Progress in
Oceanography
Progress in Oceanography 74 (2007) 252–272
www.elsevier.com/locate/pocean

Analysis of mixing and biogeochemical eﬀects induced by
tides on the Atlantic–Mediterranean ﬂow in the Strait
of Gibraltar through a physical–biological coupled model
D. Macı́as a,*, A.P. Martin b, J. Garcı́a-Lafuente c, C.M. Garcı́a a, A. Yool b,
M. Bruno d, A. Vázquez-Escobar d, A. Izquierdo d, D.V. Sein e, F. Echevarrı́a a,f
a

d
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Abstract
The output of a two-layer hydrodynamic model along a west–east section of the Gibraltar Strait is used to estimate tidal
induced mixing between the Mediterranean and Atlantic water layers and to simulate the eﬀects of mixing processes on
biogeochemical ﬂuxes and the pelagic community of the area. The hydrodynamic model is used to estimate interfacial mixing and water advection which drive the dynamics of the pelagic community. The model was run for 13 months, in order to
analyse the eﬀect of annual modulations in tidal amplitude on mixing. Incorporation of a third intermediate layer leads to
a signiﬁcant improvement in the model results, showing the necessity for a three layer circulation scheme when modelling
biogeochemical processes in the Strait of Gibraltar. Pelagic processes are modelled using a simple Nutrient–Phytoplankton–Zooplankton (NPZ) model. The intense physical mixing and advection in the channel are the main inﬂuence on plankton dynamics in the area. It is found that residence times within the channel are so short that phytoplankton communities
cannot grow appreciably during their transit. As a consequence, the use of a more sophisticated biogeochemical model
does not lead to signiﬁcant changes in the results obtained. According to the model, mixing over the Camarinal Sill causes
an average of 16% of the out-ﬂowing nutrients to be returned back to the Mediterranean. This fraction varies between 4%
and 35% as a function of the tidal amplitude. The comparison of the model results with ﬁeld data suggests that in order to
obtain an accurate simulation of the plankton ecosystem dynamics in the strait, it is necessary to take into account the full
horizontal ﬂow, as recirculation and coast-channel interactions seems to be very important processes in explaining the biological patterns in the area.
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1. Introduction
The negative hydrological budget of the Mediterranean Sea as a whole creates the well-known inverse estuarine circulation through the Strait of Gibraltar (Lacombe and Richez, 1982; Armi and Farmer, 1988; Hopkins, 1999) that leads to a natural tendency to oligotrophy in the Mediterranean basin. The Strait plays a
critical role in this hydrological budget and, along with the climatic conditions over the Mediterranean area,
determines the size and structure of the exchanged ﬂows (Bryden and Kinder, 1991; Garcı́a Lafuente and Criado Aldeanueva, 2001). The nutrient budget of the Mediterranean Sea depends on the water exchange through
the Strait of Gibraltar, as well as on atmospheric and river inputs (Béthoux et al., 1998). It is, therefore,
expected that the ﬂow dynamics and mixing in the Strait of Gibraltar play a non-negligible role in the nutrient
budget of the Mediterranean basin (Packard et al., 1988; Minas et al., 1991).
Over annual timescales the water exchange through the Strait of Gibraltar can be regarded as a nearly constant inﬂow of Atlantic waters towards the Mediterranean in the upper layer and a nearly constant outﬂow of
deep Mediterranean waters towards the Atlantic beneath. The magnitude of these virtually regular ﬂows has
been estimated by direct measurement (e.g., Bryden and Kinder, 1988; Pettigrew, 1989; Bryden et al., 1994;
Garcı́a-Lafuente et al., 2000; Tsimplis and Bryden, 2000) and by numerical models (Wu and Haines, 1996;
Sein et al., 1998; Hopkins, 1999; Sannino et al., 2002). Although the reported values diﬀer from each other,
a reasonable value of general agreement is around 0.8 Sv (1 Sv = 1 · 106 m3/s), the inﬂow being around 5%
greater than the outﬂow in order to compensate for evaporative losses in the Mediterranean Sea. The recent
study by Basheck et al. (2001), who calculated an Atlantic inﬂow of 0.81 Sv and a Mediterranean outﬂow of
0.76 Sv from ﬁeld observations corrected by an inverse tidal model, is within the range of observations and it
will be used as a reference in this manuscript. The nutrient concentration of the exchanged waters is estimated
as 1.2 mmol N/m3 in the inﬂowing Atlantic waters and 9.6 mmol N/m3 in the outﬂowing Mediterranean
waters (Gómez et al., 2000b; Minas et al., 1991; Dafner et al., 2003). With these concentrations and using
the ﬂow estimates of Basheck et al. (2001), the nutrient ﬂuxes towards the Mediterranean Sea and towards
the Atlantic Ocean would be 972 and 7296 mol N/s, respectively. Thus, the Mediterranean Sea would export
a net amount of 6324 mol N/s (or 2914 ton N/year) to the Atlantic ocean through the Strait of Gibraltar.
The long-term average pattern depicted above exhibits large ﬂuctuations at diﬀerent time scales. Seasonal
and subinertial (meteorologically-induced) ﬂuctuations of, typically, 0.1 Sv and 0.5 Sv, respectively (Candela,
1990; Garcı́a-Lafuente et al., 2002) have been reported, but the main source of variability is tidal. Tidal currents produce ﬂow ﬂuctuations whose amplitude can be up to 4 Sv during spring tides, more than four times
greater in magnitude than the time-averaged ﬂow (Garcı́a-Lafuente and Vargas Domı́nguez, 2003). An interesting and curious fact ﬁrst pointed out by Bryden et al. (1994) is that tides contribute to the mean exchange
through the positive correlations between the position of the interface separating Mediterranean and Atlantic
waters (AMI hereinafter) and the strength of the tidal currents. Bryden et al. (1994) showed that, on average,
almost half of the ﬂow exchange measured in the main sill of Camarinal, in the western side of the Strait (see
Fig. 1), occurs by virtue of this correlation. The analysis of Vargas et al. (2006) conﬁrmed this mechanism
(which they named tidal-rectiﬁcation of ﬂows) but they went further and showed that tidal rectiﬁcation dominates the exchange during spring tides and was negligible during neap tides. The question remains open as to
whether or not the exchange of other substances also follows a pulsating pattern related to the fortnightly
cycle of tides, an issue that becomes more complex if mixing is taken into account.
The bottom topography changes dramatically from 900 to 300 m depth near the Camarinal Sill (Fig. 1).
The interaction between ﬂows and this sharp topography makes the AMI change position abruptly too. This
is particularly true during certain phases of the tidal cycle when the abrupt changes of the AMI are related
either to the formation of internal hydraulic jumps (Boyce, 1975; Armi and Farmer, 1985; Garrett et al.,
1990), a phenomenon that prevails during moderate to strong (spring) tides, or arrested internal waves (Bruno
et al., 2002), which are more usual during weak (neap) tides. Such undulatory processes enhance interfacial
mixing (Wesson and Gregg, 1994) and can inject deep, nutrient-rich water into the upper layer of Atlantic
water. The upwelled inorganic nutrients are advected towards the Mediterranean Sea in the upper layer
enhancing the primary production in the Alboran Sea to the east of the Strait. The turbulence-favouring
abrupt nature of hydraulic jumps relative to the smoother arrested waves suggests a fortnightly cycle for mixing and, hence, for the exchange of dissolved substances. The simultaneous occurrence of enhanced mixing
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Fig. 1. Area of study. The cross shows the position of the Eulerian station where the diel cycle was observed for comparison to the model
results.

and strong tidal currents can give rise to positive correlations between nutrient concentration and tidal ﬂows,
in which case, the mean ﬂux into the Mediterranean estimated above assuming steady ﬂows needs to be
revised.
One possible way to address these issues is to use numerical models. There have been several attempts to
simulate the water circulation through the Strait of Gibraltar using hydrodynamic models (e.g., Wang, 1989,
1993; Brandt et al., 1996; Sein et al., 1998). The models have diﬀerent levels of complexity ranging from the
simplest one-dimensional two-layer model to 3D coarse resolution models. Recently, high spatial-resolution
models allowing for realistic bottom topography-ﬂow interaction have been developed: both two-dimensional,
two-layer types (Izquierdo et al., 2001; Castro et al., 2004) and three-dimensional ones (Sannino et al., 2002,
2004). All of them have some degree of success in simulating the short-scale undulatory phenomena over Camarinal Sill but they are either unable to deal with mixing (two-layer models) or mixing was not speciﬁcally
addressed in the study (Sannino et al., 2004).
Currently, there are no physical–biological coupled models that explore the eﬀects of the strong advection
and mixing processes on biogeochemical exchanges and the behaviour of the pelagic ecosystem in the Strait
and adjacent marine regions. A conceptual model of the plankton distribution in the Strait was proposed
by Gómez et al. (2000a) and by Echevarria et al. (2002). This relates the quasi-permanent enrichment of phytoplankton biomass in the north-eastern area of the Strait to mixing processes over the Camarinal Sill and the
subsequent eastwards advection of the water masses. However, these authors did not carry out numerical calculations in order to test the conceptual model.
The circulation and its variability are known to modify the distribution patterns of biological variables in
the Strait (Gómez et al., 2001; Macı́as et al., 2006) and in its neighbouring areas (Mercado et al., 2007). Therefore, the correct simulation of the pelagic community in this area must be achieved by means of a physical–
biological coupled model in which the physical part can resolve short time-scale dynamic features such as tidal
mixing. Physical–biological modelling is actually a fruitful approach promoted by international programs as
GLOBEC.
A 2-layer 1-D model is constructed by extracting an along-strait W–E section from the advanced hydrodynamic model of Izquierdo et al. (2001). This 1D model is then modiﬁed to improve the representation of vertical tidal mixing. Finally a pelagic biological model is coupled to the physical model. The combined model is
used to examine the mixing induced by the tidal circulation (by estimating interfacial shear eﬀects) and its
inﬂuence on the distribution patterns of biogeochemical ﬁelds in the region. The model is described in Section
2, with Section 3 containing our results and Section 4 our conclusions.
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2. Models
2.1. Hydrodynamic model
The physical part of the physical–biological model is a 2D, nonlinear, two-layer, free-surface, hydrostatic
model with boundary-ﬁtted curvilinear coordinates. Sea-water density is uniform and prescribed in each layer.
A complete model description, including governing equations and parameter values used can be found in
Izquierdo et al. (2001).
The model is forced at the open boundaries with radiation-type boundary conditions ensuring that when
short-wavelength disturbances in the ﬁelds of variables are generated they all propagate away from the region
of interest. At the coastal boundaries a condition of null normal ﬂow is applied. In order to reduce the inﬂuence of any inaccuracies in boundary forcing upon the sought-for solution the waves produced within the
strait are allowed to propagate freely through its open boundaries. The staggered Arakawa-C curvilinear grid
has a default resolution of 1.0 km decreasing to 0.125 km in the Strait of Gibraltar, with a total of 198 · 40
gridcells.
The M2, S2, K1 and O1 surface tidal elevation amplitudes and phases used to set the tidal forcing at the open
boundary grid points were derived by interpolating the relevant values from a 0.5 gridded version of the
FES95.2 global tidal solutions of Le Provost et al. (1998). The initial mean interface depth was taken from
the solution to the 2D steady, two-layer exchange ﬂow problem in the Gulf of Cadiz–Strait of Gibraltar–
Alboran Sea system given in Sein et al. (1998). The bathymetry was obtained from the ETOPO5 database
complemented by the data from the comprehensive chart published by Instituto Geográﬁco Nacional and
SECEG (1988).
The numerical solution was found by employing an alternating-direction technique with a ﬁrst-order
upstream scheme in the horizontal and a semi-implicit Crank–Nicolson scheme in time. Restricted by the Courant–Friedrichs–Lewy condition the timestep was given a value of 2 s. This time step was used in calculating
both the surface and internal tidal modes to avoid averaging of their associated solutions, as would be the case
if a time-splitting technique were utilized.
The model was run for 30 identical semidiurnal tidal cycles to achieve a stable time-periodic solution. After
establishing this solution, the model run was continued for a 13-month period. The model outputs have been
compared to observations in order to assess the validity of assumptions and accuracy of the predictions. After
validating the model three along-strait transects at diﬀerent latitudes have been selected from the two-dimensional grid in order to diagnose mixing and its eﬀects on a biological model. The transects denoted North
(NT), Central (CT) and South (ST) (Fig. 1) each consist of 69 grid points separated by 900 m. At each of these
points, the hydrodynamic model gives the upper and lower layer along-strait velocity and the interface depth
every 15 min for all 13 months of simulation.
2.2. Mixing-advection model
The physical processes inﬂuence the biogeochemistry of the region through mixing and advection. Advection velocities for all tracers (see Table 2) are provided directly by the model output. Mixing, which is responsible for variations of concentration, is not directly computed from the hydrodynamic model which is
immiscible and therefore does not allow for any exchange of properties between the layers. However, taking
into account that interfacial mixing is strongly dependent on the vertical velocity shear across the interface
(Briscoe, 1984), we will develop a parameterisation scheme to estimate interfacial mixing. The success of this
parameterisation is supported by the reliability of the tidal current predictions of the hydrodynamic model
used (Brandt et al., 1996).
Initially, two mixing regimes are identiﬁed and parameterised separately. The ﬁrst is associated with processes that occur at the main sill of Camarinal, where turbulent mixing is strongly enhanced both by the formation of internal hydraulic jumps (Armi and Farmer, 1985) and by arrested internal waves (Bruno et al.,
2002). These phenomena produce rates of energy dissipation (and hence, of mixing) that are orders of magnitude greater than the ocean average (Wesson and Gregg, 1994). The second regime parameterises mixing far
from the Camarinal Sill and involves the more usual processes of small-scale eﬀectively diﬀusive mixing.
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In our implementation scheme, interfacial mixing is assumed to occur by overturning of the interface in
response to the development of Kelvin–Helmhotz (K–H) type instabilities, whose existence is subject to the
inequality (Kundu, 1990)
gðq22  q21 Þ < Kq1 q2 ðu1 ðtÞ  u2 ðtÞÞ2 ;

ð1Þ

being met where K is the wave number of the interfacial disturbances generated by the velocity shear, g is the
acceleration due to gravity, q1 and q2 are the ﬂuid densities of the upper and lower layers, and u1 and u2 are the
velocities in the respective layers. If this criterion is fulﬁlled, then mixing takes place at the given location in the
model.
The amount of material that enters the upper layer from the lower layer after the interfacial overturning
may be then estimated by quantifying the change of kinetic and potential energies caused by the overturning,
as explained in the following paragraphs and illustrated in Fig. 2.
We will assume that after an interfacial mixing event, a mixing layer of thickness dm is eventually formed
(see Fig. 2). Taking the vertical co-ordinate as positive upward with zero at the base of the mixing layer, the
depth-integrated kinetic and potential energy per unit volume before the overturning event, may be written,
respectively, as
 2

Z
1 dm
q u þ q2 u22
Eki ¼
qðzÞu2 ðzÞdz ¼ 1 1
ð2aÞ
dm ;
2 0
4


Z dm
3q1 þ q2
gqðzÞz dz ¼
ð2bÞ
Epi ¼
gd2m :
8
0
The depth-integrated energies across the mixing layer after the overturning event, may be written as
Ekf ¼ dm q1 ð3u21 þ 2u1 u2 þ u22 Þ=24 þ dm q2 ðu21 þ 2u1 u2 þ 3u22 Þ=24;
Epf ¼

gd2m ð2q1

þ q2 Þ=6;

ð3aÞ
ð3bÞ

where for the sake of simplicity it has been assumed that velocity and density vary linearly across the mixing
layer such that
ðu1  u2 Þ
z;
dm
ðq  q2 Þ
z:
qðzÞ ¼ q2 þ 1
dm
uðzÞ ¼ u2 þ

Fig. 2. Schemes of interfacial mixing. (a) Situation before mixing, two layers with homogeneous concentration of a given tracer (C1 and
C2). (b) After mixing, an interfacial layer is created (thickness dm) where concentration varies linearly.
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Taking into account that the mixing processes produced by K–H instabilities lead to a conversion of kinetic
energy of the sheared ﬂow into potential energy, the changes in potential and kinetic energies, DEp = Epf  Epi
and DEk = Ekf  Eki, due to the mixing event, may be related with each other in the following manner:
DEp ¼ eDEk ;

ð4Þ

where e is the mixing eﬃciency, i.e., the proportion of the available kinetic energy transformed into potential
energy (De Silva et al., 1999; Peltier and Caulﬁeld, 2003). Using the deﬁnitions of Eqs. (2) and (3) to compute
the energies before and after the mixing and substituting into Eq. (4), the following relationship between dm
and e is obtained:
dm ¼

e½q1 ð3u21  2u1 u2  u22 Þ  q2 ðu21 þ 2u1 u2  3u21 Þ
:
gðq2  q1 Þ

ð5Þ

Now, in order to determine the amount of material that is exchanged between the two layers, we will assume
that the concentration of a given substance after the interfacial mixing event, follows, as in the case of velocity
and density, a linear variation with depth across the mixing layer
CðzÞ ¼ C 2 þ

ðC 1  C 2 Þ
z;
dm

ð6Þ

where C1 and C2 are the concentrations in the upper and lower layer, respectively. Next, we will assume that
immediately after the creation of the mixing layer, the upper half of it evolves into a layer of uniform (with
depth) concentration. This uniform value is assumed to be the averaged concentration for the upper half of
the mixing layer, which may be calculated using Eq. (6) as


3
3C 1 þ C 2
C m ¼ C z ¼ dm ¼
:
ð7Þ
4
4
Taking into account the amount of material per unit horizontal area contained in the upper half of the mixing
layer,
M m ¼ Cm

dm dm C 2  C 1
¼
:
2
2
4

If this excess of mass is now assumed to be homogeneously distributed throughout the layer in order to recover the two-layer scheme, the new concentration in layer 1 has increased by DC1 = Mm/h1. Similar considerations stand for concentrations in layer 2. The time rate at which layer 1 is changing its concentration due to
this vertical exchange would be
 i;j
DC
C i;j  C i;j1 ðC i;j1
 C i;j1
Þdi;j
1
m
¼ 2
¼
;
ð8Þ
i;j
Dt m
Dt
8h1 Dt
where the superscripts j indicate time (previous (j  1) and current j) and positions (i) where changes are
evaluated.
This is the way through which the contribution of the mixing events to the local variation of concentration
in the upper layer will be speciﬁed. This represents a source/sink term for the given substance. In this way, the
mixing-advection equation for an inert tracer in the upper layer could be written as
 
oC
oðu1 CÞ
oC
¼
þ
;
ð9Þ
ot
ox
ot m
where local changes in concentration result from the net balance between the supplying of substance to the
upper layer by interfacial mixing and the advective transport.
Changes of concentration due to interfacial mixing given by Eq. (8), are evaluated each discrete time interval Dt. Therefore, such changes must be understood as an average result from the interfacial mixing processes
due to interface overturning events occurring during that time interval and not as an instantaneous change due
to a particular overturning event. In this sense, the mixing eﬃciency, e, appearing in Eq. (5) must be understood as a bulk parameter characterising the global mixing phenomena occurring during this time interval.
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This bulk character must as well be attributed to the mixing layer thickness dm. In this way, the mixing model
will be dependent on two parameters: mixing eﬃciency e and the wave-number K of the K–H instabilities.
These parameters are determined by ﬁtting the model output to observations as shown below in this section.
In order to carry out numerical integration of Eq. (9) it will be discretised following the upstream scheme:
C i;j ¼ C i;j1 

Dt i;j1 j1 ðC i;j
 C i;j1 Þdi;j
m
u1 DC þ m
;
ðDxÞ
2hi;j
1

ð10Þ

> 0 and DC j1 ¼ ðC iþ1;j1  C i;j1 Þ for ui;j1
< 0. Here, time and spawith DC j1 ¼ ðC i;j1  C i1;j1 Þ for ui;j1
1
1
tial (along-strait) coordinates are discretised as t = jDt (j = 0, 1, 2, . . . , N) and x = iDx (i = 0, 1, 2, . . . , L), respectively. The time step of the hydrodynamical model is Dt and Dx is the length of the diﬀerent cells of the alongstrait transect, and the location given by subscripts i are assigned to the centre of the spatial cells. The speciﬁc
values chosen are Dt = 15 min and Dx = 900 m. Before computation of the changes to concentration at the
instant (j), the concentration ﬁeld at instant (j  1) was corrected for numerical diﬀusion using a 4 iteration
MPDATA method (Smolarkiewicz and Margolin (1998)).
Far from the Camarinal area, the term giving the contribution to the upper layer concentration due to the
interfacial mixing in Eq. (10) is replaced, prior proceeding to numerical solving by
 i;j1

C i;j
 C i;j1
;
ð11Þ
1
m ¼ k mix C 2
where C2 is concentration in the lower layer and kmix is an empirical coeﬃcient chosen to best ﬁt the ﬁeld data.
Thus, the change of concentration is assumed to derive from eﬀectively diﬀusive mixing through the interface.
However, the implementation of the semi-empirical three-layer model explained in Section 2.2.2, allows for the
use of Eq. (8) for the whole area rather than just over the sill, so that Eq. (11) has only been applied in the two
layer scheme explained next.
2.2.1. Mixing in the two layer model
For the two layer model, Eqs. (8) and (11) are used to parameterise mixing depending on the speciﬁc area.
All the parameters and physical variables involved in those equations are provided by the output of the 2D
physical model or prescribed as initial and/or boundary conditions except for parameters dm and kmix. The
value of dm is computed according to Eq. (5) while kmix has been adjusted in order to match the observations
of salinity as recorded by the hourly time series collected at the sampling position shown in Fig. 1. The diel
cycle was recorded at this location for 25 consecutive hours in November 2003 (Macı́as et al., 2006).
In Fig. 3, the black line shows the output of the model along CT at the grid point nearest to the sampling
station when taking kmix = 0.5, which provides the best ﬁt to the observations (dots in Fig. 3). Although some
features of the observations like the two peaks of salinity around HW  4 (the convention HW  n/HW + n
indicates n hours before/after high water in Tarifa hereinafter) are acceptably simulated by the model, the
shape of the time evolution of observed and modelled data are noticeably diﬀerent and poorly correlated

Fig. 3. Measured (squares) and modeled (dot-dashed-line) upper layer salinity along 24 h at the Eulerian station using the two layer
model. Horizontal axis is time referred to the High Water (HW) at Tarifa.
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(r2 = 0.3 ; p < 0.01). Additional runs along NT and ST were carried out but no signiﬁcant improvement was
found.
The diﬀerences between the model output and the observations suggest that a two-layer model is too simple
to simulate the real system properly. Some studies indicate that a three layer model, the third layer being an
interfacial region, is much more appropriate for characterizing the exchange through the Strait of Gibraltar
(Bray et al., 1995; Wesson and Gregg, 1994). This more sophisticated approach is addressed in the next
section.
2.2.2. Mixing in the three-layer model
The inclusion of a dynamical interfacial region between the upper and lower layers signiﬁcantly improves
the comparison to observations within the Strait. Actually, Bray et al. (1995) estimated that almost 50% of the
water transport through the Strait takes place within an intermediate layer. The interfacial layer changes its
depth and thickness along the Strait (Bray et al., 1995; Sannino et al., 2002; Garcı́a-Lafuente et al., 2002) and
acts as a buﬀer for the exchange of properties between the upper and the lower layer. Therefore, the inclusion
of this layer provides a more realistic physical scenario for mixing.
With the inclusion of the intermediate layer, there are two interfaces in which mixing must be evaluated: the
interface separating the lower and intermediate layer and the interface between the intermediate and upper
layer. Obviously the calculation of the thickness of the mixing layer due to K–H instabilities, dm, must be evaluated according to Eq. (5) for each one of the two interfaces.
The procedure adopted to determine the intermediate layer thickness is as follows. The step-like velocity
proﬁle given by the hydrodynamic model (Fig. 4a) has been transformed into a sigmoidal one (Fig. 13b) as
given by the equations:
uðz; tÞ ¼ ut1 ðtÞ þ
with

aðtÞ
1þe

h 4ðtÞ½zz0 ðtÞ

;

ð12:aÞ

3




ut2 ðtÞ  ut1 ðtÞ
aðtÞ ¼
;
b2 ðtÞ  b1 ðtÞ
1
;
b1 ðtÞ ¼
1 þ e4z0 =h3 ðtÞ
1
;
b2 ðtÞ ¼
h 4ðtÞ½H z0 ðtÞ
1þe 3

ð12:bÞ
ð12:cÞ
ð12:dÞ

Fig. 4. (a) Original two layer velocity data. (b) Sigmoid-ﬁtting vertical velocity proﬁle. u1, upper layer velocity; u2, lower layer velocity; u3,
intermediate layer velocity; h1, upper layer thickness; h3, intermediate layer thickness.
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where ut1 ðtÞ, ut2 ðtÞ are the instantaneous velocities in the upper and lower layer far from the inﬂuence of the
intermediate layer (that is, near the surface and the bottom, respectively). Both velocities are computed under
the constraint of keeping the same vertically integrated transport as the two-layer model. H is the bottom
depth, z0(t) is the depth of the centre of the intermediate layer and h3(t) represents its time-dependent thickness
at just one location (Fig. 4b).
The interface thickness is actually a function of time and position, since it ﬂuctuates with tidal periodicity.
The time dependence is modelled by including the contribution of the most important tidal constituents of
diurnal and semidiurnal species, namely M2, S2, K1 and O1 which were already included as forcing terms
in the physical model. Explicitly, h3(t), has been assumed to vary according to
h3 ðtÞ ¼ h3 þ

M
X

Ai U i cosðxi t  gi  Dgi Þ;

ð13Þ

i¼1

where h3 is the time-averaged interface thickness, Ui and gi are the harmonic constants (amplitude and Greenwich phase) of the ‘i’th component of the lower layer velocity, xi is its frequency, M is the number of component frequencies used in the harmonic expansion (4 in our case) and Ai and Dgi are the gain and phase
lag, respectively, of the transfer function between lower layer velocity (input) and interface thickness (output)
obtained from a correlation analysis, in the frequency domain, of velocity time series in the main sill of Camarinal recorded by an ADCP moored during years 1994 and 1996. Using ADCP data the region of maximum
velocity shear was used to estimate the thickness of the interface. Fig. 5 shows the good agreement between the
estimated and the predicted thickness using Eq. (13). The observed changes of more than 120 m in interface
thickness (40% of the total water depth in Camarinal) demonstrate why it is important to have reliable estimates of the interface thickness if it is intended to reproduce tidal mixing in the Strait.
The time-averaged thickness of the interface, h3 , has been taken from the work of Sannino et al. (2002).
Therefore, the sigmoidal proﬁle u(z, t) may be fully determined and it replaces the step-like proﬁle of the
two-layer model in all computations involving advection and mixing of properties. Eq. (13) can be used to
characterise the interface thickness along the entire longitudinal axis of the Strait, while Eq. (12) deﬁnes
the vertical proﬁle of velocities throughout the area. Thus it is possible to calculate the thickness of the intermediate mixing layer using Eq. (13) at all points on the along-strait transect.
The improvement of the three layer approach relative to the two-layer model is illustrated by Fig. 6. The
black thick line represents the new prediction of salinity at the position of the sampling station. The model
reproduces the periodicity and the amplitude of the salinity peaks (though slightly overestimates the maxima)
once again. Furthermore, the shape of the modelled salinity is much more similar to the observations (correlation coeﬃcient r2 = 0.84; p < 0.01). This prediction, which yielded the best ﬁt to the observations, was
achieved for a value of mixing eﬃciency e = 0.10 along with a value of K–H instabilities wave-number
K = 4.18 · 102 m1 (wave-length of 150 m), values that are in good agreement with other reported experimental values (Osborne, 1980; Peltier and Caulﬁeld, 2003).

Fig. 5. Observed (solid line) and predicted (dotted line) thickness of the interface (m) over the Camarinal Sill during 9 days of simulation.
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Fig. 6. Measured (squares) and modeled upper layer salinity at the Eulerian station during 24 h. Two (dot-dashed-line) and three (solid
line) layer models.

Therefore, the incorporation of an intermediate layer is seen to signiﬁcantly improve the performance of the
mixing model. The diﬀerences between the model output and the observations that are seen in Fig. 6 may be
due to horizontal cross-strait advection, which is not taken into account in our model. Further evidence for
this is discussed later.
Interfacial mixing in the three-layer model includes mixing between the lower and the interface layers as
well as mixing between the interface and the upper layers. Each of these processes can be estimated from
Eq. (8) by using the two values of dm calculated according to Eq. (5). As mentioned above, interfacial mixing
is now allowed for along the whole Strait. With this new formulation, the changes of interface layer thickness
modulate the intensity of the mixing, which is illustrated in Fig. 7 for several days. Not surprisingly, there is
intense and pulsating mixing over the Camarinal Sill although the most intense interfacial mixing occurs eastwards of Tarifa Narrows (see label in the bottom panel of Fig. 7). This happens because in this part of the
Strait the interface tends to be shallower (Bray et al., 1995) and thicker (Garcı́a-Lafuente et al., 2002) than
elsewhere. The upper layer becomes thinner gradually and, thereby, its velocity increases to satisfy mass conservation. Therefore, the velocity shear is enhanced in this region and the interfacial mixing increases. A similar result was suggested by Sannino et al. (2004) when analysing water entrainment/detrainment forced by
tides. As expected, two mixing-enhanced events happen every day, indicating the tidally-related periodicity
of the phenomenon. They correspond to the increased shear that takes place during ﬂood tide (Garcı́a-Lafuente et al., 2000; Izquierdo et al., 2001; Garcı́a-Lafuente et al., 2002). However, there is some uncertainty in the
estimates of the amount of interchange between layers driven by vertical mixing processes in the Strait of
Gibraltar based on ﬁeld measurements (Minas and Minas, 1993), due to the high variability of the physical
environment.
2.3. Biogeochemical model
The biological model is a simple nitrogen-based Nutrient–Phytoplankton–Zooplankton (NPZ) model. Its
structure and constituent processes are depicted in the diagram of Fig. 8. To agree with the numerical grid of
the hydrodynamical model for the along-strait transects, the upper layer have been divided into ﬁxed volume
cells with the same along-strait length. The temporal changes in concentration of the constituents we are interested on, within each one of these cells, are given by the equations
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Fig. 7. Mixing intensity between upper and intermediate layers during three days of simulations calculated according to Eq. (10).

Fig. 8. Conceptual diagram and equations of the NPZ model used. The arrows entering the lower layer in the diagram indicate losses from
the modelled system.
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N
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and J expresses light limitation of phytoplankton growth sensu Evans and Parslow (1985).
The term (oC/ot)m, represents the local temporal rate of change in concentrations due to the interfacial mixing, as has been explained in Section 2.2. The term o(u1C)/ox represents changes in concentration due to the
advective horizontal transport of the water mass in the upper layer. The rest of the variables and parameters
are explained in Fig. 8 and Table 1.
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Table 1
Model parameter symbol, description, values and used source
Symbol

Parameter

Value

Source

lp
k
kw
a
k1
Ndeep
mp
kc
g
b
a
kmix
kg
X
mz
kz

Phytoplankton maximum growing rate (d1)
PAR fraction of solar radiation
Attenuation coeﬃcient of water, m1
Initial slope of P–I curve (W m2)1 d1
Half saturation for nitrate uptake (mmol m3)
Nitrate concentration in lower layer (mmol m3)
Phytoplankton maximum natural mortality rate (d1)
Self-shading coeﬃcient, m1 (mmol m3)1
Maximum zooplankton grazing rate (d1)
Zooplankton ingestion eﬃciency
Air-sea albedo
Cross picnocline mixing (m d1)
Zooplankton ingestion half saturation (mmol m3)
Fraction of zooplankton loss term to nutrient
Zooplankton maximum mortality rate, d1 (mmol m3)1
Half-saturation of zooplankton mortality (mmol m3)

3.0
0.43
0.04
0.104
0.5
9.8
0.05
0.03
1
0.75
0.05
0.5
1.0
0.25
0.325
0.2

Eppley et al. (1969)
Fasham et al. (1993)
Fasham et al. (1993)
Fasham (1995)
Fasham et al. (1993)
Field data
Fasham et al. (1993)
Fasham et al. (1993)
Fasham et al. (1993)
Fasham et al. (1993)
Fasham et al. (1993)
Fasham
Fasham
Fasham
Fasham

et
et
et
et

al.
al.
al.
al.

(1993)
(1993)
(1993)
(1993)

Table 2
Model boundary and initial conditions for upper and lower layer

Nitrate
Phytoplankton
Zooplankton
Salinity

Upper layer (mmol N/m3)

Lower layer (mmol N/m3)

1.2
0.21
0.05
36.5 (p.s.u.)

9.8
0.0032
0
38 (p.s.u.)

Boundary and initial conditions for the concentration of nutrients, phytoplankton and zooplankton are
presented in Table 2. The values come from the analysis of more than 150 ﬁeld data taken all over the Strait
at ﬁve diﬀerent depths during four diﬀerent cruises carried out in diﬀerent years. They are in good agreement
with previous observations in the region (Gómez et al., 2000b; Minas et al., 1991; Dafner et al., 2003).
The phytoplankton and zooplankton that fall through the interface enter the lower layer and are no longer
considered by the model (as the concentration in the lower layer is constant for all the state variables). At the
eastern boundary of the model there is a zero gradient boundary condition for surface concentrations as the
ﬂow is always eastward and hence out of the model. In the upper layer at the western boundary concentrations
are ﬁxed to constant values (showed in Table 2) as the ﬂow can reverse over a tidal cycle. Although direct
observations are used to constrain the constants used for the western boundary conditions, there may remain
concerns over the fact that they are not allowed to vary with time. For this reason, sensitivity analyses are
done, as discussed later.
The physical part of the model inﬂuences the biological component by advecting the biological tracers horizontally and by mixing them vertically between the layers. To avoid the eﬀect of transients, the coupled model
was left to evolve for 3 days (300 time steps) before starting the real simulation. It was conﬁrmed that this
period of time was enough for transients to die out.
The NPZ model is a very simple description of the pelagic plankton ecosystem. A more complex model, like
that described by Fasham et al. (1990, 1993) with seven diﬀerent compartments including bacteria and detritus, has also been run but the diﬀerences in model performance are very small for N, P and Z (Fig. 9 shows
diﬀerences for phytoplankton only). Therefore, for the sake of simplicity and because ‘‘there is no compelling
reason to reject the NPZ until is clear that it cannot describe the system being studied’’ (Franks, 2002), the model
described by Eqs. (14)–(18) has been used in this paper. Furthermore, it is more straightforward to change
parameter values or boundary conditions in the NPZ model.
As mentioned above, the model was run for 13 months, with a time step of 15 min. In each time step the
following state variables were calculated at the 69 gridcells in the diﬀerent layers: salinity (p.s.u.), nitrate
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Fig. 9. Diﬀerences in mean Phytoplankton concentration in the upper layer using a Fasham’s-like and an NPZ formulation, during 4.5
weeks.

(mmol N/m3), phytoplankton (mmol N/m3), zooplankton (mmol N/m3), pseudo-phytoplankton (mmol
N/m3) and an exponentially decaying tracer. Nitrogen is a common currency of marine models (Fennel
and Neumann (2004)) as biologically available nitrogen is frequently a limiting nutrient for primary production in the ocean. In the Mediterranean basin phosphate is usually regarded as the limiting nutrient; however
we use nitrogen as currency of the model because all the biogeochemical processes are going to happen in the
upper (Atlantic) layer. Moreover, our own measurements (data not shown) and those made by Gómez et al.
(2000b) clearly indicate that in the surface layer of the Strait of Gibraltar nitrogen is the limiting nutrient as
N:P is, usually, well bellow the threshold Redﬁeld value (Redﬁeld et al., 1963).
Pseudo-phytoplankton is an inert tracer with the same initial and boundary values of the phytoplankton
but undergoing no biogeochemical reactions. Hence the diﬀerences between phytoplankton and the pseudophytoplankton are solely the consequence of biological interactions (growth, death or consumption). The
decaying tracer suﬀers exponential decay with a ﬁxed half life. This allows us to determine the time that a
water parcel resides within the model domain.
3. Results and discussion
3.1. Nutrient budget
Estimates of nutrient ﬂuxes given in the introduction for the case of no-mixing and steady exchange are not
realistic due to the role that mixing plays in the inter-layer exchange of properties. The calibration exercise
carried out for salinity demonstrates the necessity to include mixing in any model of the Strait. Having incorporated mixing, the model allows us to estimate the amount of nitrogen in the outﬂowing layer that is introduced in the upper layer by mixing and thereby recirculated into the Mediterranean Sea.
The concentration of nutrient in the upper layer of the model is a function of the tidal amplitude and the
percentage of the outﬂowing nitrate recirculating back into the Mediterranean due to interfacial mixing is correlated with tidal amplitude (r2 = 0.7; p < 0.01). The fraction of nutrient recirculation is also dependent on the
state of the tide, varying between 4% and 35% with an average of 16.3%. This value is in good agreement with
previous estimates based on ﬁeld measurements (Table 3), although it is in the lower end of the measured
range. One hypothesis for the slightly low value predicted by our model is its 1-D character, which neglects
2-D eﬀects such as the cross-strait advection already mentioned. Flow-topography interactions favour mixing
and upwelling processes in the shallower marginal areas to the sides of the modelled transects. These processes, in turn inject nutrients laterally into the upper layer in a manner that our 1-D model is unable to capture. These marginal processes may also inﬂuence the chlorophyll distribution as discussed in the next Section.
The only source of nutrient to the upper layer in the three-layer scheme is the mixing between the surface
Atlantic layer and the deeper Mediterranean waters. The contribution of the relatively nutrient-rich North

D. Macı́as et al. / Progress in Oceanography 74 (2007) 252–272

265

Table 3
Estimate of nutrient recirculation by other authors and by the current model
Source

% of nutrient recirculation

Wesson and Gregg (1994)
Gómez et al. (2000b)
Dafner et al. (2003)
This work

20
21
16
16.3 (4–35)

Atlantic Central Water (Packard et al., 1988) is not considered, though it is known that this water could be
upwelled during some phases of the tidal cycle, being incorporated into the main along strait circulation (e.g.,
Gómez et al., 2001; Macı́as et al., 2006). The lateral injection of nutrients commented on above is also not
included and could lead to underestimations. Table 3 however indicates that the likely underestimation is
not signiﬁcant.
The daily mean amount of nutrients introduced into the Mediterranean by the Atlantic inﬂow computed
from our model is shown in Fig. 10 for a period of one year. The dominant variability has a fortnightly period
(see details in Fig. 10b), indicating strong tide-related forcing of the recirculation processes. The year-averaged
value is 2272.8 mol N/s but it ﬂuctuates between a minimum of around 1200 mol N/s and a maximum greater
than 3500 mol N/s. The average value must be compared with the mean amount of nutrients advected into the
Mediterranean Sea in the case of no-mixing, steady exchange as discussed in the introduction. The value of
972 mol N/s computed for that case increases to 2272.8 mol N/s if interfacial mixing is taken into account,

Fig. 10. Mean daily ﬂux of nutrient in the upper layer towards the Mediterranean (thin solid line) and tidal height (dotted line). (a) During
the whole simulation. (b) During 30 days. Thick solid line indicates the mean carbon nitrogen ﬂux over all the period.
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that is, an increase of 130%. Obviously, mixing driven by tides cannot be neglected when computing nutrient
ﬂuxes. A consequence of this is that the estimates made with ﬁeld data collected over a limited period of the
year will diﬀer from the real annual mean values by a factor depending on the amplitude of the tide during the
sampling period.
3.2. Plankton dynamics
One of the most interesting eﬀects of the tidally-induced mixing from a biological point of view is the fertilisation of illuminated surface waters. Tidally-induced mixing in the Strait supplies nutrients to the phytoplankton in the photic layer, which might be thought to result in a positive relation between tidal
amplitude and phytoplankton abundance. However, a negative correlation (r2 = 0.2; p < 0.01) between tidal
amplitude and phytoplankton concentration in the upper layer is found, indicating that the phytoplankton is
unable to utilise fully the amount of nutrient available through mixing.
An explanation for this behaviour is provided by the model simulations, which show that interfacial mixing
produces strong dilution of the phytoplankton in the upper layer because of the low concentration of cells in
the lower layer (see Table 2). As a result, the annual average concentration of phytoplankton in the upper
layer decreases from west to east (Fig. 11a).
Modelled phytoplankton and pseudo-phytoplankton concentrations show largest diﬀerences in the eastern
side of the Strait (Fig. 11b). Taking into account that both concentrations are identical in the western part of
the domain and that pseudo-phytoplankton is an inert tracer whereas phytoplankton undergoes biological
processes, the obvious explanation for the diﬀerent concentrations in the eastern side is that phytoplankton
experience a net population growth while they are advected through the Strait. The population growth is
not large enough, however, to compensate losses due to mixing-related dilution and therefore the net concentration of phytoplankton in the upper layer decreases towards the east.
The increase in phytoplankton concentration in the model passing through the channel is low (maximum of
0.05 mmol N/m3), because of the short residence time of cells within the model domain. An average phytoplankton cell only takes 25 h to cross the Strait from west to east in the upper layer (Fig. 12). The maximum
growth rate of the phytoplankton is 3.0 d1 (Table 1) and, considering the small initial concentrations of phytoplankton (Table 2), there is no time for suﬃcient growth of the population regardless of the amount of nutri-

Fig. 11. (a) Average concentration of Phytoplankton in the upper layer for each position of the section throughout 13 month of
simulation. (b) Diﬀerences between phytoplankton and pseudo-phytoplankton at each position for the same period.
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Fig. 12. Average residence time of the water at each position in the upper and intermediate layer for all the simulation.

ents available. Sensitivity analyses have been conducted increasing the western boundary concentration of
phytoplankton by up to a factor of 10 times the standard value but there is no signiﬁcant change in the results
obtained, the decrease of the phytoplankton concentration in the eastern side of the Strait being a robust feature. The strong advection is the limiting factor and the coupled physical–biological model is dominated by
hydrodynamic-controlled patterns, suggesting why more complex biological models are not necessary (Section
2.3). The short transit time due to the strong advection is especially marked in the upper layer where there is a
high velocity, but even in the intermediate layer, where the advection speed is lower, we have calculated residence times that barely reach 38 h, indicating an annual average speed of 0.4 m/s (Fig. 12).
In contrast to these model results, some ﬁeld observations show high chlorophyll concentration in the eastern side of the Strait (Minas et al., 1991; Gómez et al., 2001; Echevarria et al., 2002). Local growth of phytoplankton populations while crossing the Strait in an environment enriched by the mixing-driven injection
of nutrients in Camarinal Sill has previously been put forward to explain these observations (Reul et al.,
2002) Other works (Packard et al., 1988; Ruiz et al., 2001) propose that noticeable increase of phytoplankton
concentrations in the Atlantic layer away from the Strait can be better explained by the inﬂuence of mixing in
the Strait than by local enrichment in the Alboran basin, due to the usual large advection velocities of the
Atlantic jet that would imply the observation of these eﬀects in the north-western Alborán Sea or, even, much
further west, in the Almerı́a-Orán front, at the east of the Alborán Sea (Arnone et al., 1990). These latter
results would agree with the predictions of the model, which indicates a residence time in the main channel
too short to allow for a signiﬁcant growth of phytoplankton during its transit through the Strait, even if
the cells reside in the intermediate layer (Fig. 12).
Another characteristic feature observed in the area is the chlorophyll enrichment of the north-eastern side
of the channel compared with the southern section (Gómez et al., 2000a). From the perspective of Sverdrup’s
critical-depth theory this diﬀerential behaviour could be related to a combination of the lower advection velocity of the inﬂowing waters in the north together with the shallower interface (Gómez et al., 2000a; Reul et al.,
2002). The model runs for the NT still give an averaged residence time in this transect of around 26 h, which is
only 1 h more than in the central or the southern section. Therefore, the increase in the residence time in the
NT is not the correct explanation for the observed patterns.
In order to assess the model predictions, the modelled phytoplankton concentration in the upper layer has
been compared with the observations collected during the diel cycle carried out at one site in the eastern end of
the Strait (see Fig. 1 for position). Fig. 13 shows that observations exhibit two peaks of high concentration
around HW-4 simultaneous to the peaks of salinity shown in Fig. 6, although the distribution of phytoplankton has higher dispersion than that of salinity. The peaks are twelve hours apart, indicating tidal periodicity in
the forcing of the phytoplankton peaks. Although the model output shows similar behaviour, it has two
important drawbacks. First, it must be noticed that scales for modelled (left) and observed (right) concentrations in Fig. 13 are diﬀerent, so the observed concentration of phytoplankton is about twice larger than the
concentration predicted by the model. Second, there is also a clear diﬀerence in the time when predicted
and observed maxima appear, the maximum observed concentration coinciding with a minimum of predicted
abundance and vice versa (correlation coeﬃcient r2 = 0.3, p < 0.01). Although the model predicts the spatial
distribution of salinity reasonably well, is not able to predict phytoplankton abundance satisfactorily, a fact
that stands independently of the complexity of the biogeochemical model.
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Fig. 13. Measured and modeled Phytoplankton concentration (mmol N/m3) in the upper layer along 24 h. at the Eulerian station.

Fig. 14. Upper layer velocity (m/s) along the central section near the High Water time.

With the residence times predicted by the model, it is clear that the high levels of chlorophyll measured in
the eastern section of the Strait must be the result of something other than local growth. Another source of
chlorophyll is necessary in order to explain the high concentration observed in the eastern section. In the western part of the Strait, the currents in the surface layer reverse during part of the semidiurnal tidal cycle
(Béthoux and Copin-Montégut, 1986; Candela, 1990) while they hardly ever reverse east of Tarifa Narrows
(Garcı́a-Lafuente et al., 2000), giving rise to intense divergences in the upper layer. The physical model reproduces this phenomenon and indicates that the divergence takes place between Tarifa Narrows and Camarinal
sill around high water (Fig. 14).
Internal oscillations of the interface can partly account for the upper layer divergence (Garcı́a-Lafuente
et al., 2000) but some compensation by horizontal ﬂow from both north and south coastal areas cannot be
disregarded. The input from the chlorophyll-rich coastal surface waters into the central channel would
increase the chlorophyll concentration periodically by means of a mechanism not speciﬁed in our model. Some
evidence of suction of coastal waters through the Strait is provided by van Genn et al. (1988), who suggest that
the high concentrations of trace metals in the Mediterranean surface waters when compared with open ocean
Atlantic waters could be explained by the advection through the Strait of Gibraltar of waters from the continental shelf of the Gulf of Cadiz.
Horizontal advection from the north and south is also supported by the following discussion. If there is no
horizontal advection, salinity and phytoplankton concentration must be negatively correlated because salinity
increases when interfacial mixing is enhanced but phytoplankton concentration diminishes by dilution. The
model predicts this behaviour but observations behave in the opposite manner (Fig. 15). The contradiction
can be overcome if coincidentally with intense interfacial mixing there is advection of coastal chlorophyll-rich
waters to the interior of the channel. Since interfacial mixing is favoured by the undulatory processes in Cam-
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Fig. 15. Measured (triangles, dashed line) and modeled (crosses, solid line) phytoplankton vs. salinity in the Eulerian station.

arinal (Wesson and Gregg, 1994) and divergence usually happens when undulatory processes are active
(Izquierdo et al., 2001), it follows that interfacial mixing and divergences are simultaneous and, hence, so
would be horizontal advection and intense mixing. An indirect proof for this is the recent result of a series
of Longhurst-Hardy Plankton Recorder (LHPR) casts along the Strait crossing over Camarinal sill presented
by Echevarria et al. (2005). A ﬁrst leg carried out at HW-3 registered low concentration of particles but a later
leg around HW-1 found great concentration of chlorophyll and plankton biomass over the sill. At this time,
dilution should have reduced the chlorophyll concentration due to the strong mixing but it actually showed
enhanced levels, thus suggesting horizontal advection from the north and south as one likely mechanism of
chlorophyll supply. Notice that horizontal advection has no impact on salinity since coastal and open channel
waters have similar values (Navarro, 2004; Garcı́a-Lafuente and Ruiz, 2007).
The coincidence of the highest concentrations of chlorophyll with the presence of undulations would lead to
a packaging of the cell peaks in patches as such undulations are able to create convergence and divergence
alternating areas. Pulse trains comprising patches of high chlorophyll travelling eastward within the Atlantic
layer was observed by Macı́as et al. (2006) during several diel cycles performed in the eastern side of the Strait,
at diﬀerent dates in the years 2002 and 2003. Moreover, in that work a clear correlation between the maximum
chlorophyll levels and the presence of undulatory disturbances in the Atlantic–Mediterranean interface waters
was found.
Other processes, such as suction of coastal waters from other areas (such as the Algeciras Bay) or, even, the
advection of chlorophyll patches from the Alboran Sea coastal areas to the east side of the Strait could be
involved in the observed patterns. More ﬁeld sampling and modelling exercises must be done to elucidate
the relative importance of those processes.
4. Conclusions
This paper illustrates how a simple 1-D physical–biological coupled model with just three-layers in the vertical is capable of simulating the distribution of salinity in an along strait section, by estimating the interfacial
mixing and advection through the main channel of the Strait of Gibraltar.
This model gives a reasonable description of the main interchange processes between the Mediterranean
and Atlantic waters in the Strait. Model output shows a large amount of nutrients leaving the deep waters
and being injected into the upper layer, with a clear correlation with the fortnightly tidal amplitude variations.
The calculations show that these upwelled nutrients must be taken into account if the behaviour of the phytoplankton in the Alborán Sea, adjacent to the Strait, is going to be addressed.
However, the model cannot fully simulate the behaviour of biological tracers such as phytoplankton, as
these can be strongly inﬂuenced by processes occurring outside the domain of the model (i.e., in horizontally-neighbouring regions). This work also demonstrates that the residence time of water within the Strait
is too short to account for the quasi-permanent enrichment of chlorophyll observed in the north-eastern sector
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of the Strait. The residence time is also very short in the interfacial layer. Increases in phytoplankton concentrations cannot, therefore, be related simply to phytoplankton growth in the channel axis. It is very likely that
the suction (by upper layer divergences) of coastal, chlorophyll-rich water from the margins into the main
along strait circulation occurs.
To achieve a better understanding of biological processes in the Strait more complex models should be
developed, including 2D (and/or 3D) models to analyse the marginal mixing, channel-shelf exchanges, and
lateral mixing in the Atlantic jet entering the Mediterranean. This should of course be backed up with corresponding observations.
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propiedades termohalinas del agua del Mar Mediterráneo. Fı́sica de la Tierra 13, 43–54 (in Spanish).
Garcı́a-Lafuente, J., Ruiz, J., 2007. The Gulf of Cádiz pelagic ecosystem. Progress in Oceanography 74 (2–3), 228–251.
Garcı́a-Lafuente, J., Vargas Domı́nguez, J.M., 2003. Recent observations of the exchanged ﬂows through the Strait of Gibraltar and their
ﬂuctuations at diﬀerent time scales. Recent Research Development in Geophysics 5, 73–84.
Garcı́a-Lafuente, J., Vargas, J.M., Plaza, F., Sarham, T., Candela, J., Basheck, B., 2000. Tide at the eastern section of the Strait of
Gibraltar. Journal of Geophysical Research 105 (C6), 14197–14213.
Garcı́a-Lafuente, J., Delgado, J., Vargas, J.M., Vargas, M., Plaza, F., Sarhan, T., 2002. Low frequency variability of the exchanged ﬂows
through the Strait of Gibraltar during CANIGO. Deep-Sea Research II 49 (19), 4051–4067.
Garrett, C., Bormans, M., Thompson, K., 1990. Is the exchange through the Strait of Gibraltar maximal or submaxima? The Physical
Oceanography of Sea Straits. K.A. Publishers, pp. 271–294.
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