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Abstract
The fortnightly and monthly variability of the exchange through the Strait of Gibraltar has been studied from two
simultaneous ﬁve-month long moored datasets, at Camarinal Sill and the East Section. The study focuses on the Msf
and Mm tidal components and their role for the subinertial exchange. A signiﬁcant monthly signal is observed in the upper
layer transport. Also, a signiﬁcant fortnightly signal is observed in the lower layer transport, which minimum (maximum
ﬂow toward the Atlantic) takes place approximately on spring tides. In consequence the net transport has both signals,
with maximum taking place during neap tides and a small monthly inequality. Fortnightly and monthly variability in
the interface depth is also observed at Camarinal Sill, the interface being deeper on neap and shallower on spring tides.
At the East Section the interface depth signals are not signiﬁcant.
The subinertial variability of the transports is separated in two contributions. The ﬁrst one is called quasistatic transport
and arises from the subinertial ﬂuctuations of currents. The second contribution, called tidally rectiﬁed transports, arise
from the non-linear correlation of currents and interface depth at tidal frequencies. The tidally rectiﬁed transports are
important at Camarinal but not at the East Section. An apparent contradiction between the fortnightly signals of the subinertial currents and subinertial transports is resolved when the fortnightly signal of the tidally rectiﬁed transports are considered. The fortnightly signal of the quasistatic and tidally rectiﬁed transports mutually cancel in the upper layer, but not
in the lower layer where the rectiﬁed transports dominate. A simple model for the spring-tide mixing forcing accounts for
the fortnightly variability of the lower layer quasistatic transports but underestimates it for the upper layer. Finally, the
observed lower layer transport is compatible with the hydraulic control condition at Camarinal Sill except for certain periods during intense spring tides.
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1. Introduction
1.1. The mean exchange
The Strait of Gibraltar is the only dynamically relevant connection of the Mediterranean Sea with the World
Ocean. It is a narrow and shallow channel, with a sill depth of less than 300 m (Camarinal Sill, CS hereinafter) to
the west of a narrow region (Tarifa Narrows, TN) of about 15 km of minimum width (Fig. 1a). A small net
inﬂow of fresh water through the Strait is necessary to balance the excess of evaporation minus precipitation
over the Mediterranean. Mass and salt conservation force this net inﬂow to be achieved as a density driven baroclinic ﬂow: fresh (S1 ’ 36.2) and warm North Atlantic Water ﬂows in at the surface (the upper layer transport,
Q1); saltier (S2 ’ 38.4) and colder Mediterranean Water ﬂows out at depth (the lower layer transport, Q2). Mixing and water entrainment originate an interfacial layer where water properties change gradually. The interfacial layer has a signiﬁcant thickness and contributes appreciably to the exchanged ﬂows (Bray et al., 1995).
However, the inverse-estuarine exchange can still be approximated as a two-layer system of reduced gravity
g 0 ’ 0.02 m/s2, mean layer transports Q1 ’ Q2 ’ 1 Sv, and mean net transport Q0 ¼ Q1 þ Q2 < 0:1 Sv. We
will make use of this two-layer system and, in this framework, subindexes 1 and 2 will be used to designate upper
and lower layers quantities, respectively.
The amplitude of the transport ﬂuctuations in either layer can be of the same order of magnitude, or higher,
than the mean value (Candela et al., 1990; Bryden et al., 1994). Traditionally the ﬂuctuations have been
divided into three main frequency bands (Lacombe and Richez, 1982; Garcı́a-Lafuente and Vargas, 2003):
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Fig. 1. (a) Bathymetry of the Strait of Gibraltar. Notable sections have been labeled: the main sill (Camarinal Sill, CS), the narrower
section (Tarifa Narrows, TN), and the eastern exit (East Section, ES, also called Algeciras–Ceuta section). The mooring sites U, EN and EC
are also shown. Isobaths have not been labeled for clarity. Isobaths depths are 100 m, 290 m (to illustrate the depth of Camarinal Sill),
400 m, 500 m, 700 m, and 900 m. Depths grater than 290 m are in light gray, and those grater than 400 m in dark gray. (b) Sketch of a
traverse section of arbitrary shape, viewed from the Mediterranean.
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tidal, subinertial (periods of some days to several weeks or few months), and low frequency band (seasonal
and interannual signals). We will next examine the diﬀerent contributions to the subinertial band.
1.2. Subinertial variability
Three types of ﬂuctuations can be identiﬁed within the subinertial band. The ﬁrst type is known as subinertial barotropic (SBT hereinafter) current ﬂuctuations. The dataset obtained during the Gibraltar Experiment
(Kinder and Bryden, 1987, 1988) and analyzed by Candela et al. (1989) by means of Empirical Orthogonal
Functions (EOF) analysis showed that these barotropic ﬂuctuations account for more than 80% of the subinertial current variance at CS. SBT ﬂuctuations are forced by oscillations of atmospheric pressure over the
Mediterranean basin (Crepon, 1965; Candela et al., 1989), and the associated ﬂow ﬂuctuations at the Strait
can be quite satisfactorily predicted by numerical models of the atmospheric forcing over the Mediterranean
(Garcı́a-Lafuente et al., 2002a).
The two other types of subinertial ﬂuctuations are related to the complex and energetic tidal dynamics in the Strait. Candela et al. (1990) indicate that, on average, more than 85% of the kinetic energy in
the Strait is found within the semidiurnal and diurnal tidal bands . In the vicinity of CS tidal currents
are mostly barotropic (Candela et al., 1990), and specially strong (Bruno et al., 1999, 2002), being able
to periodically reverse the ﬂow in both layers. During ﬂood, the whole water column may ﬂow westwards, the opposite during ebb (Bryden et al., 1994). This intense tidal forcing has two eﬀects on
the subinertial ﬂows: the tidal fortnightly-monthly modulation of the subinertial currents (subinertial
baroclinic current ﬂuctuations, SBC) on the one hand, and what will be deﬁned as tidally rectiﬁed transports, on the other.
The SBC ﬂuctuations account for approximately 10% of the subinertial current variance at CS. Candela
et al. (1989) related them to a second EOF mode of subinertial currents. They did not estimated their associated transports, but they conjeturated that its baroclinic character would prevent these ﬂuctuations from contributing to the net transport. The SBC ﬂuctuations may be explained as the modulation of subinertial current
shear in areas of tidal mixing like a sill. Hibiya and Leblond (1993) and Hibiya et al. (1998) showed that the
eﬀect of fortnightly modulation of the tidal mixing near a sill can be modeled in a simple way assuming a fortnightly modulation of the coeﬃcient of turbulent vertical diﬀusivity. This is consistent with the fact that the
tidally induced turbulence increase mixing on spring tides at CS (Wesson and Gregg, 1994). As a result, the
diﬀerence between layer-averaged subinertial velocities at CS is enhanced during neap and reduced during
spring tides by around 20 cm/s (Candela et al., 1990; Vargas, 2004).
The non-linear interaction of the strong barotropic tidal currents with the bottom topography at CS generates an internal tide of remarkable amplitude (>50 m), which is almost phase-locked with the external tide
(La Violette and Lacombe, 1988; La Violette and Arnone, 1988; Bryden et al., 1994). When the net tidal ﬂow
points toward the Mediterranean (Atlantic), the interface sinks (shallows) at CS. The tidally rectiﬁed transports (also known as eddy ﬂuxes, see Bryden et al., 1994) appear as a consequence of the positive correlation
between the interface depth and the current ﬂuctuations at tidal frequencies. In order to visualize them, let us
consider a simpliﬁed two-layer ﬂow with homogeneous layer currents uj, and cross-sectional areas Aj (j = 1, 2).
With Æ  æ we denote a ﬁltering operator that splits those variables into subinertial (Æujæ, ÆAjæ) and tidal
ð^
uj ; Abj ; with zero meanÞ parts: uj ¼ huj i þ ^
uj and Aj ¼ hAj i þ Abj . In the last expression Abj represents the
excess/defect of the instantaneous cross-sectional area over the slowly-varying part ÆAjæ caused by the vertical
ﬂuctuations of the interface at tidal frequencies. The jth layer transport is computed as
Qj ¼ uj Aj ¼ huj ihAj i þ ^
uj Abj þ huj iAbj þ ^
uj hAj i:

ð1Þ

The subinertial transport is obtained by applying the low-pass operator to Eq. (1). It yields:
hQj ihuj ihAj i þ h^
uj Abj i;

ð2Þ

since the average of the product of a subinertial and a zero-mean tidal variable vanishes. Thus, at those sections of the Strait where ^
uj and Abj are correlated, a non-linear tidal contribution h^uj Abj i to the subinertial transport arises. This contribution will be named tidally rectiﬁed (TR) transport.
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The ﬁrst term of the right hand side (rhs) in Eq. (2) will be called quasistatic (QS) transport, and
will be more precisely deﬁned in Section 3.4. It accounts for the contribution of the long-term current,
plus the SBT and SBC ﬂuctuations. The TR transport contributes not only to the subinertial variability
but also to the long-term mean of the transports. Both terms together form the subinertial transports
ÆQjæ.
The TR transports are an aspect of the baroclinic character of the tide in the Strait. Therefore, they must be
of considerable importance in the vicinity of CS, the main topographic obstacle of the Strait (Fig. 1a). The
amplitude of the baroclinic or internal tide decreases with distance as it radiates out from CS. Accordingly,
the importance of the TR transports also diminishes. In fact, their magnitude at CS has been estimated in
the range 0.3–0.4 Sv (Bryden et al., 1994; Tsimplis and Bryden, 2000), whereas at the East Section (ES, hereinafter) they are an order of magnitude smaller (Garcı́a-Lafuente et al., 2000).
1.3. Fortnightly and monthly tidal signals
The reported values for fortnightly (Msf) and monthly (Mm) signals of the transports are relatively scarce,
fractional and somewhat contradictory (see Table 1). Thus, it is not possible to give precise values for their
amplitudes and phases. Bryden et al. (1994) found a fortnightly signal of around 0.1 Sv for both upper and
lower layers at CS, with minimum upper and lower layer transports taking place two or three days after spring
tides. The estimates by Garcı́a-Lafuente et al. (2000) at ES are in reasonable agreement with the former for the
fortnightly amplitudes, but they provide smaller phases that point to minimum upper and lower layer transports on spring tides (Table 1). Tsimplis and Bryden (2000) estimated an unrealistically high amplitude of
0.46 Sv for the fortnightly signal of the upper layer transport at CS. Bryden et al. (1994) reported a small fortnightly signal (0.03 Sv) for the net transport. A fortnightly amplitude of the net transport as high as 0.20 Sv
has been reported at ES by Garcı́a-Lafuente et al. (2002b). Only Tsimplis and Bryden (2000) and Garcı́a-Lafuente et al. (2000) provide constants for the monthly signal of the exchanged transports. Both found a
monthly amplitude of the upper layer transport of 0.15 Sv, greater than for the lower layer transport
(0.05 Sv), but estimated very diﬀerent phases.
The fortnightly signal of the interface depth at CS is about 20 m in amplitude, deeper on neap tides, shallower on spring tides (Bryden et al., 1994; Tsimplis and Bryden, 2000). The interface cross-slope at CS is steeper around neap tides, consistent with the increase of the subinertial currents shear during neap tides (Candela
et al., 1989).
Given the tidal and intrinsically non-linear origin of the TR transports, they must reasonably have certain
fortnightly and monthly variability. However, there is no information on this issue, even when the important
contribution of the TR transports to the mean exchange has been already recognized (Bryden et al., 1994).

Table 1
Previously available fortnightly constants (amplitude AM sf and phase /M sf ), and monthly constants (amplitude AM m and phase /M m ) for the
upper layer (Q1), lower layer (Q2) and net (Q0) transports
AM m (Sv)
Bryden et al. (1994), Camarinal Sill
Q1
n/a
Q2
n/a
Tsimplis and Bryden (2000), Camarinal Sill
Q1
0.15
Q2
0.05
Garcı́a-Lafuente et al. (2000), East Section
0.15
Q1
Q2
0.05
Q0
0.20
Garcı́a-Lafuente et al. (2002a), East Section
Q0
n/a
n/a stands for non-available.

/M m ()

AM sf (Sv)

/M sf ()

n/a
n/a

0.10 ± 0.10
0.10 ± 0.10

255 ± 40
230 ± 35

225
25

0.46
0.15

210
50

110
75
100

0.10
0.10
0.15

185
195
185

n/a

0.20 ± 0.10

140 ± 20
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1.4. Hydraulics
The Strait of Gibraltar is a relatively well known example of a strait where the exchange is suitably
described in the frame of the two-layer hydraulic approximation (Hogg et al., 2001). Basically, this is equivalent to stating that, given the density diﬀerence between the basins and the value of the net evaporation over
the Mediterranean, the Strait topography is the main factor determining the exchanged ﬂows. A key concept
in this framework is the control section (Bryden and Stommel, 1984; Armi and Farmer, 1986): the ﬂow is controlled in certain singular sections where the composite Froude number G2 equals one:
G2 ¼ F 21 þ F 22 ¼ 1:

ð3Þ

In this equation, F 2j is the internal Froude number of the jth layer which can be expressed as (see, for example,
Delgado et al., 2001):
F 2j ¼

Q2j W int
g0 A3j

;

ð4Þ

where Wint is the sectional width at the depth of the interface and g 0 is the reduced gravity. In the steady
hydraulic theory the control condition is achieved at topographic singular sections or in their vicinity (Armi
and Farmer, 1986; Farmer and Armi, 1986). As CS is the minimal area section of the Strait of Gibraltar, it has
historically been regarded as its main control section (Bryden and Stommel, 1984; Bormans and Garrett,
1989). In the framework of the steady theory, it is also usually assumed that the composite Froude number
at CS is dominated by the lower layer Froude number, that is F 21  F 22 , so that the control condition at
CS may be written as F 22 ’ 1. Presently it is accepted, however, that the control at CS is periodically lost during certain parts of the tidal cycle particularly during spring tides (Armi and Farmer, 1988). Two layer numerical tidal models of the exchange (e.g., Castro et al., 2004) provide the same result.
1.5. Paper organization
In this paper we provide new information on the fortnightly and monthly variability of the exchanged
transports, as well as the contribution of the diﬀerent types of ﬂuctuations to these signals. The paper is organized as follows: in Section 2 we present the dataset and explain the method followed in the determination of
the interface depth and transports, which is based on that shown in Garcı́a-Lafuente et al. (2000). In Section 3
we analyze the monthly and fortnightly variability of the exchange through the Strait of Gibraltar. The EOF
decomposition of subinertial currents is carried out in Section 3.1 with the objective of providing a compact
representation for the fortnightly and monthly signals of the subinertial velocity ﬁeld, and of identifying its
barotropic and baroclinic ﬂuctuations. Fortnightly and monthly variability of the net and exchanged transports is analyzed in Section 3.3. A method to split the subinertial exchanged transports into the contributions
indicated in Eq. (2) is explained in Section 3.4, and once the contributions have been separated, we analyze the
fortnightly and monthly signals in quasistatic and tidally rectiﬁed transports in 3.5 and its compensation in
Section 3.6. The harmonic constants of these contributions help to understand the behavior of the exchanged
transports at these frequencies. In Section 3.7 we explore the relation between the tidal mixing forcing and the
SBC ﬂuctuations, while in Section 3.8 we analyze the implications of our results for the hydraulic control at
the Strait. Finally, in Section 4 we summarize the most interesting results of this paper.
2. Data and methodology
2.1. Data
The dataset consists of velocity and salinity data obtained simultaneously at CS and ES. At CS two moorings were deployed close to each other (position U in Fig. 1a). The ﬁrst one was a short (’10 m) mooring
equipped with an upper-looking Acoustic Doppler Current Proﬁler (ADCP) that measured the vertical current
proﬁle, from near the bottom to near the surface, with 8 m vertical bins and 15 min sampling interval. The
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Table 2
Deployment information of the moorings: start and end dates, nominal depth of the instruments and bottom depth
Mooring

Start

End

Nominal depths (m)

Bottom depth (m)

N
C
U
U0

10/24/95
10/17/95
10/16/95
10/16/95

05/08/96
04/18/96
04/20/96
03/19/96

30, 60, 120, 250, 410
30, 55, 75, 110, 160, 265, 765
44 M 276 (8 m bins)
75, 145, 175, 225

450
920
280
280

Moorings N and C are located at ES while mooring U and U 0 are at CS.

second mooring, aimed to monitor the time evolution of the depth of the interface, had a subsurface ﬂoat at a
depth of 60 m and four instruments: two Aanderaa RCM-7 currentmeters equipped with temperature, salinity
and depth sensors, sampling every hour, and two Seabird Seacats measuring temperature, salinity and depth
every 10 minutes. All time series were smoothed and resampled to hourly values for further processing. At ES
two mooring locations were occupied with Aanderaa RCM-7 currentmeters also equipped with pressure, temperature and conductivity sensors. Northern and Central moorings are denoted as EN and EC in Fig. 1a. Table
2 summarizes the deployment information. The simultaneous time series are 147 days long, beginning on
October 24, 1995 and ending on March 19, 1996.
The present work is primarily concerned with the subinertial variability of the data and, in particular, of the
exchanged transports. We work with the along-strait currents ua, where a = 15 counterclockwise from the
east direction is the angle that deﬁnes the along-strait direction. The low-pass operator Æ  æ used to obtain
the subinertial series is implemented with a 8th order low-pass Butterworth ﬁlter with pass-band and stop-band
frequencies f1 = 0.0263 cph (38 h) and f2 = 0.0357 cph (28 h), respectively. Fig. 2 shows the time series of the
u15 subinertial currents at CS, along with the tidal elevation at Tarifa harbour (this plot is repeatedly used as a
‘‘clock’’ in subsequent ﬁgures to highlight the strength and timing of spring and neap tides). A certain monthly
and fortnightly variability can be observed, with stronger inﬂowing currents in the upper layer and outﬂowing
current in the lower layer on spring tides. Notice that during strong spring tides subinertial currents may point
westward in the whole water column.

Fig. 2. (a) Depth–time contours of the along strait subinertial currents, Æu15æ (cm/s) at CS. (b) Tidal signal of the sea level at Tarifa.
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2.2. Flow deﬁnitions and estimations
The data at ES are a subset of the data used by Garcı́a-Lafuente et al. (2000) to study the tidal variability
in this section, and the methodology is almost the same than in that paper. In particular, the salinity drift
corrections, the division of the section into three subareas, the linear extrapolation of the central current proﬁles to the southern subarea, the transports deﬁnitions and estimation procedure (with the only exception of
interface depth estimation, a question that is addressed in next section) in the present work, are the same as in
Garcı́a-Lafuente et al. (2000). The reader is referred to this paper for further details.
Transport estimates at CS have been obtained using the following simpliﬁed equations:
Z z¼0
Q1 ðtÞ ¼
ua ðz; tÞW CS ðzÞ dz;
ð5Þ
z¼gðtÞ

Q2 ðtÞ ¼

Z

z¼gðtÞ

ua ðz; tÞ W CS ðzÞ dz;

ð6Þ

z¼b

where ua(z,t) is the along-strait current proﬁle, WCS(z) the width of the Strait at depth z and g(t) is the interface
depth (see the sketch of Fig. 1b). Velocity data were linearly interpolated. The width function WCS and the
procedure for velocity data extrapolation to the surface are the same as in Bryden et al. (1994).
2.3. Determination of the interface depth
A common procedure to deﬁne the depth of the interface is the choice of a material surface of a given salinity. For example, Bryden et al. (1994) used S = 37 at CS, while Garcı́a-Lafuente et al. (2000) used S = 37.9 at
ES. In both cases some property of the ﬂow was invoked and the salinity of the interface was constant by
deﬁnition.
Here a slightly more sophisticated method has been followed. First, we deﬁne an interfacial region bounded
by two isohaline surfaces Sl and Su at its lower and upper limits, respectively, with Su < Sl. At CS where the
mean salinity of the interface must not diﬀer too much from the value S = 37.0 suggested by Bryden et al.
(1994), we use Su = 36.6 and Sl = 38.0. At ES, where Garcı́a-Lafuente et al. (2000) suggested S = 37.9, we
use Su = 37.0 and Sl = 38.4.
Once deﬁned this interfacial region, we select diﬀerent isohalines S within this range and use their depths zS(t)
instead of g(t) in Eqs. (5) and (6) to compute the associated transports Q1S and Q2S. In practice, we compute
them at salinity steps of 0.1 For each instant t, the interface depth g(t) is obtained as the depth of the isohaline
that maximizes the diﬀerence Q1S(t)  Q2S(t). Note that this diﬀerence is not the net ﬂow, which is given by
Q1S + Q2S. Mathematically, the maximization conditions are
o
½Q ðtÞ  Q2S ðtÞt ¼ 0;
oS 1S
o2
½Q1S ðtÞ  Q2S ðtÞt < 0:
oS 2

ð7Þ
ð8Þ

To carry out the former computations we need to know the depth of isohaline S. This depth is computed from
salinity observations at the mooring locations. Linear interpolation of salinity proﬁles have been previously
used (Bray et al., 1995; Garcı́a-Lafuente et al., 2000), but here we apply an improved procedure. A sigmoidal
function of the form (see also Echevarria et al., 2002)
Sðz; tÞ ¼ h

s2 ðtÞ  s1 ðtÞ

i þ s1 ðtÞ;
0 ðtÞ
1 þ exp zz
DzðtÞ

ð9Þ

where the depth z is positive upwards and z = 0 is the sea surface, is used for the interpolation. z0(t), Dz(t),
s1(t), s2(t) are ﬁtting parameters to be estimated. The parameter z0 represents the depth of the midpoint of
the halocline, while Dz(t) is a (positively deﬁned) measure of the halocline thickness dz, which can be approximated by dz ’ 6Dz. The salinity at the surface approaches s1 while salinity near the bottom coincides with s2,
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Fig. 3. Depth of the isohalines Su (light gray) and Sl (dark gray), along with the estimated interface depth g (black), for a short period in
November 1995, at (a) CS and (b) ES.

provided the bottom is much deeper than the lower part of the halocline, located at z ’ z0-3Dz. Because these
last conditions are usually met, bottom salinity practically equals s2. Besides, the lower layer salinity is fairly
constant so that s2 has been ﬁxed to s2(t) = 38.4, which is the salinity of the Mediterranean outﬂow. This physical argument reduces the number of free parameters to three. The three other ﬁtting parameters have been
estimated from the salinity data acquired by the currentmeters. Once evaluated, the inversion of Eq. (9) provides the interpolated depth zS(t) of any isohaline S. Fig. 3 shows the time series of zSu, zSl, and g at both ES
and CS for a ﬁve days period. It can be seen how the interface moves within the depth range of the limiting
isohalines during the tidal cycle. The exchanged transports are then estimated from g(t).
3. Results
3.1. Subinertial currents ﬂuctuations
To investigate the subinertial variability of currents we performed an EOF decomposition of the u15 subinertial currents. The ﬁrst and second EOF modes explain more than 90% of the variance of the subinertial
currents at both sections ((60 + 36)% at CS, (85 + 12)% at ES). Their spatial patterns (panels (b) and (c) of
Fig. 4) correspond clearly to barotropic and baroclinic modes, respectively, so that they will be denoted as
SBT and SBC modes. The spatial patterns and temporal variability (panels (d) and (e) of Fig. 4) of this modes
have similar characteristics to those described by Candela et al. (1989).
Panel (f) of Fig. 4 shows the time series of subinertial u15 ﬂuctuations associated with the SBC mode at CS.
Their fortnightly and monthly variability is more evident than that of the pure subinertial u15 currents (Fig. 2)
because the meteorologically forced signal is now included in the SBT ﬂuctuations. A harmonic analysis of the
dimensionless time coeﬃcient series WSBT and WSBC (Table 3) conﬁrms this conclusion: fortnightly and monthly
signals are not signiﬁcant in the SBT mode, but they are in the SBC mode. For the latter, they combine to produce positive values of the temporal coeﬃcients on neap tides, negative on spring tides, and a certain monthly
inequality. The size of velocity ﬂuctuations at these frequencies are obtained by multiplying the SBC mode vertical proﬁle (Fig. 4b, gray line) by the corresponding amplitudes of its time coeﬃcient series shown in Table 3.
The fortnightly signal is around 15 cm/s at z ’ 100 m (upper layer) and around 20 cm/s at z ’ 220 m (lower
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Fig. 4. (a) Long term mean velocity proﬁles at CS (solid line) and ES (dashed). Vertical proﬁles of rms velocity of subinertial currents SBT
(black) and SBC (gray) modes at (b) CS and (c) ES. Non-dimensional time coeﬃcient series of (d) SBT mode WSBT, and (e) SBC mode
WSBC (black), along with their Mm + Msf harmonic ﬁt (gray), at CS. (f) Depth–time contour plot of SBC current ﬂuctuations at CS (cm/s)
(g) Tidal signal of the sea level at Tarifa.

layer), both peaking one day after neap tides (/M sf ¼ 210 ). These ﬂuctuations modify the mean current proﬁles
(Fig. 4a), giving maximum subinertial shear on neap tides and minimum on spring tides, in agreement with the
conclusion by Candela et al. (1989). Fortnightly currents have a similar pattern at ES but their amplitudes are
approximately half the amplitudes at CS. At both sections the computed monthly signal is smaller than the fortnightly signal, but still signiﬁcant.
This EOF decomposition of the velocity ﬁeld will be used later to explain some properties of the estimated
transports.
3.2. Estimated transports
The transports estimated according to the methodology described in Section2.2 are compatible with previously reported estimations, the only exception being the upper layer transport at CS. Due to the uncertainty in
the eﬀective size of the upper layer cross-section and in the near surface extrapolated ADCP velocities at CS, we
have obtained an unrealistic high value of the mean upper layer transport, signiﬁcantly larger than both the
mean upper layer transport at ES and the mean lower layer transport at CS. The ﬁrst circumstance violates volume conservation in the upper layer, while the second one overestimates the net evaporative rate of the Mediterranean Sea. For these physical reasons, the upper layer transport at CS has to be reduced by a factor R. This
factor has been estimated by imposing that the diﬀerence of the net transports estimated at both sections had
zero mean and minimum variance (as a function of R). A compromise for these two conditions is found when
the initially estimated upper layer transport at CS is reduced by a factor R ’ 0.85. With this correction, the long
term mean of the estimated exchanged transports are Q1 ’ 0:9 Sv and Q2 ’ 0:8 Sv at both sections. These are
similar values to other previously reported (Bryden et al., 1994; Garcı́a-Lafuente et al., 2000, 2002b; Tsimplis
and Bryden, 2000; Candela, 2001,). It should be noted that the present are the ﬁrst reported simultaneous estimates of the exchange at two diﬀerent sections during a time period as long as ﬁve months.
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Table 3
Mean value, standard deviation (total/subinertial), and harmonic constants of Mm and Msf constituents for the dimensionless temporal
series of the SBT and SBC modes (WSBT, WSBC), upper layer transport (Q1), lower layer transport (Q2), net transport (Q0), quasistatic
QS
TR
TR
0
transports ðQQS
1 ; Q2 Þ and tidally rectiﬁed transports ðQ1 ; Q2 Þ, interface depth (g), and reduced gravity g at both sections, and along
strait interface slope Dg = g(ES)  g(CS) (n.a. stands for not applicable)
Mean

Std

WSBT
WSBC

0
0

1/1
1/1

Q1(CS)
Q1(ES)

0.9
0.9

Q2(CS)
Q2(ES)

/M m

AM m

AM sf

/M sf

0.4 ± 0.4
0.6 ± 0.3

90 ± 55
185 ± 25

0.1 ± 0.4
1.0 ± 0.3

150 ± 160
210 ± 20

1.7/0.4
0.6/0.4

0.20 ± 0.10
0.20 ± 0.10

90 ± 40
90 ± 30

0.10 ± 0.10
0.10 ± 0.10

100 ± 90
140 ± 70

0.8
0.8

1.3/0.4
2.6/0.6

0.15 ± 0.10
0.10 ± 0.10

160 ± 40
100 ± 70

0.25 ± 0.10
0.20 ± 0.15

200 ± 20
200 ± 40

Q0(CS)
Q0(ES)

0.1
0.1

2.7/0.7
2.7/0.6

0.30 ± 0.20
0.30 ± 0.20

120 ± 40
90 ± 40

0.25 ± 0.20
0.25 ± 0.20

180 ± 50
180 ± 50

QQS
1 ðCSÞ
QQS
2 ðCSÞ
QQS
1 ðESÞ
QQS
2 ðESÞ
QTR
1 ðCSÞ
QTR
2 ðCSÞ
QTR
1 ðESÞ
QTR
2 ðESÞ

0.6
0.5/0.5
0.4
0.4/0.4
>0.8
0.4/0.4
<0.7
0.4/0.4
0.3
0.3/0.3
0.4
0.4/  0.4
<0.1(in absolute value)
<0.1(in absolute value)

0.20 ± 0.15
0.10 ± 0.10
0.15 ± 0.10
0.10 ± 0.15
0.15 ± 0.05
0.20 ± 0.05

135 ± 40
60 ± 50
90 ± 30
100 ± 70
10 ± 10
190 ± 10
n.a.
n.a.

0.25 ± 0.15
0.10 ± 0.10
0.10 ± 0.10
0.20 ± 0.15
0.30 ± 0.05
0.35 ± 0.05
n.a.
n.a.

190 ± 40
60 ± 50
135 ± 70
200 ± 40
30 ± 10
210 ± 10
n.a.
n.a.

g(CS)
g(ES)
Dg

155
120
35

10 ± 10
5 ± 10
15 ± 5

170 ± 40
60 ± 100
190 ± 20

25 ± 10
10 ± 10
29 ± 5

200 ± 20
70 ± 60
215 ± 10

g 0 (CS)
g 0 (ES)

0.018
0.015

0.0010 ± 0.0001
0.0015 ± 0.0001

180 ± 50
195 ± 80

0.001 ± 0.0001
0.003 ± 0.001

210 ± 40
230 ± 35

60/25
40/20
55/30

Panels (a) in Fig. 5 show the computed net transports at both sections. They are dominated by tidal variability and are quite similar. Ideally they should be identical, therefore their diﬀerences must be attributed to
sampling and estimation errors. The estimated subinertial standard deviation, 0.6–0.7 Sv, is higher than the
estimation of 0.4 Sv of Candela et al. (1989).
At tidal frequencies the time series of upper and lower layer transports diﬀer considerably from one section to the other (compare left and right plots of panels (b) and (c) in Fig. 5). This indicates strong internal
divergences, a dynamical feature that has been previously reported by Candela et al. (1990) and Garcı́aLafuente et al. (2000). In contrast, their subinertial time series are very similar (Fig. 6), with a correlation
coeﬃcient of r1 ’ 0.9 for the upper layer, and r2 ’ 0.7 for the lower layer.
3.3. Fortnightly and monthly signals
Table 3 shows the results of the harmonic analysis of the subinertial time series of the net transport ÆQ0æ,
exchanged transports (ÆQ1æ and ÆQ2æ), and interface depth Ægæ for Msf and Mm constituents. Although errors
are high both in amplitude and phase, the independent estimations for each constituent carried out on each
section are similar, which gives conﬁdence to our transport calculations.
The monthly signal of the upper layer transport has a signiﬁcant amplitude of around 0.2 Sv, but the upper
layer transport fortnightly variability is not signiﬁcant, as the fortnightly amplitude is the same as its estimated
error (0.1 Sv). This result agrees with those by Bryden et al. (1994) and Garcı́a-Lafuente et al. (2000), and also
agrees with the lack of evidence of fortnightly signals of the sea level in the analysis by Garrett et al. (1989).
However, it clearly disagrees with the Msf amplitude of 0.46 Sv estimated at CS for the upper layer transport
by Tsimplis and Bryden (2000).
The fortnightly constituent Msf of the lower layer transport has a signiﬁcant amplitude of 0.25 Sv at CS and
0.20 Sv at ES, suggesting the existence of a deterministic signal. The maximum lower layer transport, minimum ﬂow toward the Atlantic, takes place during neap tides. The monthly constituent has less signiﬁcant
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Fig. 5. Estimated instantaneous (black) and subinertial transports (white) at CS (left panels) and ES (right panels): (a) Net transport Q0,
(b) upper layer transport Q1, (c) lower layer transport Q2. (d) Tidal signal of the sea level at Tarifa.

amplitudes of (0.15 ± 10) Sv at CS and (0.10 ± 0.10) Sv at ES. Thus, the time series of the subinertial lower
layer transport essentially shows fortnightly variability (Fig. 6a).
Consequently, the net transport has both fortnightly and monthly constituents with signiﬁcant amplitudes
(0.25 Sv and 0.30 Sv, respectively). The phase of the fortnightly constituent (180) is such that the maximum of
the net transport takes place on neap tides, coinciding with the above mentioned maximum of the lower layer
transport. This agrees with Garcı́a-Lafuente et al. (2002a), who found a fortnightly signal of similar amplitude
and phase in a period of ﬁve months between October of 1997 and March of 1998.
There is some apparent contradiction between the harmonic constants of subinertial transports in Table 3
and those obtained through EOF analysis in Section 3.1 for the subinertial currents at CS. The phase of the
fortnightly signal of the lower layer transport (200) is nearly opposite to that of the lower layer subinertial
currents (30). Also, the monthly signal for the upper layer transport is in quadrature with the upper layer
subinertial currents. These apparent contradictions disappear when TR transports are taken into account,
as we will show in Section 3.6.
At CS the interface depth shows a dominant fortnightly variability with an amplitude of 25 m, and a phase
such that the minimum depth is achieved less than one day after spring tide. On the contrary the interface
depth at ES has no signiﬁcant fortnightly variability. Consequently, the fortnightly variability of the diﬀerence
Dg = g(ES)  g(CS), the along-strait interface slope, has noticeable amplitudes (Table 3). Its phase is such that
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Fig. 6. Subinertial time series of the estimated transports at CS (black, thick line) and ES (black, thin line), and Mm + Msf harmonic ﬁt
(gray line) of the CS time series: (a) Subinertial upper layer and lower layer transports, ÆQ1æ, ÆQ2æ. (b) Subinertial net transport ÆQ0æ. (c)
Tidal signal of the sea level at Tarifa.

the maximum slope takes place a day after spring tides. The monthly signal is not signiﬁcant for the interface
ﬂuctuations at any section but, curiously, it is for Dg. A possible explanation is that the interface diﬀerence
tends to cancel out the meteorologically-induced noise that is present in the subinertial band. The noise contributes to the error estimates when analyzing data of each section separately, but disappears in the interface
diﬀerence Dg because it is coherent for spatial scales larger than the dimension of the Strait.
3.4. Tidally rectiﬁed and quasistatic transports
In the so called quasistatic approximation the acceleration term in the equations of motion is neglected for
subinertial and lower frequency motions and the velocity ﬂuctuations at these time scales are modeled as a
slow evolution between steady states. At tidal frequencies the quasistatic approximation fails (Helfrich,
1995). Thus, although the TR transports are subinertial, they are non-quasistatic as they do not arise from
subinertial currents, but from non-linear interactions between currents and interface depth ﬂuctuations at tidal
frequencies. In contrast, subinertial current ﬂuctuations give rise to quasistatic (QS) transports, than can be
separated into SBT and SBC parts. Despite the fact that SBC currents are indirectly forced through tidal mixing, their associated transports are quasistatic, as they arise from subinertial current variability. This section
deals with these two types of transports, quasistatic (QS) and tidally rectiﬁed (TR). In order to compute them
we must derive an extended version of Eq. (2). Let us split the measured time series of currents ua(z,t) and the
derived time series of the interface depth g(t) at a given section into subinertial and tidal parts in the way
explained in Section 1:
ua ðz; tÞ ¼ hua ðz; tÞi þ ^
ua ðz; tÞ;
gðtÞ ¼ hgðtÞi þ b
g ðtÞ;

ð10Þ
ð11Þ
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where as in Section 1, Æ  æ denote subinertial part and ð c
 Þ zero mean tidal part. The QS parts of the transports are obtained from the subinertial currents and interface depth. More explicitly:
Z z¼0
QQS
¼
hua iW dz;
ð12Þ
1
QQS
2 ¼

Z

z¼hgi
z¼hgi

hua iW dz:

ð13Þ

z¼b

Using Eqs. (5) and (6) and the decompositions (10) and (11) , the total instantaneous transports can be written
as
Z z¼hgi
Z z¼0
Z z¼hgi
Z z¼0
^ua W dz þ
^ua W dz;
Q1 ¼
hua iW dz þ
hua iW dz þ
ð14Þ
z¼g

Q2 ¼

Z

z¼hgi

hua iW dz þ

z¼b

Z

z¼hgi
z¼g

hua iW dz þ
z¼hgi

Z

z¼g

Z

z¼hgi

z¼hgi
z¼g

^ua W dz
z¼b

^ua W dz;

ð15Þ

z¼hgi

which are elaborated versions of Eq. (1). The ﬁrst and third terms of the rhs of Eq. (14) account for the ﬂuctuating part of the interface due to tidal motions, that is, they are the counterpart of Ab1 in Eq. (1). The same
holds for the second and fourth terms of the rhs of Eq. (15) and Ab2 in Eq. (1).
Applying the low-pass operator to obtain the subinertial transports ÆQ1æ and ÆQ2æ we have

ð16Þ

ð17Þ

where the deﬁnitions (12) and (13) have been used. The ﬁrst and fourth terms of the rhs in (16) and the second
b j and ^uj hAj i in (1), respectively, and their
and fourth terms of the rhs in (17) are equivalent to the terms huj i A
time average is approximately zero. These equations may thus be written:
TR
hQj i ¼ QQS
j þ Qj

ðj ¼ 1; 2Þ:

ð18Þ

The deﬁnition of TR transports in these equations can be used to estimate them. In practice, it is easier to
compute TR transports as the diﬀerence between subinertial and QS transports. It follows from (16) and
TR
(17) that the TR transports must be equal in their absolute value but opposite in sign, QTR
2 ¼ Q1 . However,
the rescaling of the estimated upper layer transport at CS aﬀects also the QS upper layer transport, so that the
estimation of the upper and lower layer TR transports at CS are slightly diﬀerent.
3.5. Description of TR and QS transports
The subinertial exchange is achieved in diﬀerent ways at each section. At ES, the TR transports are practically negligible, having a mean value and standard deviation smaller than 0.1 Sv (Table 3). Therefore, at ES,
subinertial transports are almost equal to quasistatic transports and Eq. (18) reads:
hQj iðESÞ ’ QQS
jðESÞ

ðj ¼ 1; 2Þ:

ð19Þ

On the other hand, TR and QS transports are comparable at CS (Fig. 7, Table 3), as each of them accounts for
a signiﬁcant part of the long-term mean value and the subinertial transports variance (Table 3). Thus, at CS,
Eq. (18) still holds:
TR
hQj iðCSÞ ¼ QQS
jðCSÞ þ QjðCSÞ

ðj ¼ 1; 2Þ:

ð20Þ
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Tidal signal of the sea level at Tarifa.

The diﬀerence, between CS and ES, of the TR transports contribution to the long-term mean is consistent not
only with previous observations of Garcı́a-Lafuente et al. (2000) at ES and Bryden et al. (1994) at CS, but also
with recent numerical models (see for example, Sanino et al., 2004). The important fact to be stressed is that,
despite the diﬀerent way in which they are achieved, the subinertial transports are equal, within the estimation
error, for each layer, that is, Æ Qjæ(CS) = ÆQjæ(ES) (Fig. 6). Then, there is not any internal divergences at subinertial frequencies in the intermediate region between both sections. Such divergences would not have physical
explanation in the two layer model we are dealing with. Note that the former equality does not imply that
QS
TR
QQS
jðCSÞ ¼ QjðESÞ . In fact as, in general, QjðCSÞ 6¼ 0, the QS transports must be diﬀerent from one section to the
other for the subinertial transports to be equal.
As TR transports at ES are negligible, the fortnightly and monthly signals of QQS
jðESÞ are approximately equal
to that of ÆQjæ(ES) given in Section 3.3. On the contrary the TR transports at CS have a dominant fortnightly
and monthly variability. They reach absolute values of around 1 Sv on the stronger spring tides, of 0.5 Sv on
the moderate ones, and about 0.1 Sv or less on neap tides. In this last case, the approximation (19) also applies
at CS, indicating that the subinertial exchange is nearly quasistatic throughout the Strait during neap tides.
QS upper layer transport at CS has important fortnightly (0.25 Sv) and monthly (0.2 Sv) amplitudes, while
they are less signiﬁcant (0.1 Sv) in the QS lower layer transport. As a consequence, the QS upper layer
transport at CS may ﬂow toward the Atlantic during specially strong spring tides (see Fig. 6). This reverse
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QS transport is enhanced when these intense spring tides eventually coincide with SBT ﬂuctuations toward the
Atlantic. This type of inversions are not observed in the QS lower layer transport at CS.
3.6. Tidally rectiﬁed-quasistatic transport compensation at Camarinal
QS
It is interesting that, in spite of the important fortnightly variability of QTR
1 and Q1 , the fortnightly signal
QS
TR
of the subinertial upper layer transport hQ1 i ¼ Q1 þ Q1 is not signiﬁcant (Table 3, Fig. 7). The explanation
is that the fortnightly signals of TR and QS transports have similar amplitudes in the upper layer but they are
180 out of phase, so that they cancel when adding both contributions together. This compensation does not
take place in the lower layer, even when both contributions are still 180 out of phase, because the fortnightly
signal in the lower layer TR transport has a noticeable stronger amplitude than in the QS transport. Consequently ÆQ2æ has a signiﬁcant fortnightly signal (Table 3).
The mechanism of compensation deserves a more detailed investigation. The variability of the QS transports is due to the subinertial currents (and interface) ﬂuctuations. For a deeper analysis it is convenient to
separate the SBT and SBC contributions to the QS transports. This can be achieved by projecting them onto
the EOF subinertial modes computed in Section 3.1, according to
QS
QS
QS
QQS
j ¼ Qj þ ½Qj SBT þ ½Qj SBC þ r;

ð21Þ

QS
is the QS transport long term mean, ½QQS
where QQS
j
j SBT and ½Qj SBC are the SBT and SBC part of the QS
transport, and r(t) is a residual which is approximately orthogonal to the EOF modes. The residual presumably accounts for little variance, so that we can make the approximation
QS
QS
QS
QQS
j ’ Qj þ ½Qj SBT þ ½Qj SBC ;

ð22Þ

that accounts for around the 90% of the QS transports variance at CS (66% for SBT, 23% for SBC in the upper
layer transport, 80% for SBT, 13% for SBC in the lower layer transport). With the help of (22), Eq. (18) is
written as
QS
TR
hQj i ’ ½QQS
j SBT þ ½Qj SBC þ Qj

ðj ¼ 1; 2Þ:

ð23Þ

QS
The standard deviation of SBC transport ﬂuctuations are ½QQS
1 SBC ’ 0:2 Sv for the upper and ½Q2 SBC ’ 0:1 Sv
for the lower layer transports, respectively. As already mentioned in Sections 3.1 and 3.3, on neap tides the subinertial current shear between the two layers is enhanced and the interface shallows, while on spring tides the
subinertial current shear is reduced and the interface sinks. Both eﬀects combine to enhance ½QQS
1 SBC and to
reduce ½QQS
2 SBC ﬂuctuations. This explains the higher variance of SBC transports in the upper layer, despite
the fact that SBC velocity ﬂuctuations have a greater variance in the lower than in the upper layer (Fig. 4b).
QS
Fortnightly signal in QQS
j is almost completely due to the baroclinic contribution ½Qj SBC , as the barotropic
QS
contribution ½Qj SBT is the ﬂow response to atmospheric forcing which has little fortnightly variability. It folTR
lows that the compensation of ½QQS
1  and Q1 which leads to the cancellation of the fortnightly signal in ÆQ1æ
QS
TR
actually happens between the baroclinic contribution ð½QQS
1 SBC Þ to Q1 and Q1 (Fig. 8a). This compensation
QS
is not achieved in the lower layer because the fortnightly signal in ½Q2 SBC is much smaller than in QTR
2
(Fig. 8b). Therefore the subinertial lower layer transport ÆQjæ has a signiﬁcant fortnightly variability, due basically to (and, thus, in-phase with) the signal in QTR
2 .
An intriguing feature of fortnightly signal in this analysis is that despite the fact that both ÆQ2æCS and ÆQ2æES
have similar fortnightly amplitudes and phases, the signal in the latter is due to the QS term QQS
2ðESÞ while in the
former it is due to the TR term QTR
2ðCSÞ . Apparently, one should expect similar behavior at both sections, on the
basics of continuity reasons. As mentioned above, during neap tides the ﬂow is essentially quasistatic at both
sections, fulﬁlling such continuity arguments. On spring tides, the subinertial ﬂow is still quasistatic at ES but
not at CS, where the TR contribution prevails. To interpret this paradox we must think of the region between
CS and ES as a reservoir. During spring tides the lower part (lower layer) of the reservoir is smoothly (quasistatically) ﬁlled through ES, but at the same time it is emptied at a pulsating rhythm of tidal frequency through
CS (TR ﬂow). On average, these outﬂowing pulses equal the smooth ﬂow through ES, and the reservoir is
neither ﬁlled nor emptied.
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Fig. 8. Camarinal section: (a) Demeaned tidally rectiﬁed upper layer transport
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3.7. Tidal mixing and SBC transports
The tidal mixing hypothesis for the origin of the SBC current ﬂuctuations is now explored. Tidal mixing
inﬂuences the exchange at subinertial time scales by modulating the reduced gravity g 0 given by
q  q1
g0 ¼ 2
g;
ð24Þ
q
where q is a reference density, and q1 and q2 are layer-averaged densities. The reduced gravity has a signiﬁcant
fortnightly signal at CS with a phase /M sf ’ 180 (Table 3). It means that maximum g 0 (maximum density contrast) occurs during neap tides and minimum g 0 during spring tides, in good agreement with the hypothesis of
tidally driven mixing.
A key prediction of the quasistatic hydraulic theory is that the possible magnitude of the exchanged
transports is upper bounded. For the exchange to be in the so called maximal state, the ﬂow must be
hydraulically controlled at CS but also at Tarifa Narrows (Fig. 1a). If this happens, the exchanged transports reach their maximum allowable value (Armi and Farmer, 1986). Bryden and Kinder (1991) argued
that if the exchange
pﬃﬃﬃﬃ is maximal in the hydraulic sense, the quasistatic upper and lower layer transports
should scale as g0 .
More precisely, the scaled (baroclinic) transports [q1]SBC and [q2]SBC are
pﬃﬃﬃﬃﬃﬃﬃﬃ W c bc
½q1 SBC  ½q2 SBC  P  g0 bc
;
ð25Þ
2
where bc ’ 280 m and Wc ’ 22.7 km are the depth of the bottom and the width of the Strait at the surface at
CS, and P is a dimensionless coeﬃcient. Bryden and Kinder (1991) showed that as the historical estimates of
the (quasistatic) maximal exchanged ﬂow were reﬁned, the coeﬃcient tends to converge to P ’ 0.14.
Based on Eq. (25), we have generated time series of [q1]SBC and [q2]SBC for the upper and lower layer transport. As Eq. (25) is valid for quasistatic exchange, these synthesized transports must be compared with
½QQS
j SBC , (Section 3.6 and Fig. 10). Fig. 9b shows that [q2]SBC reproduces appropriately the ﬂuctuations of
QS
½QQS
2 SBC . However, [q1]SBC fails in reproducing ½Q1 SBC ﬂuctuations (Fig. 9a), as its variance (0.1 Sv rms) is
QS
signiﬁcantly smaller than the variance of ½Q1 SBC (0.25 Sv rms).
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Thus, the subinertial ﬂuctuations of the transports estimated from the hydraulic theory through Eq. (25)
coincide reasonably well with the estimated SBC ﬂuctuations of the quasistatic lower layer transport, but
not with those of the quasistatic upper layer transport. Again, the issue of the diﬀerent variance of the
SBC transports in each layer at CS arises. We suspect that the fortnightly variability of the interface depth
is possibly responsible for this asymmetry and may be related to the variability of the control condition at
CS, in the same manner as the TR transports seem to be. A more complete analysis of this likely relationship
would need a detailed analysis of the variability of the hydraulic conditions at CS at diurnal and higher tidal
frequencies, which is the subject of a further paper.
3.8. Hydraulics implications
An interesting question to be addressed, in the framework of the two-layer hydraulic theory, is to what
extent our data are compatible with a permanent control section at CS. The existence of strong tidal currents
within the Strait, specially at CS, breaks the quasistatic theory predictions (Helfrich, 1995), and it is generally
accepted that the hydraulic control at CS is prone to be lost during a short time interval in each tidal cycle,
particularly on spring tides (Armi and Farmer, 1988; Castro et al., 2004). When this happens, an energetic
internal bore is released eastwards into the Mediterranean (Izquierdo et al., 2001). However, scarce direct evidence has been provided yet because direct estimation of Froude numbers from the original data are too noisy
at tidal frequencies. Here we adopt a diﬀerent approach. Let us assume the validity of the approximation
F 22 ’ 1

ð26Þ

as control condition, and rewrite it as
½Q22 H ’

g0 A32 ðgÞ
;
W int ðgÞ

ð27Þ

where subscript H stands for ‘‘hydraulic-based’’ estimation. The approximation (26) is justiﬁed by the fact that
the interface is usually suﬃciently deep to assume that G2 ’ F 22 . Only during very short periods on spring tidal
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Fig. 10. (a) Reconstruction of the subinertial ‘‘hydraulic’’ lower layer transport ÆQ2æH from Eq. (28), (thick line), and rms subinertial lower
layer transport (thin line) at CS. (b) Tidal signal of the sea level at Tarifa.

cycles the interface shallows enough to make (26) inapplicable. Applying the low-pass ﬁltering operator to Eq.
(27) we obtain
*sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ+
g0 A32 ðgÞ
;
ð28Þ
hQ2 iH ’
W int ðgÞ
ÆQ2æH is interpreted as the subinertial lower layer transport, based in the hydraulic theory, that is compatible
with the control condition, provided that the interface depth and reduced gravity estimates at CSare
known.
qﬃﬃﬃﬃﬃ
ﬃ
Fig. 10 shows that the time series of ÆQ2æH and the rms subinertial lower layer transport, Qrms
¼
2

Q22

are

remarkably similar, with a correlation coeﬃcient r ’ 0.97. Both time series practically coincide during neap
tides and also during weak spring tides. The greatest diﬀerence takes place on strong spring tides, when
Qrms
is systematically higher than Æ Q2æH. That means that during strong spring tides the control condition
2
would be lost even if the upper layer contribution to G2 were not considered. It should be remembered that
the fortnightly signal in the lower layer transport is dominated by the TR transports. This fact suggests that
the mechanism that triggers TR transports during spring tides is related to the lost of the hydraulic control at
CS.
4. Conclusions
In this paper the fortnightly and monthly variability of the exchange through the Strait of Gibraltar has
been studied from a ﬁve months mooring time series simultaneously acquired at two sections of the Strait
of Gibraltar, that is, the Camarinal and East sections.
To this aim we have estimated time series of the subinertial exchanged transports, ÆQ1æ and ÆQ2æ, and analyzed them at these frequencies. A signiﬁcant monthly signal is observed in the upper layer transport, but not
in the lower layer transport, which exhibits a signiﬁcant fortnightly signal. The minimum (maximum absolute
value) lower layer transport takes place, approximately, on spring tides. Consequently, the net transport
shows a combination of both signals with maximum value (toward the Mediterranean) on neap tides, with
a certain monthly inequality. A signiﬁcant fortnightly and monthly variability of interface depth is also
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observed at CS: it is deeper on neap and shallower on spring tides. At ES these signals in the interface depth
are less pronounced.
The subinertial exchanged transports have been separated into tidally rectiﬁed (TR) and quasistatic (QS)
parts. QS transports are computed from subinertial interface depth and currents ﬂuctuations or, in other
words, the time series of interface depth and currents are low-pass ﬁltered prior to QS transports estimate.
TR transports, that arise from positive correlations of currents and interface depth at tidal frequencies, are
computed as the diﬀerence of subinertial and quasistatic transports.
TR transports are not signiﬁcant at ES, but they are important at CS, contributing both to the long-term
mean and to the subinertial ﬂuctuations of the exchanged transports at this section. They are linked to the
fortnightly and monthly cycles: they are of little importance (of the order of 0.1 Sv) on neap tides but of great
amplitude (around 1 Sv) on spring tides.
The fortnightly signals of QS and TR transports at CS are in phase opposition, so that they tend to cancel
one another. This compensation is quite eﬃcient in the upper layer transport, removing the fortnightly signal
in the total upper layer subinertial transport ÆQ1æ, but not so eﬃcient in the lower layer transport, in which TR
transports provides a clear fortnightly signal to the lower layer subinertial transport ÆQ2æ.
The diﬀerence in the character of the fortnightly and monthly signals of upper and lower layer transport is a
consequence of the asymmetry in the quasistatic transports at CS, whose variance is higher for the upper layer
transport than for the lower layer transport.
Finally, it has been found that the time series of the estimated lower layer transports is strongly compatible
with existence of hydraulic control at CS on neap and on moderate spring tides. During strong spring tides the
estimated subinertial lower layer transport exceeds the predictions of the hydraulic theory for controlled ﬂow,
conﬁrming that control is lost in these periods.
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