day of simulation on a Pentium 4 PC in
the case of an instantaneous release), this is not a problem. This
procedure has already been suggested for surface radioactive spill
models recently developed for the Alboran Sea (Periáñez, 2006)
and the Strait of Gibraltar (Periáñez and Pascual-Granged, 2008).

The first numerical experiment consisted of a dissolved che-
mical spill in front of the Bay of Cadiz (GoC). The spill was an
instantaneous release at the surface on January 1, 2008 at 0:00 h
(this date and time was taken just as an example) and with no
wind. Snapshots showing the position of particles 2, 5 and 10 days
after the accident may be seen in Fig. 11. These snapshots are
projections of the 3D particle positions on the xy plain. 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. 3). A significant
fraction of the spill has entered the Mediterranean through the
Strait after 12 days.

A second experiment consisted of a long-live radionuclide
release from a sunken nuclear submarine in front of Gibraltar
(coordinates �5.271, 36.101). 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. 12. Two maps showing radionuclide concentrations 12 days
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Fig. 12. Radionuclide concentrations (Bq/m3) in the upper (a) and lower (b) water layer

the xz plane. The position of the release is indicated by the arrow in panels (b) and (c

referred to the web version of this article.)
after the accident in the surface and bottom water layers are
presented in Fig. 12a and b, respectively. In the bottom water
layer the current is directed to the west and, consequently, most
of the radionuclides move in this direction. Nevertheless, some of
them cross the pycnocline (the interface separating both water
layers) and reach the surface water layer, which moves to the east
(see Fig. 2). 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 Alboran Gyre. A projection
of particle positions 12 days after the accident on the xz plane is
presented in Fig. 12c. The pycnocline depth in the AS is in the
range of approximately 170–220 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. 12. Water
depths in the Strait of Gibraltar decrease very fast from about
�5.51 towards the west. Most of the patch is trapped in this
abrupt slope (see Fig. 12c). 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.
5. Conclusions

Pollutant dispersion processes in the Gulf of Cadiz and Alboran
Sea have been studied through numerical modelling. Two kind of
dispersion models have been developed: finite difference and
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). (For interpretation of the references to color in this figure legend, the reader is
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rapid-response Lagrangian models. Water circulation, required to
solve dispersion, is obtained from appropriate hydrodynamic mod-
els for each domain. These models have been tested by means of
comparisons of computed tides and currents with measurements in
the GoC and the AS.

The finite difference dispersion models include water–sedi-
ment interactions. In the Alboran Sea, this model has been applied
to simulate the dispersion of fallout radionuclides. Computed
137Cs and 239,240Pu concentrations in bed sediments and the water
column have been compared with observations. In the case of the
Gulf of Cadiz, the contamination of bed sediments by metals
discharged by the main rivers draining the southern Iberian
Peninsula has been adequately reproduced. The impact from river
outflow is restricted to a narrow band along the shore, the area of
the Odiel-Tinto river mouth being the more contaminated. The
plume of dissolved metals reaches the Strait of Gibraltar confirm-
ing that coastal waters transport dissolved metals from the Odiel-
Tinto rivers to a distance of more than 200 km and that these
rivers may constitute a source of metals and radionuclides into
the Mediterranean through the Strait of Gibraltar.

The dispersion of Pu entering the Gulf of Cadiz with the outflow
of Mediterranean Water has been simulated with the model. The
path followed by the Mediterranean Water is clearly marked on the
bed sediment as a tongue of enhanced Pu concentrations. Its shape
is in agreement with earlier salinity computations.

Results of the finite difference dispersion models provide an
extra validation of the water circulation obtained from the hydro-
dynamic models. Then, water circulation is used in rapid-response
particle-tracking dispersion models, which are appropriate tools to
support the decision-making process after an emergency situation.
Although results of these models could not be compared with
observations, two examples concerning hypothetical accidents have
been presented and discussed. These numerical experiments, more-
over, are useful to improve our knowledge about processes occur-
ring in the environment. For instance, it has been found that mixing
of contaminants through the pycnocline in the Alboran Sea essen-
tially occurs in the area of abrupt topography change of the Strait of
Gibraltar.
Acknowledgment

The author is indebted to the Agencia Española de Cooperación
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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-axes, h is the depth of water below the mean sea
level, z is the displacement of the water surface above the mean
sea level measured upwards, H¼ hþz is the total water depth, O
is the Coriolis parameter (O¼ 2w sin b, where w is the Earth
rotational angular velocity and b is latitude), g is acceleration due
to gravity, rw is water density and A is the horizontal eddy
viscosity. tu and tv are friction stresses that have been written in
terms of a quadratic law:

tu ¼ krwu
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2þv2

p

tv ¼ krwv
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2þv2

p
ð7Þ

where k is the bed friction coefficient.

A.2. 3D baroclinic model

The full 3D hydrodynamic equations including the terms
corresponding to density gradients are written in the hydrostatic
and Boussinesq approximations as

@z
@t
þ
@

@x
ðhþzÞ

Z z

�h
u dz

" #
þ
@

@y
ðhþzÞ

Z z

�h
v dz

" #
¼ 0 ð8Þ

@u

@t
þu

@u

@x
þv

@u

@y
�Ovþg

@z
@x
þ

g

r0

Z z

z

@rw

@x
dz

¼
@

@z
K
@u

@z

� �
þA

@2u

@x2
þ
@2u

@y2

� �
ð9Þ

@v

@t
þu

@v

@x
þv

@v

@y
þOuþg

@z
@y
þ

g

r0

Z z

z

@rw

@y
dz

¼
@

@z
K
@v

@z

� �
þA

@2v

@x2
þ
@2v

@y2

� �
ð10Þ

where rw is water density, r0 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:
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¼ 0 ð11Þ

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

rw ¼ r0½1�aðT�T0ÞþbðS�S0Þ� ð12Þ

where S is salinity, T is temperature, a¼ 2:41� 10�4 and b¼
7:45� 10�4. The reference salinity is taken as r0 ¼ 999:7 kg=m3 at
S0 ¼ 0 and T0 ¼ 10 1C.

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
turbulence 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
generation of turbulence by the vertical shear, the second term
is diffusion of turbulence and the last term is loss of turbulence
by buoyancy (conversion of kinetic energy into potential energy).
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e represents dissipation of turbulence that is written as

e¼ C1E3=2‘ ð16Þ

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

K ¼ C0‘E
1=2þlt ð17Þ

where C0 is a numeric coefficient and lt 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 C¼0.046. The background viscosity is fixed

as lt ¼ 10�4 m2=s.
The mixing length is derived from an algebraic expression:

‘¼
1

1=‘1þ1=‘2
ð18Þ

with

‘1 ¼ kðzþz0þhÞeb1ðzþhÞ=h ð19Þ

‘2 ¼ kðzs�zÞ ð20Þ

where k¼ 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. 2-layer model

Two water layers with different densities are flowing in
opposite 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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@H2

@t
þr � H2 ~u2 ¼ 0 ð24Þ

with indexes 1 and 2 for the upper and lower layers, respectively.
In these equations Hi is the thickness of the water layer, ri is
water density in each layer, A is a horizontal friction coefficient
and g0 is the reduced gravity:

g0 ¼ g
r2�r1

r2

ð25Þ

z1 is the elevation of the sea surface with respect to the mean
level and z2 is the depth of the interface between layers. Finally ~t1

and ~t2 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:

~t1 ¼ c1r19 ~u1� ~u2 9ð ~u1� ~u2 Þ

~t2 ¼ c2r29 ~u2 9 ~u2 ð26Þ

where c1 and c2 are the interfacial and bottom friction coefficients.
Appendix B. Suspended matter transport

The equation which provides the suspended matter concen-
tration, m, is
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where ws is the settling velocity of suspended particles. The
deposition and erosion terms are incorporated into the seabed
boundary condition of the equation. The deposition rate is written as

DP¼wsmðbÞ 1�
tb

tcd

� �
ð28Þ

where m(b) is particle concentration evaluated at the sea bottom, tb

is bottom stress due to tides and the residual current, and tcd is a
critical deposition stress above which no deposition occurs since
particles are maintained in suspension by water turbulence.

The settling velocity is determined from Stokes’s law:

ws ¼
r�rw

rw

gD2

18n
ð29Þ

where r and D are suspended particle density and diameter,
respectively, and n is kinematic viscosity of water. The erosion
rate is written in terms of the erodability constant:

ER¼ Ef
tb

tce
�1

� �
ð30Þ

where E is the erodability constant, f gives the fraction of fine
particles in the bed sediment and tce is a critical erosion stress
below which no erosion occurs. The model can also calculate
sedimentation rates (SR) as the balance between the deposition
and erosion terms.
Appendix C. Finite difference transport equations

The migration of pollutants to the deep sediment is treated as
a decay process with constant lburial given by

lburial ¼
SR

rsL
ð31Þ

where L is the sediment mixing depth (the distance to which the
dissolved phase penetrates the sediment) and rs is the sediment
bulk density (dry mass divided by wet volume).

It is known that adsorption depends on the surface of particles
per water volume unit at each point and time. This quantity has
been denoted as the exchange surface. Thus, the kinetic coeffi-
cient k1,k is written as

k1,k ¼ wðSm,kþSsdk,2Þ ¼ km
1,kþks

1 ð32Þ

where Sm and Ss are the exchange surfaces for suspended matter
and bottom sediments, respectively (dimensions ½L��1) and w is a
parameter with the dimensions of a velocity denoted as the
exchange velocity. The index k¼1,2 represents each water layer
(surface and bottom, respectively). The delta function is intro-
duced to take into account that only the bottom layer interacts
with the bed sediment.

Assuming spherical particles, the exchange surfaces are writ-
ten as

Sm,k ¼
3mk

rR
ð33Þ

and

Ss ¼
3Lffð1�pÞ

RH2
ð34Þ
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where R and r are particle radius and density, respectively, mk is
the suspended matter concentration in layer k, f is the fraction of
small particles in the sediment, p is sediment porosity and f is a
correction factor that takes into account that part of the sediment
particle surface may be hidden by other sediment particles.
Finally, H2 is the thickness of the bottom water layer. The kinetic
coefficient k2 is considered to be constant.

The equation that gives the time evolution of the pollutant
concentration in the dissolved phase, Cd, is
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where Cs and As are pollutant concentrations in suspended matter
and the bed sediment mixed layer, respectively, and l is a decay
constant (for instance radioactive).

The equation for the time evolution of pollutant concentration
in suspended matter is
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where ws is particle settling velocity. Finally, for the bed sediment
pollutant concentration we have
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H2Cd,2

rsLf
�k2AsfþSR

Cs,2

rsLf
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in the mixed sediment depth. The total contaminant content, Ap,
in the sediment below the mixed depth is given by the following
equation:

@Ap

@t
¼ lburialrsLfAs�lAp ð38Þ

The contaminant concentration in the sediment mixed depth
is given by fAs. This is what would be obtained from a surface
sediment sample where a coarse sediment fraction ð1�f Þ exists
with negligible pollutant concentration.
Appendix D. Particle-tracking 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

p¼ 1�e�lDt ð39Þ

where l is the radioactive decay constant. In practice, a random
number is generated for each particle at each time step. If RANrp

then the particle is removed from the computation. Obviously, in
the case of a stable chemical pollutant l¼ 0.

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

w¼
gd2
ð1�r0=rwÞ

18n
ð40Þ

for small droplets with diameter drdc (laminar motion). In this
equation rw and r0 are the densities of water and oil, respec-
tively, and n is the water kinematic viscosity. For large droplets
with d4dc (turbulent motion) the vertical velocity is

w¼ ð83gdð1�r0=rwÞÞ
1=2

ð41Þ
The critical diameter, dc, is given by the expression

dc ¼
9:52n2=3

g1=3ð1�r0=rwÞ
1=3

ð42Þ

that is deduced matching the Reynolds numbers at which the
transition 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. (39). The decay constant is related to the
e-folding time by l¼ 1=Te. Different e-folding times are used for
evaporation, Tev, and decomposition, Tde. Additionally, only parti-
cles within a depth zev 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
considered beached. Thus, the droplet stays in the coast without
moving 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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