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Abstract

Data from a mooring line deployed midway between the Alboran Island and Cape Tres Forcas are used to study the time
variability of the Alboran Sea from May 1997 to May 1998. The upper layer salinity and zonal velocity present annual and
semiannual cycles characterised by a minimum in spring and autumn and a maximum in summer and winter. Temperature has
the opposite behaviour to that of salinity indicating changes in the presence of the Atlantic water within the Alboran Passage. A
large set of SST images is used to study these cycles. The decrease of salinity and velocity in our mooring location in spring and
autumn seems to be related to the eastward drifting of the Western Alboran Gyre (WAG). The increase of salinity and velocity is
caused by the Atlantic current flowing south of the Alboran Island and its associated thermohaline front. Conductivity—
temperature—depth (CTD) data from two cruises along the 3°W are coherent with current meters and SST interpretations.
During the period analysed, summer months are characterised by the stability of the two-gyre system, while in winter, the
circulation is characterised by a coastal jet flowing close to the African shore. We use sea level differences across the Strait of
Gibraltar for studying the variability of the Atlantic inflow. We discuss the changes in the Alboran Sea circulation and its
relation with the variability of the inertial radius of the Atlantic inflow. Though our results are speculative, we find a possible
relation between the disappearance of the two-gyre system and a reversal of the circulation in Gibraltar. Longer time series are
needed to conclude, but comparison with previous works makes us think that the seasonal cycle described from May 1997 to
May 1998 could be the most likely one for the Alboran Sea upper layer. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction raltar, originated by the excess of evaporation over
precipitation and river runoff in the Mediterranean.

The Alboran Sea is the westernmost basin of the This deficit produces a thermohaline circulation that

Mediterranean Sea. Its circulation and water masses
are coupled to the exchange through the Strait of Gib-
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can be summarised as Atlantic water flowing at the
surface of the strait into the Alboran Sea, and saltier and
denser Mediterranean water flowing at depth toward
the Atlantic. As the Atlantic current progresses into the
Mediterranean, it changes its properties due to sea-air
fluxes and mixing with resident Mediterranean
waters. These changes start in the Alboran Basin, so
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we can consider its upper layer as filled by surface
Atlantic water, more or less modified, and with a
variable thickness depending on its geographical
location.

The classical circulation pattern in the upper layer
of the Alboran Sea is a swift Atlantic current sur-
rounding and feeding two anticyclonic gyres: The
Western Alboran Gyre and the Eastern Alboran Gyre
(WAG, EAQG). The strong thermohaline gradient asso-
ciated to the Atlantic current makes both gyres clearly
visible in SST satellite images. Nevertheless, this
scheme presents a high temporal variability.

First works in the Alboran Sea are based on
hydrology surveys where data are considered as
synoptic. Time variability cannot be studied directly
from these surveys. Nevertheless, the comparison
between different cruises evidences the existence of
time variability.

Lanoix (1974) analysed a cruise carried out in
August 1962. In this work, the Atlantic current
surrounds the WAG and then flows into the eastern
basin close to the African shore. The eastern basin is
occupied by a large area of cyclonic vorticity. In May/
June 1973 and November 1978 (Cano, 1977; Cano
and Gil, 1984), the situation was very similar to that
described by Lanoix. In August 1976 (Cano, 1978),
both the WAG and the EAG were fully developed.

A first attempt to study time variability in the
Alboran Sea upper layer is due to Cheney and Doblar
(1982). These authors compare two cruises (by air-
craft and ship) 10 days apart. During the first cruise,
the WAG was displaced to the east, and a second and
smaller anticyclonic gyre was constrained against the
African coast, southeast of Ceuta. During the second
cruise, the WAG was well developed and had recov-
ered its usual position. These authors, following
Crepon (1965), argue that the anomalous situation
during the first cruise was due to a decrease of the
atmospheric pressure over the Western Mediterranean
and westerly winds in Gibraltar.

In April 1980 (Parrilla, 1984), the WAG was in a
similar situation to that reported by Cheney and
Doblar (1982). Parrilla (1984) also reported an impor-
tant decrease of atmospheric pressure over the West-
ern Mediterranean previous to the cruise.

Conclusions of Crepon (1965), Cheney and Doblar
(1982) and Parrilla (1984) can be summarised as
follows: The decrease of atmospheric pressure over

the Western Mediterranean produces a larger and faster
Atlantic inflow. In this situation, the Atlantic jet is
displaced southward pushing the WAG to the east.

Perkins et al. (1990) show an even more dramatic
southward drift of the Atlantic jet during September
1982. In this case, the Atlantic jet flows close to the
African coast once it exits the Strait of Gibraltar. This
episode was reported by in situ current measurements
and SST satellite images. Authors also consider that
these changes are due to the variability of the Atlantic
inflow forced by meteorological factors, but in this
case, the explanation proposed is different: Low
pressure over Azores Islands produced downwelling
in the Gulf of Cadiz and the consequent increase of
positive vorticity in the Atlantic inflow.

According to first works already commented, it
could be concluded that the WAG was a quasi-
permanent feature of the Alboran Sea circulation
while the EAG was more elusive (Lafuente et al.,
1998). Heburn and La Violette (1990) conclude from
the analysis of a large set of SST images covering the
years 1982 and 1986 (and two months of 1985), that
both gyres have a similar time variability.

The more recent use of remote sensing techniques
allows the study of very low frequency variability as
seasonal cycles. Parada and Canton (1998a) conclude
from the analysis of SST images corresponding to
1993, that the WAG is a more stable structure while
the EAG is more variable. Garcia-Gorriz and Carr
(1999) also study the seasonal variability of the
Alboran Sea using SST images, but they do not focus
on the different circulation patterns. These authors
find that there is a seasonal cycle in the temperature
differences between the Alboran Sea and the Atlantic,
being the former warmer in summer and cooler in
winter. Vazquez-Cuervo et al. (1996) use altimeter
data corresponding to years 1992 and 1993 to study
the Alboran Sea circulation. Viddez et al. (1998a)
present part of the semiannual cycle of sea level
residuals. These authors also report that annual and
semiannual cycles account for the 50% of the time
variability in sea level residuals.

Bormans and Garrett (1989) relate the presence of
the WAG to the variability of the Atlantic jet through
Gibraltar. After an extensive review of different
numerical, analytical and laboratory models, Bormans
and Garrett conclude that the key parameter for the
formation of the WAG is the ratio between the inertial
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radius of the Atlantic inflow and the topographic
curvature radius at the eastern side of Gibraltar. The
Atlantic jet will develop the WAG for values of this
parameter higher than 1, and will flow close to the
African coast for values lower than 1.

Parada and Canton (1998b) consider that the high-
est probability of formation of the WAG is in summer
when, according to Ovchinnikov (1974), the Atlantic
inflow is higher. On the other hand, Parada and
Canton report that the two-gyre system is not present
in winter for the year 1993, when the Atlantic inflow
is minimum. If we accept the theory by Bormans and
Garrett (1989), higher inflow in summer will produce
larger values of the ratio inertial radius/topographic
radius, while this will be lower in winter. Lafuente et
al. (accepted for publication) also obtain maximum
values for the Atlantic inflow in summer, in agree-
ment with Ovchinnikov and Parada and Canton.
Nevertheless, this point is subject to some controversy
as Garrett et al. (1990) report a clear seasonal cycle in
the along strait sea level drop. They infer from this
cycle that the maximum inflow is in March.

Despite the discrepancies between the different
works reviewed, there seems to exist a certain
agreement in that the Alboran Sea presents both
annual and semiannual variability and that it is
related to the Atlantic inflow through Gibraltar.
This inflow also exhibits time variability, both at
seasonal and at shorter time scales. The atmospheric
forcing (mainly atmospheric pressure in the Western
Mediterranean and winds in Gibraltar) also plays an
important role.

The presence or absence of the two-gyre system
has important consequences, not only on the physical
oceanography of the Alboran Sea, but on its biological
productivity, as their north and northeast contours
form very intense fronts with high productivity
(Rodriguez et al., 1994; Rubin et al., 1995, 1997,
Tintoré et al., 1988). Vertical velocities associated to
these structures have been studied at different length
scales (Tintoré et al., 1991; Viudez et al., 1996)
showing that large vertical velocities are associated
to mesoscale eddies along the Atlantic current. Sarhan
et al. (2000) have evidenced that southward drifts of
the Atlantic jet are responsible for the upwelling of
cool subsurface waters to the area left by the jet.
During these transient episodes, there would be an
increase in the nutrient supply to the surface layer.

To understand better this variability and to obtain
some more evidences of a possible seasonal variabil-
ity, the Instituto Espafiol de Oceanografia (IEO) and
Malaga University (UMA) deployed a mooring line in
the Alboran Passage, midway between the Alboran
Island and Cape Tres Forcas for a period of 1 year and
in the frame of MATER II project. This information
was analysed to the light of a large set of SST images
covering the mooring period, and sea level data at the
eastern side of the Strait of Gibraltar and meteoro-
logical data, both at the strait and in the Western
Mediterranean. The data set analysed is presented in
Section 2, and results in Section 3. A final summary
and discussion are in Section 4.

2. Data set

From May 1997 to May 1998, an array with five
current meter recorders was placed at 35°41.6/ N
3°0.9° W, midway between Alboran Island and Cape
Tres Forcas (Fig. 1). All instruments measured tem-
perature, conductivity, pressure and velocity (intensity
and direction) at a sample interval of 1 h. The actual
depth of the current meters (averaged values from
pressure sensors) was 74, 117, 178, 358 and 770 m
(hereon CM 1, 2, 3, 4, 5). Salinity time series were
obtained using the Practical Salinity Scale (PSS78;
Lewis, 1980). This location was chosen because it is
into the theoretical path of the Atlantic jet flowing
from the western to the eastern basin, so changes in
both basins are supposed to have some influence on
our mooring location. The three upper instruments
were located at depths corresponding to the Alboran
Sea upper layer, which is usually taken as the upper
200 m. The two deepest instruments were supposed to
be placed under the influence of the Levantine Inter-
mediate Water (LIW), between 200 and 600 m and the
West Mediterranean Deep Water (WMDW), which
flows below the former (Parrilla et al., 1986).

Meteorological data covering the mooring period
(and a longer period in some cases) were obtained
from the Instituto Nacional de Meteorologia (INM).
Daily atmospheric pressure averaged over the Western
Mediterranean was collected from May 1997 to May
1998 from the daily bulletin of the INM. Values were
obtained from synoptic maps representing weather
conditions at 12:00 GMT. Atmospheric pressure
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Fig. 1. Map of the Alboran Sea. CTD stations from the first cruise on May 1997 are marked with crosses and named with letters from A to K.
Positions are the same for the November 1997 cruise; the only exception is that stations E and F were suppressed for being too shallow, and
stations A and B could not be accomplished because of the weather conditions. The mooring line position is that of station I, marked with a
circle. Letters C (centre) and S (south) in the eastern side of the Strait of Gibraltar are the positions of current meter moorings deployed in the

frame of CANIGO project.

measured at Ceuta and Tarifa was recompiled from
January 1995 to September 1998 while wind data
(intensity and direction) at the same locations extend
from January 1995 to December 1998. Pressure and
wind series at Ceuta and Tarifa have four samples per
day at 0:00, 06:00, 13:00 and 18:00 GMT.

Sea level data at Ceuta and Algeciras were used to
get some information about the variability of the
cross-strait sea surface slope, which can provide an
estimation of the Atlantic inflow variability. Hourly
data from January 1995 to May 1998 were obtained
from the tide gauge network of the IEO. These
estimates are also checked using direct measurements
of currents in the eastern side of the Strait of Gibraltar
taken in the frame of CANIGO project. We use data
from two current meters placed at locations C (centre)
and S (south) at the depths of 40 and 35 m (see Fig. 1).
For each of these two locations, there were two
periods overlapping that of our mooring. We call them
C-I and C-II for the two current series at location C.
They extend from July to September 1997, and from
October 1997 to April 1998. For location S, the two

subperiods used are S-I and S-II extending from July
to November 1997 and from February to May 1998.

A large set of 208 SST satellite images from May
1997 to May 1998 was obtained from the DLR
agency to infer time variability in the Alboran Sea
circulation and contrast it with those patterns esti-
mated from our current meter series.

Two oceanographic cruises were carried out for the
deployment (May 1997) and service of the line
(November 1997) on board the R/V Odén de Buen
from IEO. These two cruises were used to perform
two transects with a conductivity—temperature—depth
(CTD) probe from the African to the Spanish shore,
following approximately the 3°W where the mooring
line was deployed (Fig. 1). CTD data were used to
check those circulation patterns inferred from satellite
images and the uppermost instruments during the days
of the two surveys and for comparison with current
meter sensors.

The time variability in which we are interested is
the subinertial one. This term designs in this work
those phenomena with periods ranging from several
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Table 1
Length of the time series analysed

Initial date Time Final date Time

(GMT) (GMT)

CM (1-5) 15/05/97 18:00 16/05/98 12:00
C-1 17/07/97 00:00 20/09/97 18:00
C-I1 25/10/97 00:00 02/04/98 18:00
S-1 18/07/97 00:00 04/11/97 18:00
S-1I 22/02/98 00:00 14/05/98 18:00
Py 04/01/95 00:00 27/09/98 18:00
Wt 04/01/95 00:00 28/12/98 18:00
A¢ 04/01/95 00:00 28/05/98 18:00
P, 06/05/97 06:00 18/05/98 18:00

CM stands for the five current meter time series in location I (Fig.
1), C-I and C-II for subperiods 1 and 2 of mooring in site C, S-I and
S-II are the same for the mooring in S. P are atmospheric pressure
series at Ceuta and Tarifa (Fig. 1), W, is the wind at the same
locations, A¢ is the sea level difference between Ceuta and
Algeciras, and P, is the mean atmospheric pressure over the
Western Mediterranean.

days to semiannual and annual cycles if existing. For
this purpose, we eliminate from all time series (current
meters, sea level and wind in Gibraltar) diurnal and
semidiurnal variability and other high-frequency sig-
nals contributing to the variance of our original series.
To do so, we use a cosine-Lanczos filter with a half
power point at 0.44 cycles per day (cpd). This filter
allows almost the total variance for frequencies higher
or equal than 0.28 cpd, and eliminates practically all
the variance for frequencies higher than 0.68 cpd. The
definitive time series analysed in following sections
were decimated (and interpolated in the case of
meteorological data) to four daily data at 0:00,
06:00, 12:00 and 18:00 GMT. Table 1 shows the
length of the final data set. The shortest time series
are those from current meters in the Alboran Passage.
This is considered in this work as the central period
that we want to study. Longer time series were used
only when necessary and for the main body of this
work, the length of the different series was unified to
that of the minimum one.

3. Results
3.1. Current meter time series

The Alboran Sea is usually considered as a two-
layer sea. The upper Atlantic layer flows eastward

while the lower Mediterranean layer flows westward.
For dynamical proposes, the 200-db level is consid-
ered as the no motion level separating both layers.
According to this simplistic scheme, the three upper
instruments of our mooring line would be within the
upper layer (74, 117, 178 m).

When averaging the zonal component of velocity
(hereafter u, positive eastward), CM 1 and 2 have
positive values different from zero at the 95% con-
fidence level (Table 2). Though CM 3, 4 and 5 have
also positive values, they are not different from zero at
the same confidence level.

Fig. 2A—D show the low-pass series of temper-
ature, salinity, # and v components of velocity for the
three upper current meters. The variability of CM 3
seems to be similar to that of CM 1 and 2 and so we
could consider that CM 3 belongs to the upper layer.
Cross-correlation coefficients between CM 1 and 3 for
the four variables analysed are 0.4, 0.8, 0.6 and 0.5.
The same calculations for CM 3 and 4 are 0.3, 0.7, 0.4
and 0.6. The correlation between CM 1 and 3 is higher
than between CM 3 and 4, except for the v component
of velocity. If we compare CM 3 with CM 2, then the
correlation is always higher than with CM 4. Cross-
spectral coherence between u time series for CM 1
and 3 is around 0.6 (statistically significant at the 95%
confidence level) for a range of frequencies between 0
and 0.15 cpd. For the same range of frequencies, the
coherence between u component of velocity of CM 3
and 4 is around 0.4.

To investigate the vertical structure of the flow, we
did an analysis in Empirical Orthogonal Functions
(EOFs) for the u component of velocity of the five
current meters. Fig. 3A is the vertical structure of the
first EOF, accounting for the 52% of the total var-

Table 2
Mean values for temperature (7), salinity (S), # and v components of
velocity for the five current meters in the Alboran Passage

T(°C) S u (cm/s) v (cm/s)
CM 1 15.08+047 37.26+0.24 10.86+4.88 5.43+534
CM2 14.01£0.33 37.79+0.22  4.584+3.33 1.98+3.18

CM3 1330+0.12 38.23+0.10
CM4 13.131£0.02 38.49+0.01
CM5 1297+0.01 38.48+0.04

0.89+2.65 —0.52+1.43
0.41+0.54 —0.48%+0.83
0.43+0.54 0.58+0.75

Ninety-five percent confidence intervals are calculated according to
Eq. (2a) and (2b).
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Fig. 3. (A) Spatial weights for the first EOF corresponding to # component of velocity. (B) Time evolution of the first EOF. Time origin is the

same as in Fig. 2.

iance. Fig. 3B is its time evolution that is very similar
to that of CM 1. Spatial (vertical) weights correspond-
ing to this first EOF show very similar values for CM
1, 2 and 3. If we reconstruct time series of u
component of velocity using only the first mode, we
recover the 79% of the variance of the original series
for the CM 1, and the 75% for CM 3.

We conclude that the upper 200 m can be consid-
ered as the upper layer attending to its similar varia-
bility. Nevertheless, the high correlation between the
third and fourth current meter evidences that a two-
layer scheme is too simplistic and a transition layer
should be considered. High salinity values of CM 2
and 3 (see Table 2) also indicate that waters with

Fig. 2. (A) Thin lines are temperature low-pass series for current meters 1, 2 and 3. Time is expressed in days, being the origin the day 0=12/05/
97. Thick line superimposed on CM 1 series is its annual and semiannual fit (see text, Section 3). As a reference, consider that day 234 is 01/01/
98. (B) Thin lines are salinity series for CM 1, 2 and 3. Thick line is the least squares fit for CM 1. (C) Thin lines are # component of velocity
(positive eastward) for CM 1, 2 and 3. To make distinguishable the three series, we have added a constant value of 20 cm/s to CM 1 and 10 cm/s
to CM 2. Thick line is the fit for CM 1. See Table 2 for the true mean values of the series. (D) The same as in C for the v component of velocity

(positive northward).
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Mediterranean properties can be considered from a
dynamical point of view as part of the upper layer.
This fact simply reflects the different diffusion of
properties as momentum and salinity.

Once we establish the common behaviour of the
uppermost instruments, we will mainly focus on the
first one, considering it as representative of the upper
layer. We use these time series because of their larger
variance, which makes more clearly visible the differ-
ent phenomena we want to study.

CM 1 salinity series exhibits two relative minima
at the beginning and the end of the series (May 1997
and May 1998) and a more pronounced minimum
around day 160 (mid-October). Relative maximum are
around days 60 and 280 (July and February). These
values had a behaviour right opposite to that of
temperature. Fresher waters are also warmer, while
more saline waters are cooler. This indicates that these
very low frequency fluctuations correspond to
changes in the presence of Atlantic water and the
depth to which its influence is felt. We can conclude
for the moment, that the Atlantic water has a stronger
signal in spring and autumn, while it is weaker in
summer and winter. This visual analysis suggests the
existence of a semiannual cycle, and the difference
between the minimum (maximum) values for salinity
(temperature) in autumn and spring could be
explained by the presence of an annual cycle.

The u component of velocity has also this sort of
seasonal variability but it is more difficult to find an
explanation for it. Again maximum values are in
summer and winter and minimum ones at spring and
autumn, following a similar curve to that of salinity.
Also, the autumn minimum is deepest than those of
spring 1997 and 1998. More interesting is that
between days 150 and 200 (9th October to 28th
November), there is a reversal in velocity (though
with some interruptions). We understand by a rever-
sal, that the upper layer flows westward, that is, on the
opposite direction to the expected. Other reversal
occurred at the end of the series (though not so clear).
At the beginning of the series, we can see a slow
increase of the # component that suggests that velocity
could be negative some days before the start of the
plot. In fact, mean values for days 0—3, which have
been eliminated by the filtering process, are clearly
negative. It seems somewhat contradictory that the
strongest signals of Atlantic water are coincident with

the reversal episodes. Nevertheless, this is a point on
which we will come back along the following sec-
tions.

3.2. 8ST, CTD and CM 1

Fig. 4a shows a SST image corresponding to 11/05/
97. According to this image, we can think that the
Atlantic current is flowing to the north of the Alboran
Island during the beginning of the mooring period.
The accumulation of warm waters to the south of the
Island suggests the existence of an anticyclonic area.
The first available data from the mooring line corre-
spond to 18:00 GMT 12/05/97. The u component of
velocity is negative for 12th May. Daily average of
velocity vector for CM 1 on 13th May shows that the
current is flowing to the NW (insert in Fig. 4a). This is
compatible with the anticyclonic circulation inferred
from the SST image. Fig. 7a is the salinity and
geostrophic velocity (zonal component) correspond-
ing to the 13th May transect. The current flows
eastward to the north of the Island and westward to
the south of it. Low salinity values (~ 36.6) indicate
that waters circulating anticyclonically have an Atlan-
tic character. The daily averaged value of u for CM 1
is —7 cm/s. Geostrophic values around —8 cm/s can
be found at 50 m depth and to the north of the
mooring location. The intercomparison between geo-
strophic velocities, in situ measurements and SST
images makes us conclude the existence of an area
of negative vorticity around the Alboran Island during
the beginning of the mooring period. According to
Fig. 4a, the Alboran Sea would be occupied by three
anticyclonic gyres, a circulation pattern quite unusual,
but already described by Viudez et al. (1998b) during
autumn 1996.

Geostrophic calculations are referred to the 200-db
reference level. This is widely used in the Alboran Sea
literature. Nevertheless, we checked the validity of it.
We calculated the daily averaged u component of
velocity for CM 3 (178 m depth) and 4 (358 m depth)
corresponding to 13th May. These values are 1 and
0.1 cm/s, indicating that real velocities between 178
and 358 m are likely to range between 1 and 0.1 cm/s.
This result makes the 200-db level a good choice as
no motion reference level. We also repeated calcula-
tions using the 300-db reference level and no changes
were found in the sense of the flow. We only observed
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11/05/97

a slight intensification of the modulus of the currents
around 1 or 2 cm/s.

Due to the cloudiness of the images, it is difficult to
establish the duration of this three-gyre episode.
Nevertheless, it was still present at 17th May (Fig.
4b). On 2nd June, we identify a well-developed WAG,
occupying its usual position (Fig. 4c). Current vector
from CM 1 for the same date shows that the upper
layer flows to the NE.

Other three-gyre episodes could have happened in
May 1998 (not shown). This is also supported by the
low and even negative values of u velocity at the end
of the time series.

The existence of both the WAG and EAG was the
prevailing situation during the summer months. In this
situation, we expect that the Atlantic current flows
south of the Alboran Island in a NE direction. This
was in agreement with velocity vectors corresponding
to the uppermost current meter (angles>45°). A quite
representative image of this situation is presented in
Fig. 4d. The insert shows the intensity and direction of
the flow in CM 1.

A similar situation to that of spring, took place in
autumn 1997, being available some cloud-free images
to describe it. The sequence of Fig. 5 shows how a
southward drift of the Atlantic current getting into the
Alboran Sea, pushes the WAG eastward at the same
time that a new gyre is being formed SE of Ceuta (Fig.
5a). Some days later (Fig. 5b and c), the “old” WAG
is displaced to the east, being its centre close to our
mooring line, in a very similar situation to that
presented in May 1997. It is worth noticing that CM
1 velocity vector is within the third and second
quadrant (current flowing to the SW and NW) while
the three gyres are present. Though we have no in situ
measurements to confirm our interpretation of the
“first and third” anticyclonic gyres, CM 1 seems to
agree with the existence of an anticyclonic area
centred in the Alboran Island.

Fig. 4. (a—c) SST images from NOAA satellite corresponding to
spring 1997. Darker tones correspond to colder waters and light
tones refer to warmer waters. The date for each image has been
included in the upper left corner. Daily averaged velocity vectors
measured by the uppermost current meter in the Alboran Passage for
the same day as the images are included in the bottom. (The angle
referred to the east, positive counterclockwise.) (d) SST image
representative of the summer conditions.
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Fig. 6a shows the Atlantic current flowing close to
the African coast once it exits the Strait of Gibraltar.
This image corresponds to 20/01/98, and this is the
first time that we could identify this coastal mode
unambiguously. Due to the cloudiness of images, we
cannot be sure if the transition to this state of the
Alboran circulation took place some days before. One
month later (Fig. 6b), the coastal mode of circulation
stood almost in the same situation. More than 2
months later from the identification of the coastal
mode (Fig. 6¢), the Atlantic current starts to detach
from the African coast, and an anticyclonic gyre could
be developing SE of Ceuta. Once again, we have to
remark that it is difficult to associate a date for the
definitive installation of a new circulation pattern, due
to the cloudiness of the images, but we can see that at
least on 13th April, the WAG could be considered
developed. This new circulation pattern in winter is
also reflected in current measurements. Though cur-
rents flow eastward, they do with a lower angle than
when the WAG and EAG are developed. Inserts in
Fig. 6a—c show that velocity vectors from CM 1 are
within the fourth quadrant (to the SE).

A second CTD transect was accomplished on 9th
November 1997. Fig. 7b presents salinity and geo-
strophic velocity for this transect. Geosthrophic veloc-
ity at the depth of CM 1 (77 m) and the position of our
mooring line is around 18 cm/s, the same as the daily
averaged u component from CM 1. The closest cloud-
free SST image corresponds to 16th November and
shows both the WAG and EAG. We can infer a
Northeast flowing Atlantic current south of the
Alboran Island. This is in agreement with CTD
calculations that show that the main body of the
Atlantic current flows south of the Island. Geostrophic
calculations were checked in the same way as that for
the 13th May CTD transect.

These results make us think that circulation pat-
terns inferred from SST images are consistent with in
situ current measurements and geostrophic calcula-
tions. They also allow us to understand the annual and
semiannual cycles described in the previous section.
Atlantic waters with low salinity and higher temper-

Fig. 5. (a—d) Time sequence corresponding to autumn 1997. This
sequence is quite representative of an episode of southward drift of
the Atlantic current and the formation of a new WAG and its
coexistence with a three-gyre circulation.
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atures accumulate in the centre of the WAG. If it is
displaced to the east, occupying the area of Alboran
Island, salinity recorded by the three upper instru-
ments (within the upper 200 m) will decrease, at the
same time that temperature will increase. This is the
case for springs 1997 and 1998 and autumn 1997. As
the centre of the anticyclonic gyre is displaced close to
our mooring position, velocities will decrease and
even reverse, producing the minima in the ¥ compo-
nent of velocity and the reversal episodes. On the
other hand, if the Atlantic current is flowing south of
the Alboran Island, the strong thermohaline gradient
associated to this current will be placed south of the
Island. This will produce an increase of the zonal
velocity and salinity, and a decrease of temperature.
Differences between spring and autumn situations
can be attributed to summer heating of the WAG.

3.3. The Atlantic jet variability

One of the factors influencing the variability of the
Alboran Sea is the variability of the Atlantic inflow
through Gibraltar (i.e. Ovchinnikov, 1974; Bormans
and Garrett, 1989; Lafuente et al., 1998...). Time
series of current measurements within the eastern side
of the strait were available for some periods over-
lapping that of our mooring (sites C and S in Fig. 1,
Table 1). Time series of sea level gauges covering the
whole period were also available at the north and
south shores of the strait (Algeciras and Ceuta, Fig. 1).
If we consider that the Atlantic inflow is in geo-
strophic balance with the cross-strait sea level slope,
then we can calculate the inflow velocity using the
expression —gA&/fL; g is the gravity acceleration, f
the Coriolis parameter for a latitude 36°N (8.5 107>
s~ 1), L some effective width of the strait, and A¢ is the
sea level difference between Ceuta and Algeciras.

Possible errors in the tide gauges levelling do not
allow us to calculate absolute velocities. Another
source of error is the choice of L, which in our case
is 18 km. We have used the same value as in Bormans
and Garrett (1989) for later comparison with these

Fig. 6. a and b are the SST for the first time that a coastal mode was
identified in winter and its permanence more than a month later. ¢
and d show the initial detachment of the Atlantic jet from the
African coast and an early stage of the WAG.
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authors. Nevertheless, though absolute values can be
erroneous, variability in A¢ must be similar to that of
the along strait component of velocity.

Fig. 8A are velocities calculated using the geo-
strophic balance and measurements in sites C and S in
the Strait of Gibraltar. A visual analysis suggests that
there is a similar variability in both series, indicating a
geostrophic adjustment of the current. Absolute values
seem to be underestimated in the first half of the series
while they seem to be right at the second one.
Numerical correlation between in situ velocity meas-
urements and geostrophic estimations were 0.6 for the
current meter at site S and 0.7 for site C.

Cross-correlation and cross-spectral analysis be-
tween AZ and variables measured by CM 1 in the
Alboran Passage did not show any clear relation.
Neither we found any seasonal cycle in A¢ that
accounts for those in CM 1. For this reason, we
conclude that the relation between the Atlantic inflow
in the Strait of Gibraltar and the Alboran Passage must
be in a more subtle way.

Another important question is to determine the
mechanisms forcing the variability in the Strait of
Gibraltar. Lafuente et al. (submitted for publication)
inspected the influence of winds in the strait on the
exchange. These authors consider the zonal compo-
nent of the wind in Tarifa and Ceuta (Fig. 1) and argue
that winds in Tarifa are more appropriate. The corre-
lation coefficient calculated between the low-pass
series of east component of the wind in both locations,
using a series of 4 years (1995—-1998) is 0.92. We
conclude that both locations are equally useful for
studying the wind variability. The only difference is
an amplification of wind intensity in Tarifa, and a
divergence in the wind field in the strait. Mean winds
are from the east in Tarifa, and from the west in
Ceuta, as already pointed out by Parrilla and Kinder
(1987). This can be summarised by the relation
Wi=—3.7+3.4W, (obtained from a fit using the 4-
year-long series), where W, is the east component of

the wind in Tarifa, and W, the same for Ceuta, both
expressed in meters per second and positive for
westerlies. We find that the sea level difference across
the strait is influenced by winds as indicated by a
cross-correlation of 0.7.

Crepon (1965) finds a visual correlation between
atmospheric pressure in the Western Mediterranean
(Pn) and the Atlantic inflow through Gibraltar. He
also points out the paradox that both variables were in
phase opposition (or in phase if we consider —P,,
instead of P,,). The inflow should lead —P,, by 90°
due to volume conservation (i.e. the inflow should be
directly correlated with the derivative of —P,,). Can-
dela et al. (1989) confirmed this correlation between
the first empirical mode of P,, (accounting for the
65% of the total variance) and the barotropic trans-
port through the strait. They explained the former
paradox using a model that considered the exchange
between the western and eastern Mediterranean
through the Strait of Sicily. Correlation between our
low-pass series of A¢ and P, and between direct
measurements of velocity in the strait (in the periods
available) and P, are around —0.5. This correlation
and the visual analysis of these series agree in a rough
way with previous results from Crepon (1965) and
Candela et al. (1989), but a detailed inspection
indicates that a more complex relationship between
these variables must exist.

3.4. Atmospheric pressure in the Western Mediterra-
nean

A deep fall of atmospheric pressure over the West-
ern Mediterranean was observed around the beginning
of February (Fig. 8C). Fig. 8D presents a zoom of the
dates of the pressure anomaly, from the day 240 to
270 (07/01/98—06/02/98). Fortunately, this is a period
when velocity in the central point of the strait (C in
Fig. 1) was available, and so we use this series (. in
the following discussion) and in Fig. 8D instead of

Fig. 7. (a) CTD section for the May 1997 cruise. Thick lines represent the salinity distribution of the upper 200 m and thin lines are the cross-
section geostrophic velocities in centimeter per second calculated with respect to the 200-db no motion level. Dashed lines represent negative
(westward) velocities and solid lines are for positive values (eastward). Stations A, E and F were not included for being shallower than 200 m.
Crosses indicate the CTD station positions, and circles are the positions of velocity calculations by first differences of the dynamic topography.
(b) is the same as in Fig. 7a for the second CTD cruise. As already mentioned in the text, stations A and B could not be accomplished because of
weather conditions. (c) is the SST image for 16/11/97, the cloud-free image closest to the date of the second CTD transect.
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Fig. 8. (A) Thin dark line is the zonal component of velocity in the
Strait of Gibraltar estimated by geostrophy from the cross-strait sea
level drop (Ceuta—Algeciras). Dark thick line is the zonal
component measured in site C (centre) of the strait, while light
thick line is the same for site S (south), (B) is the ratio between the
inertial radius of the Atlantic current in the strait (using geostrophic
estimations) and the radius of curvature of the 100-m isobath in
Ceuta. (C) is the mean atmospheric pressure over the Western
Mediterranean expressed in millibar. (D) is a zoom of time series A
(velocity in site C of Gibraltar, thin line) and C (thick line) inside the
rectangle. To plot both series, velocity is expressed in centimeters
per second and the mean value has been subtracted to pressure time
series. In all the time series, as in Figs. 2 and 3, the time is expressed
in days being day 0=12/05/97. As a reference, consider that day
234 is 01/01/98.

any estimation of the inflow. A first comment related
to conclusions of Crepon (1965) and Candela et al.
(1989) is that —P,, leads the inflow velocity by 1 or 2
days. At the day 241 (08/01/98), there is a relative
maximum of P,,, followed by a relative minimum of
u. at the day 242. Then P, falls during 26 days,
reaching a minimum on the day 266 (02/02/98). The
drop of P, is 25 mb. While the inflow rises for this
period, there is an exception between days 254 and
262 (21/01/98-29/01/98). At the end of this episode
of pressure decrease, the inflow takes a maximum 2
days later than the P, minimum.

Even more surprising than this anomalous behav-
iour of u, between the days 254 and 262 is the sharp
increase of pressure between the days 266 and 277
(13/02/98). In 10 days, the pressure increased more
than 25 mb, producing a reversal of the surface layer
circulation in the Strait of Gibraltar around the day
277. It is worth noticing that this reversal is not only
evidenced by negative values of velocity in the site C
of the strait, but also in the cross-strait sea level drop
which took negative values this date (i.e. level in
Ceuta lower than in Algeciras).

According to Fig. 6a, 20/01/98 was the first day that
the coastal mode state of circulation in the Alboran Sea
was clearly observed. This is 1 day before the atypical
behaviour of u. versus P,, was observed, and so, some
relation could exist between these two phenomena.
Nevertheless, as we stated previously, we are not sure
that the transition from the WAG mode of circulation to
the Coastal mode occurred some days before, and so we
are aware of this causal relationship.

The changes both in atmospheric pressure and in
the circulation of the Alboran Sea around the day 277
are so exceptional, that we believe that some sort of
relation must exist. Bormans and Garrett (1989) con-
cluded that the key parameter for the formation of the
WAG is the ratio between the inertial radius of the
inflow (u/f’) and the topographic radius of curvature at
the southeastern edge of the strait (that is in Ceuta).
They also argue that this radius should not be taken as
that of the coast, but of the isobath of 100 m, where the
interface between the Atlantic and Mediterranean
waters approximately intersects the sea bottom. They
consider a value Ry, =5 km. Fig. 8B shows the calcu-
lation of this ratio (u/fRy) using the geostroph-
ically estimated velocity of the inflow to get a time
series covering the whole mooring period. Bormans
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and Garrett (1989) state that the inflow will detach
from the African coast, developing an anticyclonic
gyre, when this parameter is higher than 1. A coastal
mode will be associated to values lower than 1. Values
under the critic value 1 are clear between days 100
and 150 (21/08/97-09/10/97), but we have to remem-
ber that this period corresponds to that when geo-
strophic velocities subestimate real velocities.
Comparison between both velocities in Fig. 8A sug-
gests that these values lower than 1 could not be real.
On the other hand, the fall of u/fR,, under 1 is clearly
real, the day 277 (13/02/98) as geostrophic and real
velocities in the strait are coincident for this date. The
main problem to fit these observations with results in
Bormans and Garrett (1989) is that this clear event,
associated to the already commented reversal of the
circulation in the strait, took place 24 days after we
identified the installation of the coastal mode circu-
lation in the Alboran Sea. After the day 277, this
parameter recovered values higher than 1, but the
WAG was not developed, at least for more than 1
month (see Fig. 6).

A careful look at Fig. 8B reveals that, though not
so dramatic as that of day 277, there are three falls of
u/fR,, before 20th January. They correspond to days
227, 234 and 242 (25/12/97, 01/01/98 and 09/01/98).
We also found that between 20/12/97 and 06/01/98,
several southward drifts of the Atlantic current were
observed in SST images, generating three-gyre circu-
lation episodes during this period. Though we are
aware of the speculative character of our conclusions,
we think that these frequent falls of the inflow
velocity could be responsible for the unstable circu-
lation in December 1997 and January 1998. They
would produce the southward drifts of the Atlantic
current, which is the initial situation for both a three-
gyre circulation (if the WAG is rapidly recovered) or a
coastal mode if this does not happen. The reversal of
the circulation in the strait could not be the cause of
the drift of the current on 20th January (or some days
before), but could be the reason why the WAG did not
develop as fast as in other occasions.

As we stated before, there is no direct correlation
between the Atlantic inflow through Gibraltar and in
the Alboran Passage. Variability in Gibraltar can be
considered responsible for that in the Alboran Passage
only through its influence on the existence of different
circulation patterns in the Alboran Sea.

3.5. Statistical model

We have described the annual and semiannual
cycles of velocity, temperature and salinity in the
upper layer of the Alboran passage. We have already
reported that these cycles do not have a clear corre-
spondence with the Atlantic inflow through Gibraltar.
We now inspect the existence of these cycles from a
statistical point of view.

We adopt the following model for the time series
analysed:

M
yi=> Owpii+zi
k=1

= 0 + Oco8(w,t;) + O3sin(wyt;)
+ O4cos(wst;) + Ossin(wgt;) + z; (1)

where y; is the value of the variable at the time
t;=({—1)4, and A4 is the time step, 0.25 days for the
low-pass series. Time origin is the day 0=0:00 GMT
12/05/1997.

P;. constitutes a basis of functions with coefficients
0. In our case, 0, accounts for the mean value, 0, and
05 for the cosine and sine parts of the annual cycle,
and 6, and 65 for that of the semiannual one (w, and
ws are 271/365 and 271/180 day ).

In this model, we consider these cycles as harmonic
functions. This is a usual approach due to its simplicity
(Yashayaev, 2000; Koutsikopoulos et al., 1998). Viu-
dez et al. (1998a) also fit a semiannual harmonic to
study the variability in sea level residuals in the
Alboran Sea. Alvarez et al. (2000) consider monthly
averaged SST images of the Alboran sea and analyse
them by means of EOFs. They find analytical expres-
sions for the time evolution of the three first modes
using genetic algorithms. Though authors do not
accomplish any spectral analysis of these functions, it
is easy to see that the function corresponding to the first
mode is an annual harmonic with decreasing amplitude
and that for the second mode is a semiannual harmonic
(see Appendix A in Alvarez et al., 2000).

We consider that our time series can be decom-
posed as f;+z; where f; is a deterministic or predictable
part of the time series, and is the value of the function

f at the time #. If parameters 0, with k=1...5 were

known, the value of fwould be known at any time. z is
a stochastic process; for this reason, we consider our
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time series as a single realisation of the infinite
possible realisations that constitute the ensemble of
the process (Jenkins and Watts, 1968, pp. 144). This is
equivalent to say that y is a stochastic process that is
not stationary for the mean.

We fit to our time series a function like that in Eq. (1)
minimising the sum of squared residuals, which leads to
the classical set of normal equations. If the residuals (z;)
were uncorrelated and Gaussian, this method would be
equivalent to maximum likelihood estimation, and the
calculation for the 100(1—a)% confidence intervals
could be accomplished, according to Jenkins and Watts
(1968, pp. 137) using the expression:

A2 . . 1/2
L[y 4B FO—aMN - M)

L N-M {pi}

While z stands for the value of the residuals or stochastic
process, Z is the estimation of the residuals. Brackets are
used to expresstheusual average overasingle realisation
of N points. N is the number of data points and M the
number of estimated parameters, and F the inverse
Fisher cumulative distribution for M and N—M degrees
of freedom. Following Chelton (1983), we keep this
expression by substituting N by N*, which is the effec-
tive degrees of freedom. In our case, our time series are
strongly autocorrelated, diminishing considerably the
number of degrees of freedom. Adapting the expression
in Chelton (1983) or Emmery and Thomson (1998, pp.
260), we calculate N* as:

(2a)

N* = N (2b)

1123 pi(r)]

where the theoretical autocorrelation function is sub-
stituted by the sampling function calculated for our
particular realisation. That is

N—k
Z ZiZix/(N — k)
pull) = T

> /N

i=1

The main point in our approach is that to determine
the existence of the annual and semiannual cycles, it is

important to determine their statistical significance.
Bryden et al. (1994) argue that it is meaningless
giving error bars for their estimations because they
were based on time series shorter than a year. Lafuente
et al. (accepted for publication) give significant esti-
mations of annual and semiannual cycles for the
inflow, outflow and interface depth in the eastern side
of the Strait of Gibraltar. These estimations are based
on a 3-year-long experiment. Phases for the inflow do
not agree with those in Bormans et al. (1986), who
estimate the variability in the inflow also from a 3-
year-long time series of sea level differences across
the strait.

Table 3a presents the estimation of the parameters
in Eq. (1) and their 95% confidence intervals for
temperature, salinity, # and v components of velocity
for CM 1. Amplitudes and phases for annual and
semiannual cycles can be reconstructed from the
cosine and sine parts of the harmonics. When both
parameters defining a cycle enclose the value zero, it is
not statistically significant at the 5% degree of sig-
nificance. If, at least, one of the parameters defining
the cycle is statistically significant, we can think that
there is a probability lower than 5% that the amplitude
of this harmonic is zero, and a confidence interval for
the phase can be calculated (note that if both intervals
enclose the zero value, phase can be whatever in the
range —180°, 180°).

This analysis reveals that annual cycles for temper-
ature, salinity and u are significant, as could be
expected from the clear variability observed in Fig.
2. Phases are in agreement (within the error bars) with
our previous conclusions that warmer and fresher
waters occupy our mooring location in autumn, while
cooler and saltier waters are in summer and winter.
Also cycles for u agree with those inferred visu-
ally.

When considering the inflow in Gibraltar (sea level
difference), and atmospheric variables, the semiannual
cycle in W, is the only one significant at the 5% degree
of significance. The phase from the values of 6, and 05
in Table 3b indicates that this signal peaks between 20
April and 23 June, and so will be minimum between 23
June and 20 October, being again maximum (because
of its semiannual nature) between 20 October and 23
December. Wind time series in Ceuta are available for
the years 1995—1998, so we repeated this analysis for
the 4 years. We found that semiannual signals took
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Table 3a
Fit parameters (see Expression 1 in Section 2), for temperature, salinity, # and v components of velocity in the CM 1
01 02 93 (‘)4 05

T 15.08+0.47 —0.71+£0.67 —0.10£0.67 0.3840.67 0.01+0.67
(190) ©)

S 37.26+0.24 0.34+0.33 —0.38+0.33 —0.24+0.33 0.214+0.33
(316) 77

U 10.86+4.88 —1.44+6.89 —8.27+6.89 —6.07+£6.89 7.22+6.89
(263) (65)

14 5.43+5.34 —1.14+7.54 4.62+7.54 —1.18+7.54 1.20+7.54
(105) (68)

Numbers in brackets are the days when annual and semiannual cycles take their maximum values. These numbers are referred to the same time
origin as Fig. 2, that is, day 0=12/05/97. Statistically significant values are typed in bold. Their equivalencies are 190=18/11/97. Confidence
interval is between 10/08/97 and 06/02/98 for the annual cycle of temperature. 316=24/03/98. Confidence interval is from 10/02/98 to 23/05/98
for salinity annual cycle. Finally, 263=30/01/98. Confidence interval is between 20/11/97 and 13/05/98 for the annual cycle of u.

maximum values in mid-July and beginning of August
for the years 1995 and 1996, while they were in
agreement with results in Table 3b for the years 1997
and 1998. Results for years 1997 and 1998, and its
agreement with those in Table 3b (using a 1-year period
from May 1997 to May 1998), are not surprising, as
time series for these 2 years overlap with that used for
calculations in Table 3b. It is very unlikely that results
in two of four experiments relay out of the 95%
confidence interval when by definition, one should
expect this to happen in 1 of 10 experiments.
Analysis for cross-strait sea level drop for years
1995, 1996 and 1997 also shows different results,
though in this case, none of the cycles calculated were
significant. Though these results deal with variability
in the strait, and cannot be directly extrapolated to that
of CM 1, they make us consider that model in Eq. (1)
could not be right, that is, annual and semiannual
cycles may not be deterministic functions. A more

Table 3b

appropriate model could simply be y;=z;, being har-
monics calculated part of the variance of the process z
in the very low frequency band corresponding to 365
and 182 days of period. In this later case, amplitudes
of annual and semiannual cycles could be different
from zero when averaging over several years. This
average would account for the part of the spectrum of
z in this frequency band, but the phase would be
undetermined. Statistically significant values of the
parameters in Eq. (1) are only useful to define such a
function as f'if we are sure from a previous (theoret-
ical) knowledge of its existence, and for one single
realisation of 1-year length, it can simply be the result
of the difference in the variance distribution between
the annual and semiannual frequencies and higher
subinertial frequency bands.

This would explain the discrepancy in phases
between Bormans et al. (1986) and Lafuente et al.
(accepted for publication) and Bryden et al. (1994).

The same as in Table 3a for the cross-strait sea level difference, mean atmospheric pressure in the Western Mediterranean and east component of

the wind in Ceuta

91 92 03 94 95
Aé¢ 9.13+2.08 1.45+2.94 —2.36+2.94 2.1742.94 1.53+2.94
(306) (18)
Pu 1016.1+2.6 —0.5+3.6 —2.843.6 —3.6+3.6 —0.5+3.6
(263) 95)
W, 0.60+0.88 0.26+1.25 0.01+1.25 1.54+1.25 0.90+1.25
(2) (15)

The period analysed for this table is the same as in Table 3a (May 1997—May 1998). The only significant cycle at the 5% degree of confidence
is the semiannual cycle of /¥.. Maximum value is at day 15=27/05/97. Ninety-five percent confidence interval is from 20/04/97 to 23/06/97.
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The only possibility to discern between the two
models is to use longer time series.

4. Summary and conclusions

The Alboran Passage upper layer exhibited an
annual and semiannual cycle during the period May
1997—May 1998. This variability was characterised
by a minimum of salinity and zonal component of
velocity in spring and autumn and a maximum in
winter and summer. The temperature had a behaviour
right opposite to that of salinity.

The cross-strait sea level difference in the eastern
edge of Gibraltar was considered to study the varia-
bility of the Atlantic inflow through Gibraltar. It did
not show similar cycles to those reported in the
Alboran Passage. Neither we could find a clear
relation at the rest of the subinertial band.

The analysis of SST images suggests that the
decreases of salinity and u component of velocity
(increases of temperature) are due to displacements of
the WAG to the east. During these episodes, the
Alboran Sea seems to be occupied by three anticyclonic
gyres. The increases of salinity and # component of
velocity (decreases of temperature) are linked to the
thermohaline front associated to the Atlantic current.
This would pass south of the Alboran Island when the
WAG and EAG are well developed (with a northeast
direction) or when the coastal mode circulation is
installed in the Alboran Sea (with an east or southeast
direction).

The circulation patterns inferred from SST images
are coherent, at least in a rough way, with current
measurements in CM 1, and with geostrophic calcu-
lations from two cruises in May 1997 and November
1997, giving us confidence on our image interpreta-
tions.

We have discussed these results using the work by
Bormans and Garrett (1989). According to these
authors, u/fR,, is the critic parameter for the formation
of the WAG. This would happen when such parameter
is over the value 1. Values lower than 1 would lead to
a coastal mode circulation. We have observed several
falls of u/fR,, in autumn 1997 and spring 1998
coinciding with three-gyre episodes. A more dramatic
fall was observed in January 1998. A fast increase of
atmospheric pressure over the Western Mediterranean

was followed by a reverse in the circulation in the
Strait of Gibraltar. Though our arguments are spec-
ulative, we believe that this is related to the installa-
tion of a coastal mode of circulation in the Alboran
Sea for more than 2 months.

Summarising these results, during summer months,
the Alboran Sea circulation had a period of stability
with both the WAG and EAG well developed. In
winter, the prevailing situation was the coastal mode.
Spring and autumn are transition periods with frequent
three-gyre episodes. The question is if this can be
considered as the seasonal variability of the Alboran
Sea, that is, if these different circulation patterns are the
most likely situations in each season of the year. A
statistical analysis of time series in CM 1 confirmed the
significance of the annual and semiannual cycles
already described. Nevertheless, we simply test the
significance of a certain statistical model (that in Eq.
(1)). The short length of our series does not allow to test
other models. This makes convenient a discussion of
our results to the light of previous works. Parada and
Canton (1998b) point out the same problem, as they use
one single year of observations, but they also conclude
that in the year 1993, the WAG and EAG are more
stable in summer while in winter, the Atlantic current
flows in a coastal mode. Monthly averaged SST in
January 1999 also suggests a coastal mode (Alvarez et
al., 2000, Fig. 3e,f). To our knowledge, the only work
that presents a three-gyre episode is that of Viudez et al.
(1998b). These authors report this episode to happen in
autumn 1996.

We conclude from our results and from the revision
of previous works that the two-gyre system (WAG
and EAG) is the dominant pattern in summer, and that
the coastal mode is more likely in winter. Never-
theless, we also believe that longer experiments are
needed to address the problem of seasonal variability
and, of course, of interannual variability.

Other experiments covering, at least, a 1-year
period could be useful for providing new information
about the probability of occurrence of the different
circulation patterns.
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